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Thirty-First International Pyrotechnics Seminar, July 11-16, 2004 

PREFACE 

We welcome you to the 31st International Pyrotechnics Seminar, which is the second Seminar to 
be held in Fort Collins, Colorado.  In addition to the USA Seminars, there has been a large 
amount of interest in the international community with seminars held in Australia, Germany, 
France (twice), the UK (Jersey), Sweden, China (twice), New Zealand, Russia, and Japan.  We 
hope that this seminar continues the tradition of a stimulating meeting and that both attendees 
and their companions enjoy their visit to Colorado. 
 
This series of Seminars was created through the vision of Mr. Bob Blunt, formerly of the Denver 
Research Institute.  Bob, who passed away in 1995, gloried in the Colorado Mountain country, 
and all US Seminars were held in Colorado until the 1998 Seminar (25th Seminar) at Monterey, 
California.  Subsequently, US Seminars have again been held in Colorado to continue the 
tradition. 
 
We are delighted that the winner of the Frank Carver Bursary Award will participate in this 
Seminar.  The Bursary Award winner is Ms. Yuriko Kotsuka of Japan, presenting a paper 
entitled Pulse Laser Ablation of Ground Glass Surface and Application to Ignition of High 
Explosives (Page 119).  We are also pleased to have Prof. Jan Puszynski accept as the invited 
speaker.  Prof. Puszynski will present information relative to Recent Advances and Initiatives in 
the Field of Nanotechnology and Characterization of Ultrafine Aluminum Nanoparticles. 
 
In addition to the book of proceedings that is being distributed at the Seminar, we also are 
distributing a CD-ROM disc containing the proceedings.  Papers presented at this Seminar that 
were unavailable in time for inclusion in the proceedings book were included in the CD-ROM if 
received before the CDs were produced.  The authors are at liberty to also submit their 
manuscript for publication in Propellants, Explosives and Pyrotechnics, the official journal of 
the International Pyrotechnics Society.  Our thanks go to Dr. Joe Schelling of Albuquerque for 
editing and compiling the proceedings for both the book and the CDs. 
 
The organizers of this Seminar and the host sponsoring organization, IPSUSA Seminars, Inc., 
wish to acknowledge the major contributions made by Ms. Linda Reese of Applied Research 
Associates, Inc. for her expertise in the planning, logistics, and operations of this Seminar.  
Linda’s contributions were invaluable to the success of this Seminar. 
 
On behalf of the Seminar host and sponsor, IPSUSA Seminars, Inc., we wish to take this 
opportunity to thank the authors and attendees at this Seminar for achieving the Seminar’s goal 
of sharing scientific and technical information on energetic materials among the international 
community.  We hope you have a memorable week enjoying the Fort Collins, Colorado area and 
the 31st International Pyrotechnics Seminar. 
 

Bernard E. Douda and Larry L. Brown, Co-Chairs 
Thirty-First International Pyrotechnics Seminar, July 11-16, 2004 
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SELECTED OBSERVATIONS ON THE COMBUSTION OF CHARCOAL 
BRIQUETS UTILIZED FOR THE OUTDOOR PREPARATION OF FOOD*  
IV. PROCEDURES AND RELATIONSHIPS FOR ACCURATE REACTION  

KINETICS CORRELATIONS 
 

James L. Austing 

Hazel Crest, Illinois   60429   USA 

 

ABSTRACT 

 

This work represents a continuation of the investigation of charcoal briquet combustion, the first 
three parts of which were reported upon at the Twenty-Ninth International Pyrotechnics Seminar.  The 
prime objective of the current effort was to obtain more accurate reaction kinetics correlations than was 
previously possible.  For this purpose, a smaller version of the Weber covered-kettle grill served as the 
semi-batch reactor in which a batch of charcoal briquets combusted in a steady stream of fresh air 
entering through the inlet dampers.  The grill was positioned on a sensitive heavy-duty analytical balance, 
which permitted accurate measurements of the weight loss due to the briquet combustion.  A platinum 
immersion probe was inserted through the outlet port in the lid and was utilized to simultaneously 
measure the temperature of the air space inside the kettle.  This manuscript thus represents the fourth part 
of our report, discusses the experimental methodology in detail, and summarizes the reaction kinetics 
expressions that were derived previously.  Material balance equations to include the influence of the ash 
in the overall weight fraction of the briquets consumed are derived and discussed.  Experimental 
measurements on the combustion of the charcoal briquets will provide input data to these relationships in 
the subsequent manuscript. 

 

INTRODUCTION  

 

At the Twenty-Ninth International Pyrotechnics Seminar, the Austing’s published a three-part 
report on the combustion of charcoal briquets utilized for the outdoor preparation of food.  In Part I, 
Austing and Austing (2002) reviewed the history and development of charcoal briquets, and described the 
experimental procedures that they utilized to collect scientific data on the combustion process.  In Part II, 
Austing (2002a) derived expressions that modeled the reaction kinetics of the briquet combustion in terms 
of the experimentally-measured conversions.  He considered five different reaction kinetics models for 
several reaction orders, as well as a “shrinking core” model in which diffusion of oxygen through the ash 
layer around the briquet was the assumed controlling resistance.  In Part III, Austing (2002b) applied the 
experimental data to the above relationships, with the objective of determining the order of the reaction or 
the rate-controlling mechanism.   

The results of the Part I portion of the report revealed that the charcoal briquet combustion 
occurred in two stages.  The first stage was characterized by loss of volatile components in the early time   
until complete ignition was achieved.  The second stage occurred as a flameless “smoldering” 
combustion, defined by Karim Moallemi et al. (1993) as a self-sustained oxidation of the solid in air.  The 
combustion appeared to be a surface phenomenon, in which the reacting core progressively decreased in 
                                                 
* Dedicated to the memory of Dr. Terry Jupp, DSTL, Fort Halstead, United Kingdom.  
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size while the outer dimensions of the ash residue remained constant (if not physically disturbed) and 
resembled those of the original briquet; this explains the interest in the shrinking core model mentioned 
above. 

Our experimental procedures permitted us to measure the ash content of the charcoal briquets.  To 
our surprise, the ash content covered a range of 26 to 34 percent, which were several factors to an order of 
magnitude greater than that quoted in the literature for charcoal.  This observation alone accounted for 
much of the discussion in the refreshment breaks and lunch periods at the Seminar.  Several of the 
Attendees suggested that the large fraction of ash was observed because clay or ground glass is the binder 
in charcoal briquets; starch and water can also be utilized to form a binder.  Since the manufacturing 
processes are largely proprietary, details concerning composition of the briquets remain sketchy.  

Subsequently, we had extensive discussions concerning our work with Mr. Ronald Sasse’, a 
retired Research Chemist from Aberdeen Proving Ground, Maryland, USA.  Mr. Sasse’ was a regular 
Registrant of our Seminars for many years and published papers concerning the properties and 
performance of Black Powder, for which charcoal is a major constituent (Sasse’, 1980, 1982; and Sasse’ 
and Rose, 1988). 

In an investigation that has relevance to our present work, Sasse’ (1984) measured the volatile 
and ash contents of a maple charcoal used for the manufacture of Black Powder.  In 10 samples, the 
volatile contents covered a range 21.0 to 29.5 percent by weight.  The ash contents in most of these 
samples were in the range 2.53 to 6.85 percent by weight; however, in two of these samples the ash 
contents were as high as 9.48 and 10.35 weight percent, respectively.  Even so, these amounts of ash are 
significantly below the ash contents that we measured for the charcoal briquets in our work.  The 
chemical composition of the maple charcoal evaluated by Sasse’ consisted of significant percentages of 
silicon dioxide, calcium oxide, aluminum oxide, potassium oxide, and ferric oxide; and smaller 
percentages of sodium oxide, magnesium oxide, and phosphorous pentoxide. 

The primary objective of the Austing’s work was to utilize commercially-available charcoal 
briquets for the preparation of foods in an out-of-doors setting.  The second objective was to obtain 
scientific data on the combustion of these briquets during the cooking process.  As a consequence, this 
sequence of priorities had a decided influence on the reaction kinetics of the charcoal combustion, for the 
following reasons: 

1) We utilized two cooking modes, i.e., the so-called “Primary Method” and the 
“Alternative Method”, both of which involved the use of a Weber covered 
Cooking Kettle.  In the former method, the food was placed directly over the 
briquets, while in the latter method the food was positioned over a drip pan 
with the briquets piled on either side of this pan.  With both methods it was 
necessary, of course to lift the lid in order to place the food in the kettle and 
to remove the food from the kettle when the cooking process was completed.  
However, the nature of the Primary Method necessitated that the lid also be 
removed periodically during the cooking process so that the food could be 
turned over to prevent charring.  Since this latter procedure was unnecessary 
for the Alternative Method, it was not surprising that our data showed better 
reaction kinetics correlations for this Method as opposed to the 
Primary Method.  

2) The experimental procedures that we utilized did not allow measurement of 
the charcoal briquet conversion as a function of time in any single 
experiment.  Rather, different combustion durations were obtained over a 
series of experiments for each charcoal brand and each cooking method.  At 
the specified time for the conclusion of the experiment, we closed the ports 
of the kettle and weighed the remaining charcoal after the system had cooled 
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down; this formed the basis for computing the final fraction of charcoal 
consumed, xcf.  Inherent in this procedure was the assumption that the 
combustion terminated when we closed the ports.  While all of the weights 
that we recorded were accurate to the nearest 0.001 kg, the value of xcf may 
not have been so accurate, because the briquets probably continued to 
combust for a brief period, at least, while the system was cooling.  Thus, an 
uncertainty in the value of xcf existed, and it was necessary to perform a 
sensitivity analysis to determine the effect of this uncertainty on the values of 
the various conversion functions. 

In the final portion of Part III of our report, we made two recommendations to circumvent the 
above problems in order to obtain more meaningful reaction kinetics data.  First of all, we recommended 
that experiments be conducted which would not be tied in with the preparation of food.  The second 
recommendation suggested that an inert gas such as nitrogen be injected into the kettle at the conclusion 
of each experiment, in order to insure immediate combustion  termination. 

In the time that elapsed after the Twenty-Ninth Seminar, we followed through on the first 
recommendation but re-evaluated the second recommendation.  That is, we have conducted experiments 
wherein no food was involved.  However, we have not utilized an inert gas to terminate combustion; this 
would have been expensive and difficult to implement in a residential setting wherein these experiments 
were conducted.  Rather, we constructed an experimental arrangement in which the conversion of the 
charcoal briquets as a function of time and temperature was monitored continuously, from the moment of 
complete ignition to the termination of combustion.  This report describes how we accomplished this and 
presents the resulting data. 

For purposes of making a presentation at this Seminar, we have again divided our report into 
three parts.  This manuscript comprises Part IV, and discusses the experimental procedures and 
mathematical relationships required for accurate reaction kinetics correlations.  Part V, in the next 
manuscript, utilizes the experimental data to compute the First Order reaction rate constants for the 
charcoal briquet combustion.  Part VI, in the final manuscript, provides clarification of the effect lid 
removal on the kettle internal temperature. 

 

EXPERIMENTAL DETAILS 

 

Type of Grill and its Positioning 

The “grill” utilized in the present investigation was a Weber Cooking Kettle, the so-called 
“Smokey Joe” variety*.  With the lid emplaced on the bowl, the internal volume of the unit is about 
0.0165 m3.  Thus, it is slightly less than one-fourth the size of the kettle employed in the previous 
investigation; the overall configurations of the two units, however, are proportionally similar.  The cross-
sectional areas of the inlet dampers and outlet ports of the “Smokey Joe” at full opening are both about 
1140 mm2. 

Figures 14 and 15 respectively show the placement of the charcoal briquets for the Primary 
Method and the Alternative Method.  We have utilized the same arrangements as in previous work, i.e.,  

                                                 
* Weber-Stephen Products Company, Palatine, Illinois 60067  USA. 
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Figure 14.  Photograph of the Placement of the 
Charcoal Briquets for the Primary Method 

Figure 15.  Photograph of the Placement of the 
Charcoal Briquets for the Alternative Method 

 

Figure 16.  Photograph of the Experimental 
Arrangement showing the Kettle positioned 
on the Analytical Balance, and the 
Temperature Probe inserted in the Outlet 
Port and held in place by the Adjustable 
Arm Clamp. 

 
with the briquets covering the entire charcoal grate (Figure 14) or positioned on either side of what would 
normally be a drip pan (Figure 15).   

Because of its relatively small size, the “Smokey Joe” grill was conveniently positioned on the 
weighing pan of our analytical balance, in the manner depicted in Figure 16.  Thus, by knowing the initial 
weight of the charcoal briquets, it was possible to record the weight loss as the combustion of the briquets 
proceeded.  From these data, we computed the weight fraction of briquets consumed and the reaction 
kinetics conversion expressions as functions of time.  We will discuss the mathematics for these 
computations in the latter portions of this manuscript. 

The balance shown in Figure 16 is a special heavy-duty mechanical model which has a capacity 
of 21 kg, but which can determine the weight of such an object to the nearest 0.001 kg. 

Figure 16 also depicts the probe for measurement of the kettle internal temperature*, again as a 
function of time.  The probe was inserted through the outlet port and into the kettle, and was held firmly 

                                                 
* Platinum Pt101IR Immersion Probe utilized in conjunction with Solomat MPM500e Modular Instrument.  Solomat 
Instrument Division, Stamford, Connecticut  06090  USA. 
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in place by the adjustable arm clamp in such a manner that it made no contact with the grill itself.  In this 
manner the probe did not impede the vertical movement of the grill, which of course occurred because of 
the continuous loss of weight due to the combustion of the briquets. 

Procedures 

The following provides a step-by-step discussion of the procedures that we utilized and the data 
that we recorded, in order to conduct our experiments and make the reaction kinetics correlations. 

1) A given number of charcoal briquets was counted out, and the total weight of 
the briquets was recorded.  The number of briquets covered a range of  from 
9 through 20. 

2) The lighter fluid method was utilized to ignite the briquets.  As described in 
the Part I manuscript, this method involves the use of a petroleum distillate 
of low to moderate volatility, which is readily adsorbed into the briquets.  We 
then lit the fluid with standard matches.  Within a time interval of 15 to 20 
min the flame had died out, and the briquets had become completely ignited 
as evidenced by the grey ash layer that had formed over the entire surface.  
For the Primary Method, we then spread the briquets evenly over the 
charcoal grate. 

3) We immediately placed the lid on the kettle, inserted the temperature probe 
into the outlet port, noted the time to, and recorded the gross weight of the 
grill and its contents.  The time to represented the beginning of the reaction 
kinetics correlations.  From the difference between the gross weight and the 
tare weight of the kettle, we calculated the weight fraction of charcoal 
consumed at complete ignition, which at this time is also the weight fraction 
of the volatile components in the briquets, denoted by the symbol xv. 

4) We subsequently recorded the weight of the grill and its contents at selected 
time intervals, generally every 10 min.  This enabled us to compute the 
weight fraction of the briquets consumed, xc, as a function of time.  At these 
same time intervals we also recorded the kettle internal temperature Ti. 

5) We continued these measurements for a period of as much as 3 h, the total 
time depending on the achievement of negligible weight change and the 
temperature approaching ambient conditions. 

6) We then closed the inlet dampers and the outlet vents.  After the system had 
cooled to ambient temperature, the uncombusted portion of the briquets (if 
any) and the amount of ash that had formed were weighed.  From these data 
we computed the weight fraction of noncombustible ash in the briquets, 
denoted by the symbol xa. 

7) During the conduct of the experiment, we recorded the climatological data 
including the ambient pressure Pa, the ambient temperature Ta, and the 
relative humidity.  The pressure and temperature provided input for the ideal-
gas-law calculation of the ambient oxygen concentration, which was needed 
for the reaction kinetics correlations. 

The above procedures allowed the determination of the weight fractions of volatiles and ash in 
each experiment, rather than in single independent experiments as was necessary in the previous portion 
of the investigation.  This represents a decided advantage in the present correlations, because these weight 
fractions bear a definitive relationship to the weight fraction of charcoal consumed. 
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MATHEMATICAL RELATIONSHIPS 

 

The experimental procedures summarized in the previous section indicated that the lid was first 
placed on the kettle just as complete ignition of the charcoal briquets had occurred.  The amount of 
charcoal consumed at this point was the weight fraction of volatiles, designated as xv; the time was to.  As 
time t  progressed, at selected intervals we recorded the weight loss, which enabled us to compute the 
weight fraction of charcoal consumed, xc, as a function of time. 

Thus, during the period t-to we assume that the grill has become a semi-batch reactor in which the 
chemical reaction is the combustion of a batch of charcoal briquets in a constant stream of fresh air 
entering through the inlet dampers. Beginning at to, the reaction kinetics correlations will be based on 
what occurs as a function of time, during which the weight fraction of charcoal consumed increases from 
xv to progressively greater values of xc. 

 

Assumptions 

The assumptions in this portion of the investigation are essentially the same as those invoked 
previously.  Thus we briefly summarize them here.   

Because the volatiles have been driven out of the briquets when we begin the experiment at time 
to, and because the briquets contain a significant fraction of ash, we assume that the only remaining 
portion of the charcoal that is combustible is carbon; the initial concentration of carbon is given by 

 

Cco    =    ρc(1 - xv - xa)/Mc  (3) 

 

where:  Cco = the initial concentration of carbon (kmol/m3) 

 ρc = the density of charcoal briquets (kg/m3) 

 Mc = the molecular weight of carbon (= 12.011 kg/kmol) 

 

We assume that the chemical reaction for the combustion of the briquets is 

  

 2C + O2   →  2CO (4) 

 

where the O2 is the oxygen in the ambient inlet air.  The ambient oxygen concentration is calculated from 
the ideal gas law:  

  

 Cao = Payo/RTa (5) 

 

where:  Cao = the ambient oxygen concentration (kmol/m3) 

 Pa = the ambient pressure (Pa) 

 yo = the mole fraction of oxygen in the air (= 0.2095) 
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 R = the universal gas constant (= 8314.41 J/kmol•K) 

 Ta = the ambient temperature (K) 

 

The concentration of carbon at any time is related to the initial concentration and the fraction 
consumed xc by Equation (6): 

 

 Cc = Cco(1 – xc) (6) 

 

The rate of combustion of carbon is given by the derivative of Equation (6) with respect to time: 

 

 rc = dCc/dt 

  

 rc = - Ccodxc/dt (7) 

 

Reaction Kinetics Conversion Equations 

In Parts II and III of our report, we considered five different reaction kinetics models for purposes 
of correlating the combustion data (Austing, 2002a and 2002b).  The method employed was the so-called 
“Integral Method of Analysis” (Levenspiel, 1972).  Here, we test a particular rate equation by integrating 
it and comparing the experimental conversion-versus-time data with the predicted curve, which will be a 
straight line passing through the origin.  If the experimental points also conform to a reasonably straight 
line passing through the origin, then we can conclude that the data satisfactorily conform to the particular 
rate equation.  If such is not the case, then that rate equation is rejected and an alternative rate equation is 
analyzed in the same manner. 

The five reaction kinetic relationships were derived in Part II of our report.  Hence, in the 
following, for each model, we specify only the rate equation and the final conversion relationship. 

 

First Order Kinetics with respect to Carbon: 

 

 - rc = k1Cc (8) 

  

 ln [(1 – xv)/(1 – xc)]    =     k1(t – to) (50) 

 

First Order Kinetics with respect to Oxygen: 

 

 - rc = k1Cao   (11) 

 

 (Cco/Cao)(xc – xv)   =    k1(t – to) (51) 
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Type I Second Order Kinetics: 

 

 - rc = k2Cc
2   (14)  
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Type II Second Order Kinetics:   

 

 - rc = k2CaoCc     (17) 

 

 (1/Cao)  ln  [(1 – xv)/(1 - xc)]   =   k2(t – to) (53) 

 

Third Order Kinetics: 

 

 - rc = k3CaoCc
2     (20) 
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where: k1 = the First Order reaction rate constant (min-1) 

 k2 = the Second Order reaction rate constant (m3/kmol•min) 

 k3 = the Third Order reaction rate constant (m6/kmol2•min) 

 

Material Balance Equations for Computing the Weight Fraction of Charcoal Briquets Consumed 

The objectives here are to derive these material balance equations and to specify the necessary 
assumptions that we utilized in making the derivations.  The need for these equations arises from the 
differences in the experimental methodology in the previous investigation as compared to that utilized in 
the present effort. 

In Parts I, II, III, we measured the ash content of the charcoal briquets in separate independent 
experiments.  Then at the conclusion of those tests in which foods were prepared and combustion data 
obtained, we recorded the weight of the briquets that remained, from which the final weight fraction of 
briquets consumed was calculated.  The inherent aspect of this procedure was that this weight fraction 
included the portion of ash that was formed as a result of the combustion process. 
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By way of contrast, in the present investigation the ash that is formed remains with the covered 
kettle, which is mounted on the analytical balance.  As a consequence, we are unable to directly measure 
this quantity of ash during the combustion process; that is, the only weight decrease that we record is the 
result of the loss of gaseous reaction products.  Thus, we need properly-derived material balances in order 
to include the ash as part of the overall weight fraction of charcoal briquets that have combusted. 

We define the following symbols: 

 mR = the net weight of the contents (uncombusted charcoal plus ash) remaining in  
   the kettle at any time greater than to (kg) 

 mRo = the net weight of the contents in the kettle at time to=0 (kg) 

mco = the initial weight of the briquets (kg) 

mcc = the weight of briquets that have been combusted at any given time (kg) 

mcr = the weight of uncombusted briquets that are remaining in the kettle at any 
  given time (kg) 

mv = the weight of volatiles in the briquets (kg) 

map = the total weight of ash present in the experiment, i.e., in the briquets and  
  deposited in he kettle (kg) 

 maf = the weight of ash formed and deposited as a result of the briquet combustion 
   (kg) 

 xa = the weight fraction of ash in the briquets 

 xc = the weight fraction of briquets consumed at any given time 

 xv = the weight fraction of volatiles 

 

Computations at Times greater than to 

In each experiment, at any given time greater than to (after the volatiles have been driven out of 
the briquets), the remaining contents in the kettle include the unconsumed briquets plus the ash formed as 
the result of the combustion: 

 

 mR = mcr + (map – mcrxa)   (55) 

 

But map = mcoxa     (56) 

 

from which 

 

 mcr = [mR – mcoxa]/(1 – xa)   (57) 

 

The weight of charcoal briquets consumed is given by 

 

 mcc = mco – mv - mcr    (58) 
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 mcc = mco – mv – [mR – mcoxa]/(1 – xa) (59) 

 

The weight fraction of briquets consumed is defined as the sum of the weight of the consumed 
briquets plus the weight of the ash formed, divided by the initial weight of the briquets: 

 

 xc = (mcc + maf)/mco    (60) 

 

But, maf = mccxa     (61) 

 

from which 

 

 xc = mcc(1 + xa)/mco    (62) 

 

 xc = 
{ }

co

aaacoRvco

m
xxxmmmm )1)](1/([ +−−−−

 (63) 

 

At time to, we place the lid on the kettle just as complete ignition of the briquets has occurred.  
The weight of briquets that have been consumed at this point is the weight of volatiles, which is related to 
the other weights by the relationship 

 

mv = mco – mcoxa - mcr   (64) 

 

On the basis of Equation (57), Equation (64) at time to becomes 

 

  mv = mco(1 – xa) – [mRo – mcoxa]/(1 – xa) (65) 

 

which relates the weight of volatiles to the net weight of the contents of the kettle at time to.  Then, 
substituting Equation (65) into Equation (63) for mv and simplifying results in the desired expression for 
computing the weight fraction of charcoal consumed at times greater than to: 

 

 xc = 
co

aacoaRRo

m
xxmxmm )1]()1/()[( ++−−

 (66) 

 

In a given time interval of 10 min, for example, the change in the value of mR is about 0.010 kg, 
for a gross kettle weight of more than 3.0 kg.  Equation (66) is thus very sensitive to fluctuations in the 
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weights mR and mRo, both of which represent small differences in relatively large gross weights.  For 
these reasons, the error in xc could be significant, especially at early times in the experiment when the 
differences between mRo and mR are small.  To illustrate, a sensitivity analysis reveals that an error of 1 
percent in the value of mR will result in a 3-percent error for xc.  At later times such errors will decrease 
somewhat. 

For such reasons, we conducted these experiments only on days in which the ambient air was 
calm, i.e., no appreciable wind.  Significant winds would have blown some of the ash away and would 
have affected the sensitive balance on which the kettle was positioned; as stated elsewhere, this balance 
was capable of weighing 21 kg with an accuracy of 0.001 kg. 

 

Computation at Time to 

The time indicated as to represents the start of the reaction kinetics portion of the experiment, and 
is the time at which we positioned the lid on the kettle.  At this time, the volatiles have been driven out of 
the briquets.  The weight fraction of volatiles is defined as  

 

 xv = mv/mco     (67) 

 

Substituting Equation (65) for mv and simplifying results in the expression for computing the weight 
fraction of volatiles at time to: 

 

 xv = ( )aco

acoRo
a xm

xmm
x

−
−

−−
1

1   (68) 

 

 

SUMMARY 

 

This manuscript serves as Part IV of our continuing investigation on the combustion of 
commercially-available charcoal briquets utilized for the outdoor preparation of food.  The primary 
objective here was the collection of scientific data on the combustion process, which occurred in a Weber 
covered-kettle type of grill.  In order to obtain continuous weight loss of the briquets as a function of 
time, we positioned the kettle on a sensitive heavy-duty analytical balance.  We also measured the 
temperature of the air space inside the kettle as a function of time.  These data provided the input to 
reaction kinetics correlations, the mathematics of which has been presented in the previous portions of 
this manuscript. 

In the following manuscript, Part V of our report, we will summarize our experimental data and 
compute the First order reaction rate constants for the charcoal briquet combustion.  The final manuscript 
in this report is Part VI, in which we will provide data depicting the effect of removal of the lid on the 
kettle internal temperature. 
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IN MEMORIAM 

 

At the Twenty-Ninth International Pyrotechnics Seminar, the author had extensive discussions 
with Dr. Terry Jupp on our investigation of charcoal briquet combustion.  He showed great interest in our 
work, and expressed a desire to somehow participate in our investigation.  Subsequently, I learned from 
the Newsletter of the International Pyrotechnics Society that he was tragically killed in August 2002, 
approximately one month after our Seminar.  I was deeply shocked and saddened by this news.  The 
pyrotechnics industry in the United Kingdom has lost a very enthusiastic young scientist.  It is therefore 
with great pride that I dedicate this portion of our investigation to the memory of Dr. Terry Jupp. 

The author also expresses his deepest sympathy to the family and colleagues of Mr. Ronald A. 
Sasse’, who passed away in June of last year.  Mr. Sasse’ was a retired Research Chemist from Aberdeen 
Proving Ground, Maryland, USA.  He attended many of our earlier Seminars, and published many papers 
concerning the properties and performances of Black Powder.  My most recent conversation was in the 
form of a telephone call several months after our last Seminar.  He expressed great interest in our 
investigation, and offered words of encouragement.  His work will be remembered and referenced for 
many years to come. 
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ABSTRACT 
 
 

This manuscript presents the experimental data and the resultant computations required to 
determine the First Order reaction kinetics correlations for the combustion of charcoal briquets normally 
utilized for the preparation of foods.  A Weber covered cooking kettle served as an assumed semi-batch 
reactor in which the reaction was a batch of “Kingsford” charcoal briquets combusting in a stream of 
fresh air entering through inlet ports in the bottom of the kettle.  Experimental data included the initial 
weight of the briquets, the ambient climatological conditions, and the weight loss of the briquets and the 
kettle internal temperature as functions of time.  These data provided input to appropriate mathematical 
relationships for computation of the weight fraction of volatiles, the weight fraction of charcoal consumed 
as a function of time, and the First Order conversion function.  Subsequent linear regression analyses of 
the natural logarithm of the incremental kinetic rate constant versus the reciprocal of the absolute 
temperature yielded the Arrhenius frequency factor and the activation energy Ea/R for ten individual 
experiments. 

 The average value of our activation energy was 2433 K; by way of contrast, the activation energy 
for a wood charcoal of unspecified properties from the literature was 3488 K.  Considering caveats in our 
work and the unknowns about this wood charcoal, we concluded that the two values were in agreement.  
The manuscript concludes with recommendations for additional experiments (1) to further investigate the 
ignition process with the goal of better defining the role of the volatiles in the combustion reaction, and 
(2) to directly measure the combustion temperature of the charcoal briquets themselves in order to obtain 
more credible values of the activation energy. 

 

INTRODUCTION 

 

The previous manuscript (Part IV of our report) described the experimental procedures and 
summarized the appropriate mathematical relationships that were required in order to compute the kinetic 
reaction rate constants for the charcoal briquet combustion.  For this purpose, we assumed that the 
covered cooking kettle was a semi-batch reactor in which a batch of briquets combusted in a steady 
stream of fresh air entering through inlet dampers in the bottom of the kettle.  We derived reaction 
kinetics conversion relationships for five different orders of reaction.  The intent was to apply the so-
called “Integral Method of Analysis” (Levenspiel, 1972), wherein experimental conversion-versus-time 
data are compared with the integrated rate equation, which will be a straight line passing through the 
origin.  The slope of this line is the kinetic rate constant.  If the experimental points also conform to such 
a reasonably straight line, then the conclusion is that the data satisfactorily support the rate equation being 
tested.  If such is not the case, then that rate equation is rejected and an alternative rate equation is 
analyzed in the same manner. 
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There are, however, two problems in applying this method to the continuous monitoring of 
charcoal briquet combustion, as implemented in our work: 

1) The method strictly applies to a situation wherein isothermal condi-tions 
exist.  In reality, our briquet combustions are not isothermal, but rather the 
temperature steadily decreases with time as the combustion proceeds.  This 
implies that the kinetic rate constant should decrease with time. 

2) Four of the kinetic conversion functions defined in the previous manuscript, 
specifically represented by Equations (50), (52), (53), and (54), all have the 
term (1 – xc) in the denominator.  Thus, as the weight fraction of charcoal 
consumed xc approaches 1.0 (complete conversion), the conversion function 
approaches infinity, and the slope of the conversion function versus time also 
becomes infinite.  This, in turn, implies that the rate constant increases with 
time, but this is in contradiction with Problem (1) above. 

As a consequence, the only kinetic function that remains defined over the entire range of 
conversion is that represented by Equation (51) in the previous manuscript, for First Order kinetics with 
respect to oxygen: 

 

 f(xc) = (Cco/Cao)(xc – xv) = k1(t – to)  (51) 

 

where: f(xc) = the conversion function 

  Cco = the initial concentration of carbon (kmol/m3) 

  Cao = the ambient oxygen concentration (kmol/m3) 

  xc = the weight fraction of briquets consumed at any given time t 

  xv = the weight fraction of volatile components at time to=0 

  k1 = the First Order reaction rate constant (min-1) 

  t = time greater than to (min) 

 

The previous manuscript provides the appropriate expressions for computing the quantities Cco and Cao, 
respectively Equations (3) and (5). 

Equation (51) shows that the reaction rate constant is equal to the slope of the conversion 
function-versus-time curve.  Thus, at each increment of time, we computed the incremental reaction rate 
constant, as defined by the following relationship: 

 

  k1 = ∆f(xc)/∆t    (69) 

 

These data, along with the kettle internal temperature at each increment, permitted determination of the 
frequency factor and activation energy for the charcoal briquet combustion.  We will discuss this more 
fully later in this manuscript. 

This manuscript forms Part V of our report, and discusses the use of the experimental data to 
compute the First Order reaction rate constants for the charcoal briquet combustion.  The final 
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manuscript, Part VI, provides data to clarify the effect of removal of the lid on the kettle internal 
temperature. 

 

EXPERIMENTAL DETAILS 

 

Experimental Conditions 

The present investigation consisted of a total of ten experiments, five involving the Primary 
Method and five involving the Alternative Method.  Recall from previous discussions that the difference 
in these two Methods revolves around the placement of the briquets; in the former the briquets cover the 
entire surface of the charcoal grate, while in the latter the briquets are piled on either side of what would 
serve as a drip pan if foods were being prepared.  The principal variant in our experiments was the 
number, and hence the weight of the briquets. 

 

Table 15.  Physical Properties of “Kingsford” Briquets 

   _______________________________________________  

              Property               Value or Range 

   ρc, Density (kg/m3)    1014 

   Number of briquets     36  
    per kilogram    

   Minor Axis (mm)    28.6 

   Major Axis (mm)    50.8 

   External Specific    0.168 
   Surface Area (m2/kg)     

   xv , Weight Fraction   0.1685-0.3480 
    of Volatiles 

   xa, Weight Fraction   0.1904-0.3068 
    of Ash 
   ______________________________________________ 
   Note:  The charcoal briquets resembled oblate spheroids  
         in shape.   
 

We conducted the ten experiments by utilizing “Kingsford” Charcoal Briquets*.  Table 15 
summarizes some selected physical properties of these briquets.  The quoted density was obtained by 
using what is termed a water displacement method, and thus represents the average or overall bulk density 
of the briquets.  The true density can be obtained through use of a helium pycnometer (Sasse’, 1984), in 
which case the measured density would be significantly higher, i.e., 1440 to 1560 kg/m3.  The weight 
fraction of volatiles and the weight fraction of ash were measured in each experiment, and thus the table 
shows the range of these values. 

The experimental conditions for the individual tests are summarized in Table 16, which specifies 
the number and weight of the briquets and the appropriate climatological data.  We conducted all of these 

                                                 
* Kingsford Manufacturing Company,  Oakland, California  94612  USA. 
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tests on very calm and clear days, so that there was no wind to affect the sensitive balance on which the 
kettle was positioned. 

 
 

Table 16.  Summary of Experimental Conditions 
 
 

Testing   Test  mco, Initial Weight  Number of        Climatological Data    
Method      No.         of Briquets (kg)   Briquets      Temp (°C)   Pressure (MPa) 
 
Primary  PM-53   0.561  20  11.1 0.10164 
  PM-54   0.392  14  13.3 0.10147 
  PM-55   0.251    9    5.1 0.10112 
  PM-57   0.487  17  26.5 0.10174 
  PM-58   0.318  11  26.1 0.10147 
 
Alternative  AM-31  0.548  20    2.8 0.10549 
  AM-32  0.363  14    4.6 0.10146 
  AM-33  0.244    9    5.3 0.10180 
  AM-34  0.483  17  28.7 0.10178 
  AM-35  0.309  11  24.6 0.10185 
 

Note:  The relative humidities covered a range 36 to 82 percent. 

 
Experimental Results 

Table 17 summarizes the input data to the reaction kinetics correlations for the individual tests.  
The second and third columns respectively tabulate the weight fraction of volatiles and ash, as measured 
or calculated from the recorded weight of charcoal consumed.  The data show an appreciable variation in 
these quantities, especially for Tests Nos.  AM-30 and AM-31.  At present we cannot explain these 
discrepancies; we can, however, note that these observations are consistent with those of Sasse’ (1984), 
who recorded out-of-line variations in the ash content for a maple charcoal in two out of ten samples. 

Note also in Table 17 that the volatile fractions in these same two tests are notably higher.  
Whether this is a real phenomenon or the result of incorrect judgment concerning when ignition of the 
briquets was complete also cannot be resolved at present.  Recall from Equation (68) in Part IV that we 
compute the weight fraction of volatiles from the measured value of mRo, the net weight of the contents of 
the kettle at time to; such incorrect judgment will result in an incorrect value for xv. 

Tables 18 through 27 in the Appendix summarize the First Order reaction kinetic data for each of 
the ten experiments.  The tables specify the measured net weight of the contents in the kettle as a function 
of time, and the computation of the weight fraction of charcoal consumed and the First Order kinetic 
conversion function.  The final two columns in each table respectively tabulate the First Order reaction 
rate constant and the average kettle internal temperature over each time interval; these data will provide 
input to computations of the frequency factor and the activation energy for the charcoal briquet 
combustion, as discussed fully in the next Section.  Reaction rate constant entries denoted by a – indicate 
that the value was questionable, and therefore these data were not included in the regression analyses. 
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Table 17.  Input Data to the Reaction Kinetics Correlations 
 

 
Test xv, Wt. Fraction  xa, Wt. Fraction Cco, Init.  Carbon    Cao, Amb. Oxygen 
 No.         of Volatiles             of Ash         Conc.  (kmol/m3)       Conc. (kmol/m3)     
 

Primary Method: 
 

PM-53 0.2294   0.3013  39.62   0.009009 
PM-54 0.2209   0.3010  40.36   0.008924 
PM-55 0.2105   0.3068  40.75   0.009155 
PM-57 0.2313   0.2368  44.90   0.008554 
PM-58 0.2602   0.2296  43.07   0.008543 
 

Alternative Method: 
 

AM-31 0.1685   0.2500  49.09   0.009630 
AM-32 0.2248   0.2576  43.69   0.009202 
AM-33 0.2161   0.2459  45.42   0.009210 
AM-34 0.3083   0.1904  42.32   0.008495 
AM-35 0.3480   0.1942  38.64   0.008617 
 
Notes:  The weight fraction of volatiles is the fraction of charcoal consumed at the time of complete  
 ignition, when the lid is placed on the kettle.  This is assumed to be at to=0 min, and represents 
 the start of the reaction kinetics correlations. 
 The quantities Cco and Cao are computed from Equations (3) and (5) in Part IV, respectively.  
 

The final entry in third column of the tables in the Appendix represents xcf, the final weight 
fraction of charcoal consumed (at the end of the experiment) as calculated from the material balance, 
Equation (66) in Part IV.  It is of interest to compare this value with that measured from the weight of 
uncombusted briquets after the kettle had cooled down to ambient temperature; this comparison is 
effected in Table 28.  We see that the agreement is good for six of the tests, and poor for the remaining 
tests, especially for Tests Nos. AM-34 and AM-35.  As discussed in Part IV, the problem is attributed to 
the sensitiveness of Equation (66) to fluctuations in the weight mRo and mR, and this could lead to 
significant errors in the value xc.  Also, as stated above, incorrect judgment in interpreting the weight mRo 
will affect the value of the volatiles weight fraction; the weight fraction of charcoal consumed will be 
affected as well. 

 

ANALYSES OF THE DATA 

 

Arrhenius Relationship 

It is of general knowledge that an increase or decrease of temperature causes a corresponding 
increase or decrease of reaction rate.  This is certainly in evidence in our tables in the Appendix, which 
show that as the average internal temperature decreases the reaction rate constant k1 in general also 
decreases.  A method for graphically depicting the influence of temperature on reaction rate is a plot of 
the logarithm  
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Table 28.  Comparison of Values of xcf 
 

Testing Method Test No.  Computed, Equation (66) Measured  Agreement  
 

Primary  PM-53 0.9000 0.9465 Good 
 PM-54 0.9804 1.0 Good 
 PM-55 0.9868 1.0 Good 
 PM-57 0.9151 0.9713 Poor 
 PM-58 0.9097 1.0 Poor 
 
Alternative AM-31 0.9938 1.0 Good 
 AM-32 0.9773 0.9945 Good 
 AM-33 0.9767 1.0 Good 
 AM-34 0.8111 0.9896 Poor 
 AM-35 0.7787 1.0 Poor 
 
 

 

of the rate constant versus the reciprocal of absolute temperature; the resulting equation is of the form 

 

 ln  k1 = a – s/T  (70) 

 

where a and s are constants for a given reaction.  Written in exponential form, this equation becomes 

 

 k1 = Aoexp(-Ea/RT)  (71) 

 

where the exponential term is the so-called Boltzmann factor, which expresses the portion of molecules 
having a given kinetic energy Ea.  Equation (71) is also the form of the Arrhenius equation (1887), 

 

where: Ao = the frequency factor (min-1) 

 Ea = the activation energy (J/kmol) 

 R = the universal gas constant (= 8314.41 J/kmol•K) 

 

The activation energy represents the energy content of colliding molecules that is greater than the average 
content at the corresponding temperature level.  In logarithmic form, Equation (71) becomes 

 

  ln k1 = (ln Ao) – (Ea/R)(1/T) (72)  

 

Thus, if data expressing the variation of k1 with temperature for a given reaction are available, a plot of 
the natural logarithm of k1 versus the reciprocal absolute temperature allows determination of the 
activation energy (from the slope Ea/R) and of the frequency factor (from the intercept, ln Ao). 
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Results of the Analyses 

The last two columns of the tables in the Appendix quote the First Order reaction rate constant k1 
and the average kettle internal temperature Ti, for each test.  We performed linear regression analyses of 
the data in the form of (ln k1) versus 1/Ti, in accordance with Equation (72) above.  The output in each 
computation was the intercept and the slope of the least-squares straight line, as well as the correlation 
coefficient, which is defined by 

 

  r = (Ea/R)(σT/σk)  (73) 

 

where:  r = the correlation coefficient 

  σT = the standard deviation of the reciprocal temperature array of data (K-1) 

  σk = the standard deviation of the natural logarithm reaction rate data 

 

The correlation coefficient provides a measure of the validity of the straight-line correlation.  If r = ±1, 
the correlation is perfect; if r = 0, no correlation exists. 

The results for the linear regression analyses for the ten tests are assembled in Table 29.  Plots of 
the data for three tests representing the two experimental methods are provided in Figures 17 and 18, 
respectively, in order to illustrate graphically the extent of the scatter of the individual points.  The true 
measure of the validity of the data rests with the correlation coefficient in the final column of Table 29.  
In most linear regression analyses, these values would be considered to be too low to indicate a valid 
correlation.  However, in view of the previously-stated caveats concerning the computation of xc and the 
problems encountered with Equations (66) and (68), we believe that we have derived valid reaction 
kinetics data for the combustion of “Kingsford” charcoal briquets. 

At the bottom of Table 29 we have computed the average and standard deviation of the ten values 
of the activation energy.  The average value here is 2433 K.  In their investigation of the combustion 
kinetics of selected solid fuels, Delfosse et al. (1984) determined that the activation energy of a wood 
charcoal was 29 kJ; by converting this value to joules per kilomole and dividing by the universal gas 
constant, their value of the activation energy is 3488 K.  This value is certainly of the same order of 
magnitude as ours.  Considering the caveats in our work and our lack of knowledge concerning the details 
of their investigation, we believe that the two values are in agreement.  

We also should briefly address the temperature measurements.  As stated several times earlier, the 
temperatures that we recorded were those in the space inside the kettle above the charcoal briquets; our 
temperature probe had an upper limit of about 600 K.  Thus, we subsequently based the reaction kinetics 
correlations on these values.  However, future work should be based on measuring the actual combustion 
temperature of the charcoal itself, which is probably in the range 2000-3000 K.  In this manner we will 
obtain a truer picture of the actual reaction kinetics data.    
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Table 29.  Linear Regression Analyses (ln k1 versus 1/Ti) 
               to compute the Arrhenius Frequency Factor  

                   and Activation Energy 
 

 
Testing  Test ln Ao, Frequency Ea/R, Activation r,  Correlation    
Method    No.    Factor (ln min-1)      Energy  (K)          Coefficient     
 
Primary PM-53 6.83 1873 -0.9491 
 PM-54 9.87 2988 -0.9576 
 PM-55 8.48 2199 -0.9751 
 PM-57 7.24 1990 -0.9686 
 PM-58 8.28 2332 -0.9734 
 
Alternative AM-31 7.79 2112 -0.9389 
 AM-32 8.49 2281 -0.9367 
 AM-33 9.99 2728 -0.9690 
 AM-34 8.37 2520 -0.9763 
 AM-35  10.68       3310      -0.9617 
      
   Average  ±  Std. Dev.:   2433  ±  433   

 
Note:  The first entries in Tables 18 through 27 were not used in making these computations. 
 

 

CONCLUSIONS AND RECOMMENDATIONS 

 

This manuscript is Part V in our continuing investigation on the combustion of commercially- 
available charcoal briquets utilized for the outdoor preparation of food.  The primary objective in this 
portion of our work is the collection of scientific data on the combustion process, which occurred in a 
Weber covered-kettle type of grill.  This grill served as a semi-batch reactor in which we utilized two 
modes of charcoal emplacement, viz., a Primary Method in which the briquets were distributed uniformly 
over the entire charcoal grate, and an Alternative Method in which the briquets were piled on either side 
of what normally would serve as a drip pan.  We conducted a total of ten experiments.  The data that we 
recorded included the weight loss as a function of time due to the briquet combustion, and the kettle 
internal temperature above the briquets, also as a function of time.  Material balance relationships were 
utilized to compute the weight fraction of charcoal consumed.  These data then provided the input to the 
computation of the conversion function for an assumed First Order kinetics with respect to oxygen.  From 
these conversion functions we calculated the incremental First Order reaction rate constants. 

Linear regression analyses in the form of the natural logarithm of the rate constant versus the 
reciprocal of absolute temperature provided estimates of the Arrhenius frequency factor and of the 
activation energy, Ea/R.  The average of the activation energy over the ten experiments was 2433 K.  This 
contrasts to an activation energy of 3488 K (from the literature) for an unspecified type of wood charcoal, 
in an investigation the details of which are not known to us at the present time.  Considering these 
unknowns and the caveats in our work, we concluded that these two values were in agreement. 

The caveats in our investigation centered around two main problems.  The first was associated 
with uncertainties in the material balance relationships.  The incremental weight changes were on the 
order of 0.010 kg, for a kettle that weighed more than 3 kg.  Thus, the material balance was very sensitive 
to slight errors in these measurements.  Also, the time at which complete ignition had occurred had to be 
estimated visually (as evidenced by the grey ash layer on the surface of the briquets), and so the volatile 
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content of the briquets recorded at this time may have been in error.  This in turn could have affected the 
computation of the weight fraction of charcoal consumed.  The solution to this problem will entail a more 
scientific investigation of the charcoal briquet ignition process. 

The second problem centered around the temperature measurements.  Our temperature probe had 
an upper limit of about 600 K, and thus we could not record the true combustion temperature of the 
briquets themselves.  Thus we opted, by necessity, to record the kettle internal temperature above the 
briquets.  In future work, therefore, more valid reaction kinetics correlations will result if a method is 
devised to measure the temperature-time history of the actual charcoal briquet combustion itself. 

In the subsequent manuscript, Part VI, of our report, we will provide auxiliary data to clarify the 
effect of removal of the lid on the kettle internal temperature. 
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Appendix to Part V 

Tables of the Experimental and Computational  
Data for the Individual Experiments 

 
 

Table 18.  First Order Kinetic Data for Combustion of Charcoal  
          Briquets in a Test involving the Primary Method 

(Test No.  PM-53) 
 

 
 t, Time    mR  (kg)  xc     f(xc)       k1  (min-1)   Ti  (K) 
   (min)                                                                                                                 
 
   0 0.353   0.2294  (xv)    0 
 10 0.342 0.4286 876.0 87.60 528.4 
 20 0.324 0.4884 1138.9 26.29 514.0 
 30 0.309   0.5382 1357.9 21.90 502.2 
 40 0.296   0.5813 1547.4 18.95 497.3
 50 0.283   0.6245 1737.4 19.00 488.6
 60 0.270   0.6676 1926.9 18.95 474.2
 70 0.258   0.7075 2102.4 17.55 466.1
 80 0.249   0.7374 2233.9 13.15 457.9
 90 0.238   0.7739 2394.4 16.05 451.0 
 100 0.229   0.8037 2525.4 13.10 442.1 
 110 0.219 0.8369 2671.4 14.60 433.8 
 120 0.212 0.8602 2773.9 10.25 425.7 
 140 0.200 0.9000 2948.9   8.75 404.6 
 
 

Notes: mR    = the weight of contents remaining in the kettle (kg). 

  xc = the weight fraction of charcoal consumed, from Equations (66) and (68) in Part IV. 

  xv = the weight fraction of volatiles, at t  =  0 min. 

  Conversion Function: f(xc) = (Cco/Cao)(xc  –  xv) 

  First Order reaction rate constant: k1    =  ∆f(xc)/∆t 

  Ti = the average kettle internal temperature at each time interval (K). 
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Table 19.  First Order Kinetic Data for Combustion of Charcoal  
          Briquets in a Test involving the Primary Method 

(Test No.  PM-54) 
 

 
 t, Time    mR (kg)   xc        f(xc)      k1 (min-1)   Ti  (K)     
   (min)                                                                                                                  
 
   0 0.249   0.2209  (xv)    0 
 10 0.234 0.4628 1094.0 109.40 481.4 
 20 0.222 0.5198 1351.8   25.78 467.1 
 30 0.211 0.5720 1578.8  23.61 452.0
 40 0.199 0.6290 1845.6  25.78 449.6
 50 0.187 0.6860 2103.4  25.78 447.5
 60 0.181 0.7145 2232.3  --- --- 437.9
 70 0.171 0.7619 2446.6  21.44 433.7
 80 0.160 0.8142 2683.2  23.65 427.2
 90 0.150 0.8617 2898.0  --- --- 415.8  
 100 0.140 0.9091 3112.3  --- --- 409.4 
 110 0.135 0.9329 3220.0  10.76 401.6 
 120 0.130 0.9566 3327.1  10.72 391.7 
 140 0.125 0.9804 3434.8    5.38 373.8  
 
See the notes at the end of Table 18. 
 
 
 
 

Table 20.  First Order Kinetic Data for Combustion of Charcoal  
          Briquets in a Test involving the Primary Method 

(Test No.  PM-55) 
 

 
 t, Time       mR  (kg)  xc   f(xc)        k1   (min-1)  Ti   (K)    
   (min)                                                                                                                 
 
   0 0.161   0.2105  (xv)    0 
 10  0.147 0.5061 1315.7 131.56 464.2 
 20  0.136 0.5887 1683.3  36.76 459.8 
 30  0.126 0.6638 2017.5  33.43 445.9 
 40  0.117 0.7314 2318.4  30.09 428.6 
 50  0.109 0.7915 2585.9  26.75 417.9 
 60  0.102 0.8441 2820.0  23.41 411.3 
 70  0.096 0.8891 3020.3  20.03 399.4 
 80  0.091 0.9267 3187.7  16.74 388.8 
 90  0.086 0.9642 3354.6  16.69 379.3 
 100  0.083 0.9868 3455.2  10.06 366.6 
 
See the notes at the end of Table 18. 
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Table 21.  First Order Kinetic Data for Combustion of Charcoal  
          Briquets in a Test involving the Primary Method 

(Test No.  PM-57) 
 

 
 t, Time     mR  (kg)    xc    f(xc)     k1  (min-1) Ti   (K)   
   (min)                                                                                                                     
 
   0 0.313   0.2313  (xv)     0 
 10 0.296 0.3494   619.9 61.99 534.1 
 20 0.277 0.4127   952.2 33.23 521.7 
 30 0.263 0.4593 1196.8 24.46 508.8 
 40 0.247 0.5125 1476.0 27.93 500.8 
 50 0.233 0.5591 1720.6 24.46 493.4
 60 0.220 0.6023 1947.4 22.68 485.7 
 70 0.208 0.6423 2157.3 21.00 478.0 
 80 0.198 0.6755 2331.6 17.43 468.5 
 90 0.186 0.7155 2541.6 21.00 458.7 
 100 0.177 0.7454 2698.5 15.96 449.6 
 110 0.167 0.7787 2873.3 17.48 440.3 
 120 0.158 0.8087 3030.8 15.75 431.1 
 130 0.151 0.8391 3152.6 12.18 422.8 
 140 0.146 0.8486 3240.2   8.77 414.5 
 150 0.139 0.8719 3362.5 12.23 404.1 
 160 0.134 0.8885 3449.7   8.71 393.5 
 170 0.130 0.9018 3519.5   6.98 383.4 
 180 0.126 0.9151 3589.3   6.98 372.1 
 

Notes: mR    = the weight of contents remaining in the kettle (kg). 

  xc = the weight fraction of charcoal consumed, from Equations (66) and (68) in Part IV. 

  xv = the weight fraction of volatiles, at t  =  0 min. 

  Conversion Function: f(xc) = (Cco/Cao)(xc  –  xv) 

  First Order reaction rate constant: k1    =  ∆f(xc)/∆t 

  Ti = the average kettle internal temperature at each time interval (K). 
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Table 22.  First Order Kinetic Data for Combustion of Charcoal  
          Briquets in a Test involving the Primary Method 

(Test No.  PM-58) 
 

 
 t, Time  mR  (kg)     xc       f(xc)        k1  (min-1) Ti   (K)     
   (min)                                                                                                                
 
   0 0.198   0.2602  (xv)     0 
 10 0.184 0.3526   465.8 46.58 523.5 
 20 0.170 0.4228   819.7 35.39 508.8 
 30 0.157 0.4881 1148.9 32.92 491.3 
 40 0.145 0.5483 1452.4 30.35 479.5 
 50 0.136 0.5935 1680.3 22.79 468.5 
 60 0.126 0.6437 1933.4 25.31 459.8 
 70 0.118 0.6838 2135.5 20.22 449.2 
 80 0.110 0.7240 2338.2 20.27 437.3 
 90 0.103 0.7591 2515.1 17.70 426.9 
 100 0.096 0.7943 2692.6 17.75 416.3 
 110 0.090 0.8244 2844.3 15.17 406.1 
 120 0.085 0.8495 2970.9 12.65 395.6 
 130 0.082 0.8645 3046.5   7.56 384.0 
 140 0.079 0.8796 3122.6   7.61 371.4 
 150 0.076 0.8946 3198.2   7.56 359.0 
 160 0.074 0.9047 3249.1   5.09 347.3 
 170 0.073 0.9097 3274.3   2.52 336.4 
 
 

Table 23.  First Order Kinetic Data for Combustion of Charcoal  
              Briquets in a Test involving the Alternative Method 

(Test No.  AM-31) 
 

 
 t, Time   mR  (kg)            xc    f(xc)        k1  (min-1)  Ti  (K)     
   (min)                                                                                                                    
 
   0 0.376   0.1685  (xv)     0 
 10 0.355 0.3764 1059.7 105.97 501.6 
 20 0.334 0.4402 1384.9  32.52 493.4 
 30 0.314 0.5011 1695.4  31.04 482.6 
 40 0.294 0.5619 2005.3  30.99 477.8 
 50 0.277 0.6136 2268.8  26.35 469.9 
 60 0.257 0.6744 2578.7  30.99 459.8 
 70 0.244 0.7140 2780.6  20.19 454.4 
 80 0.229 0.7596 3013.0  23.24 448.5 
 90 0.217 0.7961 3199.1  18.61 444.9 
 100 0.204 0.8356 3400.4  20.13 441.8 
 110 0.194 0.8660 3555.4  15.50 431.1 
 120 0.182 0.9025 3741.4  18.61 419.9 
 140 0.167 0.9481 3973.9  11.62 406.8 
 160 0.152 0.9938 4206.8  11.65 388.1 
 
See the notes at the end of Table 18. 
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Table 24.  First Order Kinetic Data for Combustion of Charcoal  
              Briquets in a Test involving the Alternative Method 

(Test No.  AM-32) 
 

 
 t, Time   mR  (kg)     xc    f(xc)        k1  (min-1)  Ti   (K)     
   (min)                                                                                                                  
 
   0 0.233   0.2248  (xv)     0 
 10 0.216 0.4033   847.6 84.76 469.1
 20 0.200 0.4780 1202.3 35.47 466.8
 30 0.185 0.5480 1534.6 33.24 458.2
 40 0.174 0.5993 1778.2 24.39 448.5
 50 0.162 0.6553 2044.1 26.59 439.7
 60 0.150 0.7113 2310.0 26.59 429.0
 70 0.141 0.7533 2509.4 19.94 417.6
 80 0.132 0.7953 2708.9 19.94 407.2
 90 0.125 0.8279 2863.6 15.48 398.8   
 100 0.117 0.8653 3041.2 17.76 393.7 
 110 0.108 0.9073 3240.7 19.94 389.4 
 120 0.105 0.9213 3307.1 --- --- 381.9 
 130 0.101 0.9399 3395.4   8.83 374.4 
 140 0.096 0.9633 3506.6 11.11 368.8 
 150 0.093 0.9773 3573.0   6.65 361.0 
 
 

Table 25.  First Order Kinetic Data for Combustion of Charcoal  
              Briquets in a Test involving the Alternative Method 

(Test No.  AM-33) 
 

 
 t, Time   mR  (kg)     xc    f(xc)     k1  (min-1) Ti   (K)     
   (min)                                                                                                                  
 
   0 0.159   0.2161  (xv)     0 
 10 0.144 0.4079   945.8 94.58 445.6 
 20 0.130 0.5027 1413.2 46.75 444.1 
 30 0.119 0.5772 1780.6 36.74 433.9 
 40 0.109 0.6449 2114.4 33.38 424.0 
  50 0.100 0.7059 2415.2 30.08 415.5 
 60 0.092 0.7600 2682.0 26.68 406.3 
 70 0.086 0.8007 2882.7 20.07 397.2 
 80 0.080 0.8413 3082.9 20.02 387.3 
 90 0.075 0.8751 3249.6 16.68 378.0 
 100 0.071 0.9022 3383.2 13.36 368.4 
 110 0.066 0.9361 3550.4 16.72 358.1 
 120 0.063 0.9564 3650.5 10.01 348.0 
 130 0.061 0.9699 3717.0   6.66 337.2 
 140 0.060 0.9767 3750.6   3.35 324.7 
 
See notes at the end of Table 18. 
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Table 26.  First Order Kinetic Data for Combustion of Charcoal  
             Briquets in a Test involving the Alternative Method 

(Test No.  AM-34) 
 

 
 t, Time   mR  (kg)     xc    f(xc)        k1  (min-1) Ti   (K)      
   (min)                                                                                                                   
 
   0 0.288   0.3083  (xv)     0 
 10 0.272 0.2754  -168.4 --- --- 500.9 
 20 0.254 0.3302   109.1 27.75 498.3 
  30 0.237 0.3819   366.6 25.75 491.5 
 40 0.221 0.4306   609.2 24.26 490.7 
 50 0.205 0.4793   851.8 24.26 482.8 
  60 0.192 0.5189 1049.1 19.73 474.0 
 70 0.180 0.5554 1230.9 18.18 473.4 
 80 0.167 0.5950 1428.2 19.73 466.1 
 90 0.156 0.6285 1595.0 16.69 457.2 
 100 0.146 0.6589 1746.5 15.14 448.5 
 110 0.136 0.6894 1898.4 15.19 439.8 
 120 0.127 0.7168 2034.9 13.65 432.5 
 130 0.119 0.7411 2156.0 12.11 424.2 
 140 0.113 0.7594 2247.1   9.12 413.0 
 150 0.106 0.7807 2353.2 10.61 402.1 
 160 0.102 0.7929 2414.0   6.08 390.3 
 170 0.098 0.8051 2474.8   6.08 372.5 
 180 0.096 0.8111 2504.6   2.99 359.0 
 

 
Table 27.  First Order Kinetic Data for Combustion of Charcoal  

              Briquets in a Test involving the Alternative Method 
(Test No.  AM-35) 

 
 t, Time    mR  (kg)     xc     f(xc)        k1  (min-1) Ti   (K)      
   (min)                                                                                                                  
 
   0 0.174    0.3480  (xv)     0 
 10 0.159 0.3039 -197.8 --- --- 469.3 
 20 0.147 0.3614    60.1 25.79 466.2 
 30 0.134 0.4238  399.9 27.98 456.4 
 40 0.124 0.4717  554.8 21.48 446.8 
 50 0.114 0.5197  770.0 21.53 438.5 
 60 0.105 0.5628  963.3 19.33 430.9 
 70 0.096 0.6060 1157.1 19.37 423.8 
 80 0.089 0.6396 1307.8 15.07 415.8 
 90 0.082 0.6732 1458.4 15.07 407.6 
 100 0.077 0.6971 1565.2 10.72 400.7 
 110 0.071 0.7259 1694.8 12.92 393.4 
 120 0.067 0.7451 1780.9   8.61 384.0 
 130 0.063 0.7643 1867.0   8.61 373.2 
 140 0.061 0.7739 1910.1   4.31 361.8 
 150 0.060 0.7787 1931.6   2.15 347.9 
 
See notes at the end of Table 18. 
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SELECTED OBSERVATIONS ON THE COMBUSTION OF CHARCOAL 
BRIQUETS UTILIZED FOR THE OUTDOOR PREPARATION OF FOOD  

VI. SUPPLEMENTAL KETTLE INTERNAL TEMPERATURE DATA 
 
 

James L. Austing 
Hazel Crest, Illinois  60429  USA 

 
 

ABSTRACT 
 

The objective of the work described in this manuscript was to document the kettle internal 
temperature history under conditions wherein the lid of the kettle was not removed during the entire 
charcoal briquet combustion, and to compare these data with the temperatures recorded in the first phase 
of the investigation wherein removal of the lid was necessary in order to place food in the kettle and to 
properly prepare it for our subsequent dining pleasure.  To accomplish this objective, we conducted two 
additional tests involving the two methods for emplacement of the charcoal briquets.  In these tests, we 
duplicated the experimental conditions that were utilized in the previous phase of the investigation, with 
respect to the number of charcoal briquets and the ambient temperature; however, the lid remained in 
place during the entire combustion process. 

For the Primary Method, wherein the briquets covered the entire charcoal grate and periodical 
removal of the lid had been necessary during the cooking process, the data revealed that the initial 
temperature drop was far more severe than for the comparison test for which the lid remained in place.  
Following this severe drop, however, the temperature then stabilized and after the food was removed 
steadily increased to values that very well agreed with those in the comparison test, for the remainder of 
the combustion process. 

For the Alternative Method, wherein the briquets were piled on each side of a drip pan and 
removal of the lid was necessary at only the beginning and at the end of the cooking process, the data 
revealed that the initial temperature drop was not as severe but still greater than for the comparison test 
during which the lid remained in place.  Again, after the food had been removed, the internal temperature 
rose slightly before beginning its gradual decrease, but for unknown reasons maintained values that were 
somewhat less than for the comparison test. 

For both methods, the data suggested that the food served as a heat sink while it was present in 
the kettle, and this was partly responsible for the temperature differences. 

 

INTRODUCTION 

 

The primary purpose of the effort reported in the first three manuscripts of this investigation was 
the preparation of food; the collection of scientific data was secondary.  As a consequence of this, Austing 
and Austing (2002) noted that the initial, final, and/or periodic removal of the lid from the cooking kettle 
was necessary in order that the food could be placed on the cooking grate and be properly prepared.  The 
Part I manuscript then makes the following statement: “However, as one would expect, these procedures 
resulted in a rather severe temperature drop (inside the kettle), and the temperature did not recover to its 
initial value.”  Taken literally, the statement implies that the temperature drop was the result of removing 
and replacing the lid, or stated another way, that the temperature would not have dropped if they had left 
the lid in its place. 
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For purposes of making a presentation at this Seminar, we have again divided this report into 
three parts.  The first manuscript, which was Part IV, discussed the experimental procedures and 
mathematical relationships required for accurate reaction kinetics correlations.  The Part V manuscript 
discussed the utilization of the experimental data to drive the First Order reaction rate constants for the 
charcoal briquet combustion.  This manuscript represents Part VI, and provides clarification of the effect 
of removal of the lid on the kettle internal temperature. 

 

EXPERIMENTAL PROCEDURES AND DATA 

 

The present reaction kinetics experiments in Parts IV and V, involving the smaller cooking kettle, 
revealed that a significant internal temperature drop nevertheless occurred during entire duration of the 
test, despite the fact that the lid was on the kettle at all times.  In order to clarify what actually happened 
in the previous work, we conducted two additional tests in which the experimental conditions utilized in 
Test Nos. PM-29 an AM-11 and represented in Figure 5 of Part I were duplicated with respect to the 
number of charcoal briquets, the outside ambient temperature, and the use of larger kettle (0.073-m3 
internal volume).  The difference was that in these new tests we did not prepare foods, and consequently 
the lid was in position during the entire experiment.   

Figure 19 shows a comparison of the temperature-time data for the two tests involving the 
Primary Method.  In both tests, a significant temperature drop occurred immediately, and so in this 
respect removal of the lid had nothing to do with the problem.  However, we see that for Test No. PM-29 
(wherein periodic removal of the lid was necessary in order to properly prepare the food) the initial 
temperature drop was far more severe than for Test No. PM-36 (wherein the lid remained on the kettle 
because no food was being prepared).  Interestingly, however, after the food had been removed and the lid 
replaced, the internal temperature for Test No. PM-29 increased slightly, and after 60 min was in very 
good agreement with that for the other test, for the duration of the experiment.  This suggests that the food 
served as a heat sink up to the time of its removal from the kettle (at 39 min), following which the 
temperature recovered as shown. 

Figure 20 shows a similar graph for the two tests involving the Alternative Method.  As 
mentioned several times in previous manuscripts, lid removal (for Test No. AM-11, as an example) is 
required only when the food is placed in the kettle initially and then when it is removed at the conclusion 
of the cooking process.  The data show that for the initial 10 min the temperature drops were identical, but 
then the temperature in the kettle that had no food remained essentially constant for the next 50 min.  In 
the meantime, the temperature in the kettle wherein food was present continued to decrease until the food 
was removed at 43 min.  The temperature then made a slight recovery, but then at 60 min began to 
steadily decrease.  However, Figure 20 shows that at later times the two curves did not coincide, and at 
present we have no data to explain this phenomenon. 
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ABSTRACT 

In these times when corporate knowledge and experience are being lost though retirements of the 
experienced work force and the increased job mobility in the younger work force, improved information 
management techniques - in capturing, organizing and retaining “lessons learned,” the rationale for design 
related decisions, and various “rules of thumb” used to design or produce infrequently built items - are 
critical to maintain product quality and assure corporate survival/profitability.   In our presentation, we 
will attempt to identify the role of information management in support of engineering tasks relating to a 
large number of energetic devices used in aircraft escape system throughout their entire acquisition cycle, 
particularly with regard to initial development and subsequent upgrades/changes (e.g., product 
improvement).  Use of such advanced information management tools can improve design producibility, 
shorten execution times, and decrease costs.   

The Center for Energetic Concepts Development of the University of Maryland, working with the Naval 
Surface Warfare Center at Indian Head, is developing the next generation information management tools 
for component design and is working to apply the these tools to cartridge actuated devices (CADs) and 
propellant actuated devices (PADs), specifically in their design and any subsequent product improvement 
efforts.  

The development of the customized information management tool is expected to significantly reduce the 
life-cycle cost of limited service life devices manufactured in small production lots at an irregular basis. It 
will ensure that important design and processing information is not lost and is readily available to new 
designers, thereby improving the productivity of the new design teams. The software tool provides the 
following novel features: 

1. It records all relevant information pertaining to the design and stores this information in a 
computer-interpretable form.  

2. All components of the stored information are fully interconnected.  
3. It records rationale behind design changes in a computer-interpretable form using an extensible 

taxonomy. 
4. It supports searching of the all archived information.  

In addition, the system will be shown to provide the means by which one can seamlessly record, browse, 
and search among a class of a products, each product's design requirements, functional structure, 
assembly structure, geometry, design changes, and the rationale for design changes. 

This poster presentation (which will include a demonstration of features of the software for those 
interested in learning more) illustrates the need for information management in product improvement 
projects, describes a prototype system that has been developed to capture design rationale behind product 
improvement projects associated with CADs and PADs, and concludes by identifying directions for 
future research in the design information management area. 
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ABSTRACT 
 
An advanced study on the thermal behaviour of pyrotechnic ignition mixtures has been carried out by 
differential scanning calorimetry using different B/KNO3 mixtures (50:50, 30:70, 20:80) as a model 
reaction. The experimental conditions applied (isochoric conditions/closed crucibles and isobaric 
conditions/open crucibles) as well as the composition of the mixtures noticeably influences the relative 
thermal stabilities of the energetic materials. The study focused on the prediction of the thermal stability 
of the different mixtures both in extended temperature ranges and under temperature conditions at which 
ordinary investigation would be very difficult. Using advanced numerical tools [1], thermal ageing and 
influence of the complex thermal environment on the heat accumulation conditions were computed. This 
can be done for any surrounding temperature profile such as isothermal, non-isothermal, stepwise, 
modulated, shock, adiabatic conditions and additionally for temperature profiles reflecting real 
atmospheric temperature changes (yearly temperature profiles of different climates with daily minimal 
and maximal fluctuations). Applications of accurate decomposition kinetics enable the determination of 
time of maximum rate under adiabatic conditions (TMRad) with a precision given by the confidence 
interval of the predictions. This analysis can then be applied for the examination of the effects of the 
surrounding temperature for safe storage or transportation conditions (i.e. determination of the safe 
transport or storage temperatures). 
 
1. Introduction 
 

To get an ideal ignition of rocket motors containing composite or double base propellant it is very 
important to use igniter compositions with an excellent performance concerning the production of hot 
gases, glowing reaction particles in a short reaction time. On the other hand, igniter compositions for 
rocket motors should not be sensitive towards environmental influences. To use such compositions to 
ignite LOVA propellants of Insensitive Munitions their ignition level must be quite high. Additionally 
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such compositions should not age too fast under normal conditions. Today the pyrotechnic compositions 
"Black Powder" or boron / potassium nitrate mixtures are commonly used. 
 
Typical composition of "Black Powder": 
 

• Charcoal  75 wt.% 
• Sulfur   10 wt.% 
• Potassium nitrate 15 wt.% 

 
Typical composition of boron-potassium nitrate ignitor : 
 

• Boron   30 wt.% 
• Potassium nitrate 70 wt.% 

 
The investigations of the decomposition process and determination of the aging properties of igniters can 
be carried out by applying thermoanalytical methods such as Differential Scanning Calorimetry (DSC) or 
Thermogravimetry (TG).  
 
2. Experimental  
 
 

The DSC data were collected on thermoanalyzer type 821 (Mettler Toledo, Switzerland). The DSC 
measurements were performed in crucibles closed with a lid having three small holes and in fully closed 
high pressure gold crucibles. The applied heating rates were 1, 2, 3, 5 and 10 K/min. Figure 1 shows the 
DSC signal at 10 K/min of a boron / potassium mixture (30:70) under isobaric conditions. 
 

134°C

335°C

537°C
B/KNO3 30:70 1-600-10- 1- 1, 15.07.2003 12:12:39
B/KNO3 30:70 1-600-10- 1- 1, 2.5570 mg

mW
50

°C50 100 150 200 250 300 350 400 450 500 550

êxo B/ KNO3 30:70 10°C/mi n 22.07.2003 14:34:52

armasuisse  S722: G.Reinhard  SW 7. 01eRTAMETTLER TOLEDO S  
Figure 1:  
DSC plot of a boron / potassium nitrate composition 30:70 wt.% crucible closed with a perforated 
lid. 
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The DSC plot (Fig. 1) shows at a temperature of 134°C an endothermal event resulting from the phase 
transition of potassium nitrate (literature data 129°C). The endo- peak at 335°C is due to the melting of 
KNO3 (literature data 334°C) [2]. The exothermal redox reaction between boron and potassium nitrate has 
the maximum at temperature of 537°C. After baseline subtraction and normalisation, these exothermal 
peaks obtained by different heating rates were used for the simulations with the AKTS-Thermokinetics 
software.  
 
3. Determination of the baseline 
  
 

The selection of the evaluation range of the baseline should contain the part of the signals before- 
and after the occurrence of the thermal effects. Generally the application of straight-line form for the 
baseline is incorrect [3]. The recorded signal results not only from the heat of the reaction but is 
additionally affected by the change of the specific heat of the mixture reactant-products during the 
progress of the reaction.  
 

 
Figure 2:  
(A) DSC heat flow curve and the baseline calculated for the heating rate of 5°C/min (Open 
crucibles/isobaric conditions B/KNO3 20:80 mixture). (Units of S(T) = [mW/mg]) 
(B) Inset: DSC heat flow curve after baseline subtraction and normalization.   
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∫
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With: 
B(T) the baseline, 
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S(T) the differential signal, 
the reaction progress x(T) can be expressed as 
 

∫

∫

−

−
= Tend

To

T

To

B(T))dT(S(T)

B(T))dT(S(T)
x(T)  

 
The tangential area-proportional baseline is the most universal type because of its correction possibilities. 
It is created at x(T) => 0 and at x(T) => 1 by  the appropriate tangents at the beginning or the end of the 
measured DSC signal. It allows compensation of not only changes of the cp values of the reactant and 
product, but also of changes in their temperature dependency. This type of baselines can be described by 
the following equation: 
 
B(T) = (1-x(T))*(a1+b1*T) + x(T)*(a2+b2*T)  
With 
(a1+b1*T) : tangent at the beginning of the signal S(T). 
(a2+b2*T) : tangent at the end of the signal S(T).  
 
B(T) can be calculated iteratively. The convergence is achieved as soon as the relative average deviations 
between two iterations are smaller than an arbitrarily chosen value (for example 1e-6). Presented in figure 
2 an area-proportional baseline has been calculated using arbitrarily chosen 300 iteration loops. 
 
It is obvious that the baseline determination can significantly influence the determination of the kinetic 
parameters of the reaction. Moreover, the correct baseline determination should be intimately combined 
with the computation of the kinetic parameters for the investigated reaction. Advanced mathematical 
procedures are therefore necessary for an objective calculation of the most appropriate baseline for each 
DSC signal. 
 
4. Kinetic parameters 
 
 

The noticeable weakness of the ‘single curve’ methods (determination of the kinetic parameters 
from single run recorded with one heating rate only) has led to introducing the ‘multi curve’ methods over 
the past few years [4-6] - International ICTAC Kinetics project. Only series of non-isothermal 
measurements carried out at different heating rates can give a data set which generally contains the 
necessary amount of information required for full identification of the complexity of a process. This data 
set usually contains: 
- the relationship between specific conversion, xi, and temperatures for different heating rates (non-
isothermal mode). 
- the relationship between specific conversion, xi, and time for different temperatures (isothermal mode). 
Commonly applied are following three isoconversional methods known as: Friedman [7], Ozawa-Flynn-
Wall [8] and the ASTM E698 analysis.  
 
Friedman analysis, based on the Arrhenius equation, applies the logarithm of the conversion rate dx/dt as 
a function of the reciprocal temperature at different degrees of the conversion. 
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))ln(f(x
RT

Eln(A)
dt
dxln i

ji,X i

+−=  with i: index of conversion, j: index of heating rate, f(x) the function 

dependent on the decomposition mechanism. 
 
Table 1: The forms of the f(x) function dependent on the reaction model. 
 
Autocatalytic :  (1-x)^n x^m 
 
F1 : 1-x 
F2 : (1-x)^2 
F3 : (1-x)^3 
Fn : (1-x)^n 
 
P1 : x^0 
P2 : 2 x^(1/2) 
P3 : 3 x^(2/3) 
P4 : 4 x^(3/4) 
Pn : n x^(1-1/n) 

 
A1.5 : 1.5 (1-x) [-ln(1-x)]^(1/3) 
A2 : 2 (1-x) [-ln(1-x)]^(1/2) 
An : n (1-x) [-ln(1-x)]^(1-1/n) 
 
R2 : 2 (1-x)^(1/2) 
R3 : 3 (1-x)^(2/3) 
Rn : n (1-x)^(1-1/n) 
 
D1 : 1/(2x) 
D2 : [-ln(1-x)]^-1 
D3 : 1.5 [1-(1-x)^(1/3)]^-1 (1-x)^(2/3) 
D4 : 1.5 [(1-x)^(-1/3)-1]^-1 

 
As f(x) is constant at each conversion degree xi, the dependence of the logarithm of the reaction rate over 
1/T is linear with the slope of m = E/R. If the decomposition follows a single mechanism then the reaction 
can be described in terms of a single pair of Arrhenius parameters and the commonly used set of reaction 
models. In such cases the reaction rate can be described by only one value of the activation energy E and 
one value of the pre-exponential factor A by the following expression: 

f(x)
RT(t)

Eexp A
dt
dx









−=  

 
However, this approach is not fulfilled during most of the decomposition reactions because, as presented 
e.g. in figure 3 for the examined B/KNO3 samples, the activation energy is often strongly dependent on 
the reaction progress.  
 
Decomposition reactions are often too complex to be described in terms of a single pair of Arrhenius 
parameters and the commonly applied set of reaction models. As a general rule, these reactions 
demonstrate profoundly multi-step characteristics. They can involve several processes with different 
activation energies and mechanisms. In such situation the reaction rate can be described only by complex 
equations, where the activation energy term is no more constant but is dependent on the reaction progress 
x (E ≠ const but E=E(x)). Thus a simplified kinetic analysis can no more lead to an accurate description of 
the experimental data. For multistage overlapped reactions the prediction of the thermal behavior under 
any new temperature profile, without taking into account the dependence of the activation energies E(x) 
on the conversion degree x, is of little value.  
 



- 88 - 

 
Figure 3:  
Activation energy of the B/KNO3 samples as a function of the reaction progress for closed and open 
crucibles. The activation energy is strongly dependent on the reaction progress. It can be observed 
that the different composition of the mixtures influence strongly the dependence of the activation 
energy on the reaction extent. These differences will strongly influence the prediction of 
decomposition progress for other temperature profiles.   
 
The accurate determination of the kinetic parameters under experimental conditions applied which 
enables the correct fit of the experimental data is a prerequisite for prediction of the reaction progress 
under any new temperature profile. When solving the complicated interrelation between the baseline, the 
kinetic parameters of the reaction and reaction progress, two important points have to be considered: 
 
(1) The reaction rate must be of Arrhenius type. 
(2) When measuring the progress of a reaction one tries to eliminate the systematic errors, so that only 
accidental errors have to be taken into account. In that case the measured values will spread around the 
average value for each heating rate, in a form of the Gaussian-type curve. The Gaussian distribution result 
from a summation of several events e.g. overlapping reactions, noise, drift, artefact, uncertainties in the 
baseline construction, etc.. During the optimization, the true information has to be extracted taking into 
account the requirement of the point 1. Once, the optimization is finished, the reliability of the predictions 
depends on the sum of all possible sources of errors. Therefore, under consideration of all heating rates 
the mathematical approach has to determine for each heating rate the 'best value' or 'central tendency' of 
the signal, for which the chance of the good reproducibility on subsequent measurements is maximal.  
 
Fulfilling both above conditions (I: Arrhenius type reaction rate and II: Gaussian-type distributed errors) 
makes possible the iterative calculation and objective determination of the correct baseline for each signal 
measured under different heating rates. Baselines are no more arbitrarily chosen by the users but 
objectively optimized taking into account: 
- statistics, for the consideration of the experimental noise and shape of the signals.  
- kinetic parameters, for the consideration of reaction rates following Arrhenius relationship.  
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The kinetic parameters calculated from the non-isothermal experiments make then possible the prediction 
of the reaction progress for any other heating rate and more generally for any temperature mode. In the 
following figures 4-8 the results of computations performed with AKTS-Thermokinetics software [1] are 
shown for the different B/KNO3 mixtures. 
 
- Left column in all figures presents the reaction rates (normalized DSC-signals after correctly calculated 
baselines and kinetics) as a function of the temperature for the various B/KNO3 mixtures under isobaric 
and isochoric conditions. Experimental data are represented as symbols, solid lines represent the 
calculated signals. The values of the heating rate in °C/min are marked on the curves. 

s
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∂
∂== )(β  => (units of SRate(T) = [1/s]) = conversion rate 

- Right column shows the reaction progress as a function of time under isothermal conditions. The values 
of the temperature in °C are marked on the curves. Results of some experiments done under isothermal 
conditions are presented together with the predicted relationships (Figs. 4 and 5). 
 
 

 
Figure 4: B/KNO3 50:50 (closed crucibles / isochoric conditions). 
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Figure 5: B/KNO3 30:70 (closed crucibles / isochoric conditions). 
 

 
Figure 6: B/KNO3 50:50 (open crucibles / isobaric conditions). 
 



- 91 - 

 
Figure 7: B/KNO3 30:70 (open crucibles / isobaric conditions). 
 

 
Figure 8: B/KNO3 20:80 (open crucibles / isobaric conditions). 
 
 
Decomposition reactions generally involve different reactions with various activation energies. They are 
thus influenced in different ways by the temperature. This is illustrated by the fact that, according to the 
temperature range taken into consideration it is one of the reactions that will dominate. In fact, a mistake 
about the energy of activation can have dramatic consequences as far as the safety of a process is 
concerned. It is thus strongly recommended to verify the results according to an isothermal measurement 
achieved directly in the temperature range taken into consideration as illustrated figures 4 and 5. This is 
particularly important for the safety analysis of storage and transport of potentially reactive materials. 
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5. Thermal risks : Calculation of adiabatic thermal transformation and heat accumulation from 
non-isothermal DSC measurements 
 
 

The precise prediction of reaction progress under adiabatic conditions is necessary for the safety 
analysis of many technological processes [9-11]. Calculations of an adiabatic temperature-time curve of 
the reaction progress can also be used to determine the decrease of the thermal stability of materials 
during storage at temperatures near the threshold temperature for triggering the reaction. Due to 
insufficient thermal convection and limited thermal conductivity, a progressive temperature increase in 
the sample can easily take place, resulting in an explosion.  

 
Commonly used, simplified approach for the determination of the TMRad applies the following formula 
with the arbitrarily chosen zero-order reaction [12]: 
 
TMRad = cp R To

2/(qo Ea) 
 
where: 
cp - specific heat, 
qo - maximum specific heat flux measured during an isothermal exposure at the temperature To 
Ea - activation energy of the reaction, 
R - gas constant.   
 
However, when applying above approach to predict the TMRad the only one, simplified zero-order kinetic 
equation is used by fitting the reaction/decomposition exotherms by the Arrhenius relationship. This 
method gives unfortunately a very rough approximation of the TMRad due to the severe assumptions 
made concerning both, the kinetics and the constancy of the value of the activation energy. As presented 
in figure 3, the activation energy is strongly dependent on the reaction progress for the considered 
compounds. In addition, it can be observed that the different compositions of the mixtures as well as the 
different experimental conditions (isochoric/isobaric) strongly influence the dependence of the activation 
energy on the reaction extent. The solution of the problem should therefore be achieved numerically. The 
computations have to consider the dependence of the activation energy on the reaction progress and the 
optimization of the baselines. For predictions with a certain level of accuracy, advanced kinetic analysis is 
therefore required because most decomposition reactions are complex combinations of several steps.  
 
The potential damages due to a loss of control of a reaction are also related to the quantity of heat 
released. The heat of reaction is one of the key data required for correct evaluation of the potential risks. 
Estimating the thermal risks involves the evaluation of the severity and the probability to generate a 
runaway reaction. In order to find and elaborate the appropriate measures that will reduce the risks, it is 
crucial to evaluate in which part the severity and the probability play in the case of thermal risks. The 
thermal risk related to a chemical reaction is the risk of loss of control of a reaction and its possible 
consequences such as, for example, a runaway risk. It is thus essential to understand how a reaction can 
shift from its normal course to a runaway situation [13]. For all exothermic reactions, the heat of reaction 
is a factor of severity. It gives a direct measure of consequences which result from a runaway destruction 
potential. A more common and easier value to use and understand is the adiabatic temperature rise. The 
adiabatic rise can be calculated by dividing the heat of reaction by the specific heat. 
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Figure 9:  
Adiabatic runaway curves for the various B/KNO3 mixtures under isochoric and isobaric 
conditions for a starting temperature of 370°C. The different B/KNO3 composition ratios as well as 
the TMRad are marked on the runaway curves. Under isochoric conditions the B/KNO3 mixtures 
are thermally by order of magnitude less stable than under isobaric conditions. Similar behaviour 
is observed when comparing the different compositions of B/KNO3 mixtures. It can be observed 
that mixtures with equimolar ratios have both, for the experimental conditions considered, shorter 
TMRad (or lower thermal stability) and smaller ∆Tad (or lower heat of reaction).  
Using the reaction heat ∆Hr presented in table 2 and a specific heat cp of 1.62 J/g/°C for the various 
B/KNO3 mixtures under isochoric and isobaric conditions, one can calculate the reaction progress due to 
self-heating for the different ∆Tad (with ∆Tad = ∆Hr/cp). Figure 9 and table 2 present the results of such 
calculations for a starting temperature of 370°C. The results illustrate how the thermal stability of 
representative samples may be investigated using DSC experiments and advanced kinetic analysis.   
 
Table 2: ∆Hr, ∆Tad = ∆Hr/cp (cp = 1.62 J/g/°C) and TMRad of the different B/KNO3 mixtures for a 
starting temperature of 370°C. 
Compounds ∆Hr [J/g] ∆Tad = ∆Hr/cp[°C] TMRad 
B/KNO3 - isochoric conditions: 
50:50 
30:70 
 
B/KNO3 - isobaric conditions: 
50:50 
30:70 
20:80 

 
4248 ± 119.9 
6291 ± 245.3 
 
 
2010 ± 161.6 
4021 ± 246 
5221 ± 247.3 

 
2622 ± 74 
3883 ± 151.4 
 
 
1240 ± 99.7 
2482 ± 151.8 
3222 ± 152.6 

 
7 sec 
12 min 
 
 
58 min 
112 min 
28.5 hours 
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Figure 10:  
(A) Adiabatic runaway curves for the B/KNO3 mixture (20:80) under isobaric conditions showing 
the confidence interval for the prediction (Tbegin=370°C and ∆Tad=∆Hr/cp=3222±152.6°C). The 
confidence interval was determined for 95% probability. (B) Starting temperature and 
corresponding adiabatic induction time TMRad relationship of the mixture with ratio 20:80 under 
isobaric conditions. The choice of the starting temperatures strongly influences the adiabatic 
induction time (Confidence interval: 95% probability). 
 
 
As for the determination of the correct course of the baseline, the predictions of the reaction progress will 
spread (with Gaussian distribution) around an average value. The predictions of the reaction progress for 
a given temperature profile will give the 'central tendency', for which the chance of the good 
reproducibility on subsequent measurements is maximal. The illustration of these remarks for the 
investigation of the B/KNO3 mixture with ratio 20:80 under isobaric conditions for a starting temperature 
of 370°C is presented in figure 10A. The mean value of the TMRad prediction is about 28.5 hours. The 
lower and upper limits of the confidence intervals are 21.7 and 37.4 hours, respectively. These values 
indicate that there is a 95% probability that the mean TMRad is greater than 21.7 hours and lower than 
37.4 hours. Figure 10B and table 3 present the relationship between the starting temperature and 
corresponding adiabatic induction time TMRad. The confidence interval was determined for 95% 
probability. Depending on the decomposition kinetics and ∆Tad, the choice of the starting temperatures 
strongly influences the adiabatic induction time and, therefore, the boundary conditions valid for 
achieving necessary safety (e.g. storage or transport of self-reactive substances).  
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Table 3: Starting temperature and corresponding adiabatic induction time TMRad relationship of 
the B/KNO3 mixture with ratio 20:80 under isobaric conditions. The choice of the starting 
temperatures strongly influences the adiabatic induction time (Confidence interval: 95% 
probability). 
 

 
 
The adiabatic induction time is defined as the time which is needed for self-heating from the start 
temperature to the time of maximum rate (TMRad) under adiabatic conditions. Depending on the 
decomposition kinetics and ∆Tad, the choice of the starting temperatures strongly influences the time to 
explosion but also the rate of the decomposition process under adiabatic conditions. Figure 11 presents the 
heat rates curves of the B/KNO3 mixture with ratio 30:70 under isochoric conditions for different starting 
temperatures. 
 
 

 
Figure 11:  
Heat rate curves versus temperature for the B/KNO3 mixture with ratio 30:70 under isochoric 
conditions.  
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6. Conclusions 
 

Based on the decomposition reaction of different B/KNO3 mixtures under isobaric and isochoric 
conditions, it is discussed how advanced numerical techniques can be applied for the interpretation of the 
measured signals. The main challenge is the prediction of the reaction progress both in extended 
temperature ranges and at the temperature conditions for which experimentation is difficult or impossible. 
With at least three DSC experiments done under isothermal or non-isothermal conditions it is possible to 
compute the kinetics of decomposition of the products of interest. Decomposition reactions usually have a 
multi-step nature, therefore the accurate determination of the kinetic characteristics strongly influences 
the ability to correctly describe the progress of the reaction. For self-heating reactions, incorrect kinetic 
description of the process can be the main source of serious errors in its interpretation. It can be hazardous 
to develop safety predictive models that are based on simplified kinetic assumptions. The goal of the 
presented advanced numerical approach of the kinetic analysis is getting a deeper insight into the reaction 
course for a better control of the examined process. The presented technique can be applied for the 
examination of any type energetic materials allowing better understanding of thermal hazards and an 
ability to predict safety limits. Finally, the method allows not only examination of the thermal behaviour 
under adiabatic conditions but the prediction of the thermal stability can be extended also to any required 
temperature profiles, such as isothermal, non-isothermal, stepwise, modulated, shock and additionally 
temperature profiles reflecting real atmospheric temperature changes (yearly temperature profiles of 
different climates with daily minimal and maximal fluctuations) [14]. 
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ABSTRACT 
 
When Halon 1301 came on the market in the 1960s it was seen as one of the most effective gaseous fire-
fighting agents ever developed. It found widespread application in the protection of data processing 
rooms, telecommunications switches, art and historical collections, process control rooms, and many 
other venues. However, by the late 1980s a great deal of scientific evidence indicated that the agent was 
an ozone depleting chemical and the Montreal Protocol of 1987 required a phase-out of new production. 
Talley Defense Systems has been involved in the development of many types of new fire suppression 
systems for both military and commercial applications.  
 
A brief discussion of each of the fire suppression system families Talley Defense Systems has 
investigated will be presented. Information to be presented will include development history, 
representative formulations from each family, benefits and drawbacks of one family over another, and 
characterization data (e.g. selected chemical, physical, and ballistic properties). Selected testing data will 
also be presented to show comparisons between laboratory testing and full-up system performance. 

 
 

INTRODUCTION 
 
Previously, inert gas fire suppression systems 
were based on flooding the room with a Halon to 
extinguish the fire. Current inert gas systems 
rely on large cylinders of argon or other inert 
gases to put out the fire. While effective, these 
systems suffer from several disadvantages.  
 
• They are very large and heavy. This 

generally requires a special room to hold the 
cylinders or reinforcement of the walls or 
ceiling to hang the cylinders. 

 
• If the cylinders are housed separately from 

the room that the system will be protecting, 
piping will be required to deliver the inert 
gas from the cylinders to the room.  

 
What is desired is a system that is smaller and 
lighter than the current inert gas systems. This 
would enable the fire suppression system to be 
housed in the same room to be protected without 
the need for special brackets, closets or 
plumbing. In addition, any inert gas system 

should be able to extinguish the fire without 
causing health risks for occupants. A 
pyrotechnic based system may be able to meet 
these criteria. 
 
Recently, Talley Defense Systems has 
researched a number of fire suppression systems 
that could be utilized as a replacement for the 
ozone-depleting Halon 1301 systems.  These 
systems include those with the fire suppressant 
as a part of the pyrotechnic, systems that 
physically smother the fire with particulates, and 
systems that extinguish a fire by reducing the 
amount of oxygen available to the fire. 
 
 

EMBEDDED FIRE SUPPRESSANT 
SYSTEM 

 
One of the first fire suppression (FS) systems 
Talley Defense Systems (TDS) developed was 
under a cooperative research and development 
agreement (CRADA) with the Naval Air 
Warfare Center, Weapons Division 
(NAWCWD) at China Lake. 
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The goal of this program was to explore 
commercialization of solid propellant gas 
generator technology for use in hybrid portable 
fire extinguishers. These systems should be 
efficient, cost-effective and environmentally 
acceptable.  
 
Results and Discussion 
 
This particular fire suppression system utilized 
the fire suppressant, decabromodiphenyl oxide 
(DBDPO), as part of the formulation. DBDPO 
functions in the following manner. The heat of 
the flame disassociates the DBDPO, producing 
bromine radicals. These bromine radicals 
scavenge the hydrogen and hydroxyl radicals 
produced by a fire and necessary for the fire to 
burn. In addition to bromine radicals, the initial 
formulation produced a large amount of nitrogen 
gas, which reduces the amount of oxygen 
available for the fire.  
 
The baseline formulation was designated Mix 
322-83-1 and is listed in Table 1. Early testing 
of the baseline formulation, showed that the 
burning rate slope was too high for continued 
development.  The burning rate slope of this 
formulation was shown to be 1.008. NAWCWD 
also tested this formulation and found a burning 
rate slope of 0.8496.  
 
However, the material tested at NAWCWD used 
large average particle size (~150 microns), as 
received 5-aminotetrazole, while the Talley 
formulation was prepared with 18 micron 
average particle size 5-aminotetrazole. It is 
suspected the this accounted for the difference in 
the burning rate slopes.  
 
Table 1 – Formulation for Mix 322-83-1 
 

 
Ingredient 

 
Percent 

5-Aminotetrazole 81.00% 
Potassium Perchlorate 10.00% 
Decabromodiphenyl 
Oxide (DBDPO) 

5.00% 

Mica 0.50% 
Graphite 0.50% 
Zeon 4051 Polymer 3.00% 

 
Because of this slope discrepancy, a study was 
undertaken to bring the burning rate slope closer 
to that of the NAWCWD formulation. Several 
suggested modifications were tested. 
 
These suggestions included: 
• Altering the oxidizer to fuel ratio (O/F) of 

the potassium perchlorate (KP) and 
5-aminotetrazole (5-ATZ). 

• Altering the particle size of the KP and 5-
ATZ. 

• Addition of a slope suppressant to the 
original formulation. 

• Changing the type of carbon black / graphite 
in the original formulation. 

 
Ten mixes were prepared for the slope 
suppression study.  The following sections detail 
the formulation changes made for this study. 
 
Change in O/F Ratios 
Since it was not known if the DBDPO actually 
was consumed during use, two mixes were 
prepared to investigate this (See Table 2). Mix 
6856-1 was formulated with an O/F ratio (KP to 
5-ATZ) of 1.0.  Mix 6856-2 was formulated 
with an overall O/F ratio of 1.0 assuming that 
the DBDPO and zeon do burn. For reference, 
mix 322-83-1 has an O/F ratio of 0.06 (assuming 
that the DBDPO and zeon do burn). 
 
Table 2 – O/F Ratio Adjustments for CRADA 
Fire Suppression Formulations 
 

 
Ingredient 

 
Mix 

6856-1 

 
Mix 

6856-2 
5-Aminotetrazole 37.53% 28.94% 

KP 53.47% 62.06% 
DBDPO 5.00% 5.00% 

Mica 0.50% 0.50% 
Graphite 0.50% 0.50% 

Zeon 4051 
Polymer 

3.00% 3.00% 

 
The burning rates of these adjusted formulations 
were found to be too high. The burning rates for 
mixes 6856-1 and 6856-2 were approximately 
3ips at 2000 psig, almost eighteen times faster 
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than the desired burning rate of 0.166ips at 2000 
psig. Work with these adjusted formulations was 
discontinued. 
 
Particle Size Variations 
Six mixes were prepared based on the original 
formulation (Mix 322-83-1). These mixes varied 
from the original formulation only in the particle 
sizes of the KP and the 5-ATZ used (see Table 
3). 
 
Slope Reducing Agents 
Two mixes were prepared to determine if the 
burning rate slope could be reduced by the 
addition of other agents.  The first, mix 6858, 
included zinc oxide.  The second, mix 6859, was 
prepared substituting  extremely fine Thermax 
991 for the graphite in the original formulation. 
These formulations are given in Table 4. 
 
Table 3 – KP and 5-ATZ Particle Size for 
Selected Mixes 
 

 
Mix 

Number 

 
Average 
Particle 
Size  KP 

 
Average 

Particle Size 
5-ATZ 

322-83-1 10µ 18µ 
6856-3 5µ 15µ 
6856-4 10µ 15µ 
6856-5 20µ 15µ 
6856-6 5µ 45µ 
6856-7 10µ 45µ 
6856-8 20µ 45µ 

 
Table 4 - Slope Suppressant Formulations 
 
 
Ingredient 

 
Mix 
6858 

 
Mix 
6859 

5-Aminotetrazole (15µ) 80.60% 81.00% 
Potassium Perchlorate 

(10µ) 
9.95% 10.00% 

DBDPO 4.98% 5.00% 
Mica 0.50% 0.50% 

Graphite 0.50% --- 
Zeon 4051 Polymer 2.99% 3.00% 

Zinc Oxide 0.48% --- 
Thermax 991 --- 0.50% 

 

Burning Rate and Slope Data 
  
Burning rate strands were prepared from each 
formulation given in Tables 3 and 4. The strands 
were pressed in a 0.375" diameter die at 500 
psig with a ten second dwell time.  The average 
strand density for each mix is shown in Table 5.  
 
Table 5 – Burning Rate Strand Density  
 

Mix 
Number 

Strand Density 
(g/cc) 

322-83-1 1.72 
6856-1 1.99 
6856-2 2.11 
6856-3 1.75 
6856-4 1.72 
6856-5 1.65 
6856-6 1.72 
6856-7 1.72 
6856-8 1.71 
6858 1.71 
6859 1.70 

 
As seen in Table 5, average strand densities for 
mixes 6856-1 and 6856-2 are measurably higher 
than for the other formulations.  This is most 
likely due to the changes in the O/F ratio which 
resulted in a larger percentage increase of higher 
density KP relative to the lower density 5-ATZ. 
 
Burning rates were determined in a Crawford 
Bomb, under nitrogen, at three pressures (1000 
psi, 1500 psi, and 2000 psi).  Table 6 details the 
results of the burning rates and slopes for the 
formulations tested. 
 
Data obtained during the testing described above 
showed inconsistent effects to the burning rate 
slope when changes were made in either the 5-
ATZ or KP particle size (see Table 3 for particle 
size information).  There did not appear to be 
any observable trend among the six mixes.  
However, this was not true for burning rate. The 
testing suggests that while the particle size of the 
5-ATZ only slightly affects the burning rate, the 
particle size of KP appears to have a greater 
affect on the burning rate.  For example, the 
difference in burning rate between mix 6856-3 
(15µ 5-ATZ) and mix 6856-6 (45µ 5-ATZ) is 
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only 0.026ips at 1000psi.  In comparing mix 
6856-3 (5µ KP) to mix 6856-4 (10µ KP) to mix 
6586-5 (20µ KP) there is a 0.079ips decrease in 
burning rate.  The same trend is seen when 
comparing mixes 6856-6, 6856-7, and 6856-8.   
 
Slope Reducing Agents 
Adding zinc oxide to the baseline formulation 
reduced the slope from 1.008 to 0.788 while 

increasing the burning rate.  The baseline mix 
(322-83-1) had a burning rate at 1000 psi of 
0.122 ips while mix 6858 had a burning rate at 
1000 psi of 0.141 ips. 
 
Changing from graphite to carbon black reduced 
the slope from 1.008 to 0.731.  This 0.731 is 
close to the desired slope of 0.700. 

 
Table 6 - Burning Rate and Slope Results for CRADA Mixes 

 
 

Mix 
Number 

Particle 
Size KP 

Particle 
Size  

5-ATZ 

 
Rb @1000 

(in/sec) 

 
Rb @1500 

(in/sec) 

 
Rb @2000 

(in/sec) 

 
Slope 

322-83-1 10µ 18µ 0.122 0.172 0.237 1.008 
6856-3 5µ 15µ 0.186 0.258 0.312 0.750 
6856-4 10µ 15µ 0.118 0.181 0.230 0.995 
6856-5 20µ 15µ 0.107 0.153 0.209 0.967 
6856-6 5µ 45µ 0.160 0.242 0.291 0.871 
6856-7 10µ 45µ 0.123 0.169 0.213 0.793 
6856-8 20µ 45µ 0.093 0.143 0.184 0.988 
6858 10µ 18µ 0.141 0.199 0.242 0.788 
6859 10µ 18µ 0.131 0.192 0.215 0.731 

 
 
The results of the slope experiments indicate 
that: 
1. Altering the O/F ratio from 0.06 to 

stoichiometric provides a dramatic burning 
rate increase (3 ips vs 0.166 ips). There was 
no reasonable way to reduce the burn rates 
closer to that of the NAWCWD formulation, 
so these formulations were eliminated from 
further study.  

 
2. Altering the average particle size of the KP 

leads to a decrease in burn rate as the 
particle size increases.  

 
3. Altering the average particle size of the 5-

ATZ has little effect on the burning rate.  
 
4. The slope suppressants used (zinc oxide and 

Thermax 991) were effective in reducing 
the burning rate slope.  

 
5. Altering the type/size of carbon black and/or 

graphite can significantly reduce the 

burning rate slope to near that of the 
NAWCWD formulation. 

 
NON-CORROSIVE PARTICULATE FIRE 

SUPPRESSION SYSTEM 
 
A formulation, designated TAL-15, was 
developed in a customer funded  program. This 
formulation performed very well in fire 
extinguishing tests. However, the formulation 
was covered by several patents. It was desired to 
develop a formulation which performed 
similarly to TAL-15 but was not patent 
protected.  
 
TAL-15 and the formulations described in this 
section, function as follows. When a fire 
suppressant of this type burns, it produces 
K2CO3. If the burn rate and flame temperature 
are in the correct range, this K2CO3 is produced 
as a fine particulate. Flame temperatures that are 
too high tend to reduce the amount of solid 
K2CO3 produced, instead producing K2O and 
CO2. The K2CO3 extinguishes the fire by two 
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actions.  First it physically smothers the flame, 
keeping oxygen out. Second, it removes heat 
from the flame by a disassociation process. The 
K2CO3 pulls heat from the flame front by 
disassociating into K2O and CO2 around 1500oC. 
The K2O then rises and recombines with 
atmospheric CO2 to form K2CO3, which falls 
back into the flame, repeating the cycle.  
 
Results and Discussion 
 
To maximize the amount of K2CO3 produced, 
the weight percent of potassium nitrate (KN) in 
the fire suppressant should be as high as 
possible. This requires the remaining reactants to 
have as high of a fuel content as possible. This 
requirement makes oxygen containing fuels less 
attractive than hydrocarbon fuels.   
 
The initial fuel considered was microcrystalline 
cellulose (MCC). MCC was known to press and 
burn well. However, MCC’s fuel content was 
lower than desired.  To counter this (thereby 
raising the KN content), two formulations were 
prepared, adding graphite or activated carbon to 
the KN and MCC. The three initial formulations 
and TAL-15 are shown in Table 7, below.  
 

Table 7 – Initial Fire Suppression 
Formulations 

 
Formulations Ingredients 

353-

124-1 

353-

124-2 

353-

124-3 

TAL-15

KN 69.2% 79% 79% 75% 
MCC 30.8% 10% 10%  

Graphite  11%   
Activated 
Carbon   11%  

DCDA*    16.5% 
Phenolic 

Resin    8.5% 

*DCDA – Dicyandiamide 
 
Based on burning rate studies of these 
formulations, the addition of a burning rate 
catalyst was needed. Several burn rate catalysts 
(e.g. potassium perchlorate, 5-ATZ and 

anthracene) were studied. Potassium perchlorate 
(KP) was eventually chosen. 
 
Starting with only KP and MCC, KN was added 
incrementally to theoretical formulations until 
NewPEP showed a blend with an acceptable 
flame temperature. The addition of Fe2O3 
elevated the burning rate nearer to the target 
0.07 ips ambient pressure burning rate required.  
 
One benefit of the addition of KP to the 
KN/MCC system is that KP easily oxidized the 
MCC and the loss of K2CO3 can be offset by the 
production of potassium chloride (KCl). KCl 
also works in the same manner as K2CO3 
(disassociation followed by recombination) but 
not as efficiently, due to a lower disassociation 
temperature. This lower disassociation 
temperature allows the KCl to drift farther from 
the flame prior to reassociation.  
 
A blend containing ethylenediamine tetraacetic 
acid (EDTA) was also added to the matrix. 
EDTA has a high fuel content, similar to that of 
the phenolic resin used in TAL-15. Several 
formulations were prepared using EDTA or 
MCC as fuel and copper oxide (CuO), iron oxide 
or carbon black as additives. As with previous 
KN/KP formulations, these mixes all had lower 
K2CO3 production than TAL-15.  However, 
these formulations produce KCl in addition to 
the K2CO3.  KCl is nearly as effective as K2CO3 
as a fire suppressant. 
 
At this point, there were several possible 
candidates. An additional series of candidates, 
substituting potassium iodate (KIO3) for some of 
the KN were investigated using NewPEP. This 
series of KIO3 formulations looked promising. 
KIO3 behaves similarly to KCl but disassociates 
in a temperature range similar to that of  K2CO3.  
A group of the five most promising candidates 
(based on theoretical calculations and previous 
test results) were downselected for thermal 
aging studies. These formulations (along with 
theoretical data) are listed in Table 8 and Table 
9, below. 
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Table 8 – Final Candidate Formulations  
 

Mix Number 6896 6897 6898 6899 6900 TAL-15
Ingredients   
KN 68.86 71.50 71.64 53.63 66.70 75.00 

MCC 30.65 22.80 25.52 28.43 23.30 
Carbon Black  2.85 2.84  
EDTA  2.85  
KIO3  17.89  
Fe2O3 (Nanocat) 0.49  
DCDA   16.5
Phenolic Resin   8.5
5-ATZ  10.00 

 
 

Table 9 – Final Candidate Theoretical Data 
 

Mix Number 6896 6897 6898 6899 6900 TAL-15
Theoretical Performance

Adiabatic Flame Temp 1290 1299 1302 1275 1304 1274
Cooled Gas Temp (oC) 721 718 727 667 779 822
Moles K2CO3/100g 0.342 0.354 0.354 0.265 0.33 0.370
Moles gas/100g 3.192 3.079 3.078 3.039 3.279 3.120
Moles CO/100g 0.124 0.141 0.145 0.099 0.108 0.154
Moles H2/100g 0.439 0.447 0.444 0.426 0.378 0.477

 
 
Following the initial testing, 1000g batches of 
the five formulations were prepared. Portions of 
these materials were pressed into burn strands. 
Strands and powder were aged at either 90oC for 
500 hours or 107oC for 408 hours. The aged 
formulations were tested for burning rate and 
heat of reaction versus unaged baseline data. 
The results of the aging study can be seen in 
Tables 10 and 11. 
 
The following observations can be made from 
the data presented in Tables 10 and 11: 
 
• None of the formulations show any 

indication of significant burning rate 
degradation after thermal aging. In fact, the 
burn rate for mix 6899 increased 
dramatically after aging and all of the other 
formulations show at least a slight increase 
in burn rate after the 107oC for 408 hours 
aging. This is likely due in part to the loss of 
moisture in the samples. Any moisture in the 

sample would cool the burn and would 
likely decrease the burn rate. On the other 
hand, the creation of microvoids from the 
loss of water would tend to increase the burn 
rate. 

 
• Except for formulation 6899, the heat of 

reaction for all of the formulations increased 
slightly after 500 hours at 90oC. This is 
likely due to the loss of water from the 
formulations during aging. The heat of 
reaction values after aging at 107oC for 408 
hours were either slightly lower or slightly 
higher than the baseline results. Formulation 
6899 showed signs of thermal degradation, 
losing 14.5% and 9% of its energy at 90oC 
and at 107oC, respectively. 

 
The formulations chosen as the best were mix 
numbers 6896 and 6898. These formulations 
came closest to matching the burning rate and 
the amount of K2CO3 produced by TAL-15.
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Table 10 – Baseline and Thermally Aged Burn Rate Data for Fire Suppression Formulations 

 
Mix 

Number 
Composition Baseline 

(in/sec) 
@amb P 

500 hrs @ 
90oC (in/sec) 

@ amb P 

408 hrs @ 
107oC (in/sec) 

@ amb P 
TAL-15 KN/DCDA/Phenolic 

Resin 0.077 N/A N/A 

6896 KN/MCC/Fe2O3 0.066 0.061 0.069 
6897 KN/MCC/C/EDTA 0.056 0.059 0.065 
6898 KN/MCC/C 0.063 0.062 0.066 
6899 KN/MCC/KIO3 0.056 0.077 0.076 
6900 KN/MCC/5-ATZ 0.072 0.076 0.082 

 
Table 11 – Baseline and Thermally Aged Heat of Reaction Data for Fire Suppression Formulations 

 
Mix Number Composition Baseline 

(cal/g) 
500 hrs @ 90oC 

(cal/g) 
408 hrs @ 107oC 

(cal/g) 
TAL-15 KN/DCDA/Phenolic Resin 730.1 N/A N/A 
6896 KN/MCC/Fe2O3 623.9 642.4 625.1 
6897 KN/MCC/C/EDTA 686.1 717.1 707.6 
6898 KN/MCC/C 709.1 744.9 738.8 
6899 KN/MCC/KIO3 611.4 522.8 556.9 
6900 KN/MCC/5-ATZ 696.9 704.2 693.9 
 

COOLANT BED FIRE SUPPRESSION 
SYSTEM 

 
An inquiry from a potential customer persuaded 
Talley Defense Systems to attempt to develop a 
low-cost, non-azide, nitrogen producing fire 
suppression formulation. This customer had no 
interest in pursuing  azide formulations because 
of toxicity and cost issues. The initial 
formulation developed consisted of a 
stoichiometric mix of sodium cyanate and 
sodium nitrite.   
 
This formulation was chosen over a sodium 
azide/cupric oxide formulation for two reasons, 
cost and toxicity.  The raw material cost of the 
sodium cyanate/sodium nitrite formulation was 
substantially lower than a sodium azide 
formulation. The balanced equation is shown 
below.  
 

NaCNO + NaNO2  →  Na2O + CO2 + N2 
 
Engineering fire suppression devices containing 
this formulation were tested for: 

• Effluent gas analysis by Draeger tube 
• Particulates by tank wash 
 
Talley personnel designed a testing fixture using 
materials from a previous side impact airbag 
inflator program.  The design is shown in Figure 
1, below. 
 
The fire suppression grain was glued to the base 
of the unit and the exhaust gases were vented 
through a coolant bed of either calcium sulfate 
or hydrated alumina.  The coolant bed was held 
in place by two stainless steel screens.  The 
purpose of the coolant bed was to collect all of 
the condensable liquid combustion products 
(largely Na2O) and to provide enough travel 
time via a tortuous path to allow toxic species 
(such as CO and NOx) to convert to less toxic 
species.  
 
 
Results and Discussion 
 
The formulation developed was designated 385-
64-2 and is shown in Table 12 below. 
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Table 12 – Fire Suppression Formulation 

385-64-2 
 

Ingredient Mix 385-64-2 

Sodium Cyanate 48.51% 
Sodium Nitrite 51.49% 
 
When tested for handling hazards and strand 
burning rate, this formulation proved to be 
extremely insensitive, yet burned relatively fast 
at ambient pressure.  The burning rate achieved 
by this mix was three times the customer desired 
rate of 0.04 in/sec. 

 
Testing showed that the coolant bed was only 
marginally efficient.  While it did efficiently 
trap/collect condensable species, there was little 
to no effect in reducing effluent gas toxicity. In 
fact, using the coolant bed in combination with 
the stainless steel screens resulted in the creation 
of ammonia gas in the effluent. This was likely 
due to the reaction of hydrogen and nitrogen in 
the effluent gas (Haber process). Testing was 
performed in a 60 liter tank and the particulate 
results reflect this volume. Tank test  results for 
selected effluent gas concentrations and 
particulates are given in Table 13. 

 

 
Figure 1 – Fire Suppression Unit Design 
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Table 13 – 385-64-2 60L Tank Test Results 
 

 FN 001 FN 002 FN 003 FN 004 FN 005 FN 006 
Coolant Bed None None CaSO4 CaSO4 Alumina Alumina 

Customer 
Requirements 

NH3 (ppm) ND1 ND ~ 80 ~ 47 ~ 10 ~ 5 <35.0 
Benzene (ppm) ~ 7 ~ 10 > 102 > 10 > 10 > 10 <22.5 
CO (ppm) ~ 225 ~ 300 ~ 300 ~ 130 ~ 300 ~ 300 <461 
CO2 (ppm) ~ 400 ~ 500 ~ 500 ~ 600 ~ 1000 ~ 600 <30,000 
NO2 (ppm) ~ 500 ~ 60 ~ 10 ~ 80 ~ 80 ~ 80 <5.0 
NOx (ppm) ~ 1250 ~ 1000 ~ 1500 ~ 500 ~ 800 ~ 500 <75 
SO2 (ppm) ND ND ND ND ND ND <5 
Particulate (mg/l) 16.58 14.85 58.09 41.44 68.11 82.89 <125.0 

 
1) ND = None Detected 
2) Benzene results >10ppm exceed the upper limit of the Draeger Tube 
3) FN = Firing Number (Test Number)
  
As shown in the table above, the concentrations 
of some of the target effluent gases are well 
above acceptable levels. This is probably due to 
a combination of the materials used in the 
formulation along with the low combustion 
efficiency of the units.  
 
As can be seen, the coolant bed concept is only 
efficient in the trapping and collecting of 
condensable species.  It has little or no positive 
effect on reducing the toxicity of effluent gases.  
Toxicity, in this case, appears to have more to do 
with combustion efficiency than anything else. 
 

NITROGEN GENERATOR FIRE 
SUPPRESSION SYSTEM 

 
One of the most common fire suppression 
system designs is to blanket the fire with 
nitrogen gas, preventing oxygen from reaching 
the flames. The most common pure nitrogen gas 
generating pyrotechnic material is sodium azide 
(NaN3).  When combined with an oxidizer, such 
as copper oxide (CuO), and burned, nitrogen gas 
is produced.  An example is shown below: 
 
2NaN3 + CuO → Na2O + Cu + 3N2 
 
The plan for this study was for a pyrotechnic 
composition to be pressed into slugs or grains. 
This composition would be placed into a unit 
with a cooling bed of hydrated alumina pellets. 
Upon ignition, the gas from the pyrotechnic 

would pass through the cooling bed (acquiring 
water from the cooling bed) and then would pass 
into the room. 
 
The optimum pyrotechnic system for the 
program was determined to need the following 
attributes: 
 

• A 4 to 5 second gas discharge time. 
• Low pressure. 
• Little or no residue. 
• Largely inert gas produced. 
• A burning rate of approximately 0.04 in/sec. 
 

Results and Discussion 
 
The initial formulation efforts were based on 
sodium azide formulations. Azide compositions 
produce almost entirely nitrogen, very little 
water and easily trappable condensable/solid 
residue. The problem with most azide 
formulations is they burn too quickly to produce 
the burn times required to maintain low pressure 
in the unit. Based on previous work, it was 
thought that the burning rates of selected azide 
formulations could be reduced with the addition 
of a burn rate modifier. Five formulations were 
examined initially (see Table 14). 
 
The first two formulations were developed to 
test the benefits of one type of diluent/coolant vs 
another. As can be seen in Table 14, the SiO2 
slowed down the burning rate to the point it 
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would not burn. The burning rate for mix 353-
130-2 was closer to the desired rate of 0.04 ips. 
Three additional formulations were prepared 

which were modifications of mix 353-130-2. 
The first modification (mix 353-130-3), had an 
increased amount of KHCO3 vs mix 353-130-2. 

 
Table 14 – Azide Fire Suppression System Formulations 

 
 Formulation Number 
Ingredient 353-130-1 353-130-2 353-130-3 353-131-1 353-131-2 
NaN3 (Coarse) 56.5% 30% 52.0% 52.0% 48.2% 
NaN3 (Fine)  30%    
Fe2O3  
(NBK2715) 20.0% 3% 12.8% 8.8% 8.1% 

Fe2O3  
(Mapico 
516M) 

  5.6% 9.6% 8.9% 

SiO2  
(-325 mesh)  37%    

CuO 10.5%  9.6% 9.6% 8.9% 
KHCO3 13.0%  20.0% 20.0% 25.9% 

Burn Rate 
(in/sec) 0.077 

N/A – Grain 
burned for 3 

sec, then 
snuffed 

0.062 0.066 0.041 

 
Some of the iron oxide was replaced with a 
hydrated iron oxide, in the belief that this would 
also decrease the burning rate. Mix 353-131-1 
contained an increased amount of hydrated iron 
oxide while keeping the amount of KHCO3 the 
same. Mix 353-131-2 used the same iron oxide 
ratios as 353-131-1 but contained more KHCO3  
than 353-131-1. As can be seen in Table 14, 
353-131-2 has an acceptable burn rate for this 
program.  
 
Four kilograms of 353-131-2 was then prepared. 
This blend was then slugged, granulated and 
pressed into pellets.  Molybdenum disulfide (1% 
by weight) was added to the granules as a 
pressing aid. 
 
This composition appeared to work well in small 
scale fire extinguisher units. In an attempt to 
further optimize the processing of this material, 
the formulation was modified to include 0.5% 
molybdenum disulfide in the powder blend. This 
blend (designated 6908) has the following 
formulation, shown in Table 15. 
 
 

 
Table 15 – Formulation for Mix 6908 
 

Ingredient Mix 6908 

NaN3 47.9%  
Fe2O3 Mapico 516M 8.85% 
Fe2O3 NBK2715 8.1% 
CuO 8.85% 
Potassium Bicarbonate 25.8% 
Molybdenum Disulfide 0.5% 
 
A 34 kilogram batch of mix 6908 was prepared 
for full size unit testing. This formulation was 
easier to slug (less sticking and breaking of 
slugs) than the 6904 formulation. After the slugs 
were granulated, an additional 0.5% 
molybdenum disulfide was added to the granules 
prior to pelletizing. This also proved to be an 
improvement over mix 6904. 
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CONCLUSIONS 
 
As shown in this paper, Talley Defense Systems 
has developed a number of unique and adaptable 
pyrotechnic fire suppression systems.  Each of 
these systems has specific advantages and 
disadvantages.  These characteristics can be 
summarized as follows: 
 
Embedded Fire Suppressant System 
• Unique pyrotechnic formulation 
• High inert gas output 
• Inconsistent burning characteristics 
• High rb slope 
• Complex manufacturing procedure 
 
Non-corrosive Particulate Fire Suppression 
System 
• Low cost 
• Non-corrosive 
• Tailorable burning rate 
• High efficiency 
• Simple manufacturing procedure 
 
Coolant Bed Fire Suppression System 
• Low cost 

• Non-corrosive 
• High efficiency from H2O exhausted from 

coolant bed. 
• Requires a ‘combustion efficient’ 

pyrotechnic to minimize exhaust gas toxicity 
• Multiple fire suppressing modes (particulate, 

H2O/steam, and inert gas) 
 
Nitrogen Generator Fire Suppression System 
• Higher cost 
• Pure inert gas output 
• Tailorable burning rate 
• Can be manufactured using standard 

industry procedures 
 
Most of these systems are still in a relative state 
of developmental infancy.  However, the 
particulate system, TAL-15 specifically, has 
successfully demonstrated its capability in 
putting out an aircraft fire.  The other particulate 
systems and the sodium azide pure nitrogen gas 
system have successfully been tested on a 
smaller scale at Talley Defense Systems.  Based 
on the successes achieved in the development of 
these systems, they would be suitable to meet a 
variety of fire suppression missions. 
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Thermobaric technology has recently gained interest due to the changing nature of modern day warfare. 
Combatants are frequently fighting from caves, tunnels, and multi-room structures. High explosives have 
been used effectively in anti-armor and bunker defeat missions, but they are not as effective in 
neutralizing combatants deep inside of structures. The long pressure pulse produced by thermobaric 
weapons is believed to penetrate deeper inside of structures than the short duration overpressure produced 
by conventional high explosives.  Thermobaric mixtures produce additional heat and sustained 
overpressure effects by combustion of metal fuels and underoxidized gaseous detonation products with 
oxygen in the air. Talley Defense Systems is working with the US Army Aviation and Missile Research, 
Development and Engineering Center (AMRDEC) to develop thermobaric compositions that produce 
high blast with moderate duration heat effects. 

 
The purpose of this program was to develop and characterize a set of high blast thermobaric compositions 
prepared in both gelled and composite forms. This report will detail the methods used for the initial 
screening and hazard testing of formulations.  Theoretical detonation and thermochemical analysis of the 
experimental formulations will be discussed. Formulation preparation, test devices, instrumentation, and 
the structure used for enclosure testing will be explained.  Methods used for downselection and 
optimization of formulations will be discussed.  Performance of experimental thermobaric formulations 
will be summarized. 
 
INTRODUCTION 
 
Thermobaric warhead systems have been 
developed to supplement high explosive 
weapons systems for a variety of combat 
missions. High explosives are effective for 
destroying targets near the point of detonation, 
but are less effective in neutralizing combatants 
deep inside of caves and multi-room structures.  
High explosives typically produce a very high 
overpressure for very short duration vs a 
moderate overpressure for a relatively long 
duration for thermobarics. The long pressure 
pulse produced by thermobaric weapons is 
believed to penetrate deeper into structures and 
caves than the short duration overpressure 
produced by conventional high explosives.  
Thermobaric mixtures produce additional heat 
and sustained overpressure effects by 
combustion of metal fuels and underoxidized 
gaseous detonation products with oxygen in the 
air. Thermobaric formulations can be optimized 

for high heat output, high blast output or a 
combination of both. The type of mission 
dictates which performance parameters would be 
optimal for a warhead system. 
 
This report documents the work performed on a 
Thermobaric and Incendiary Cooperative 
Research and Development Agreement 
(CRADA) between Talley Defense Systems and 
the US Army Aviation and Missile Command’s 
Aviation and Missile Research, Development 
and Engineering Center (AMRDEC). This 
CRADA was created to develop high blast 
thermobaric explosive (TBX) formulations for 
use in selected warheads.  
 
BACKGROUND 
 
Talley Defense Systems has performed several 
studies on gelled thermobaric formulations. The 
formulations contained energetic liquids, metal 
powders, and gellants. Thermobaric 
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formulations were tested in a 12 ft long by 10 ft 
wide by 8 ft high enclosure that was 
instrumented for temperature, pressure, and 
calorimetric measurements.  The enclosure 
included a floating roof and two openings in the 
walls to release excessive pressure buildup and 
to observe the initiation and event.  Temperature 
integral, heat flux, peak pressure, and impulse 
were calculated for each test.  
 
 Thermobaric mixtures that produced  optimal 
heat and blast were mixes that used isopropyl 
nitrate (C3H7NO3) or nitromethane (CH3NO2) as 
the energetic liquid. These nitrated hydrocarbons 
generally produced more blast than longer 
chained hydrocarbons such as n-hexyl nitrate 
and kerosene.  Isopropyl nitrate (IPN) was 
commonly used in previous formulation studies, 
because it had a good combination of heat 
output, blast output, and ignition efficiency. 
Formulations made with nitromethane (NM) 
generally produce more blast, but less heat than 
those made with isopropyl nitrate.  
 
Talley mix 5672 (IPN/Al/Zr) was established as 
the baseline mixture in previous studies due to 
its optimal heat and blast output.  Talley mix 
5672 was established as the baseline for gelled 
formulations in this study as well. 
 
Ensign Bickford (EB), AMRDEC, and NSWC 
Indian Head (IH) have developed high blast 
thermobaric composite formulations. Some of 
these are YJ-105 (EB), RAX-16 (Army) and IH-
135 (Navy). These formulations and PBX-109 
(Navy) were established as baselines for the high 
blast composite thermobaric study. 
 
 
RESULTS AND DISCUSSION 
 
Formulation Types 
 
The two types of high blast thermobaric 
formulations that were studied in this program 
were gelled and composite compositions. Gelled 
formulations were mixtures of energetic liquids 
that were thickened with metal powders, and/or 
oxidizers. Small amounts of gellant (1-2% of 
cabosil by weight) were added to formulations 
with low solids loading. For simplicity, all 

formulations that contained energetic liquids 
combined with metal and/or oxidizer powders 
were referred as “gelled” formulations in this 
program, although technically, some were 
thickened liquids. Composite formulations 
contained binder systems, metals, and oxidizers. 
These formulations were cast and cured. Each 
type of composition had its advantages and 
disadvantages. 
 
Gelled formulations were studied because Talley 
Defense Systems has had a great deal of  
experience developing and testing gelled 
thermobaric formulations.  Most of these 
formulations were optimized for heat output. 
They were fuel rich and  depended upon 
combustion with air for heat and overpressure 
production. It was thought that these 
formulations could be modified to produce more 
blast by adding energetic oxidizers to the 
mixtures. 
 
The advantage of studying gelled formulations 
was that they were easy to prepare and 8-10 
mixtures could be prepared in one day with 
existing equipment. This made it practical to 
study the effects of adding various ingredients to 
gelled formulations.   
 
The disadvantage of gelled formulations was 
that they contained volatile ingredients and thus 
required sealed containers for storage.  Poorly 
sealed containers containing gelled formulations 
had the potential to leak/lose volatile materials.   
 
The advantage of composite formulations was 
storage versatility. These compositions were cast 
and cured, which resulted in solid, non-volatile 
compositions that can be stored safely in various 
types of containers. The increased safety and 
versatility of composite formulations made them 
more favorable to potential customers than 
gelled formulations. 
 
This disadvantage of composite formulations 
was that the preparation time was greater than 
that of gelled formulations. Composite 
formulations required several hours of mix time 
followed by several days of curing.  
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Formulation Development 
 
An initial group of candidates from each type of 
formulation (gelled and composite) was selected 
and tested in the enclosure (round 1). The best 
performing compositions from the first round of 
enclosure testing were optimized and tested 
again in the enclosure (round 2).  The best 
performing composite formulations from round 
2 were tested in the enclosure (round 3) against 
baseline high explosive (HE) and  thermobaric 
compositions such as, PBX-109 (Navy), YJ-105 
(EB), RAX-16 (Army) and IH-135 (Navy).  
 
Gelled Formulations 
 
The initial group of gelled candidates for the 
high blast thermobaric program was created by 
selecting combinations of ingredients that were 
thought to produce an optimal amount of blast.  
 
Gelled thermobaric formulations that were 
previously studied contained energetic liquids, 
metal powders and gellants. Most of the 
thermobaric formulations contained 20-30% 
energetic liquid, 60-70% metal powders, and 0-
5% gellants.  Most of these formulations were 
optimized for high heat output rather than blast 
output. Metal powders such as aluminum,  
magnesium, titanium and zirconium were used 
to create large amounts of heat upon 
combustion.   
The next step was to select combinations of 
energetic liquids, metal powders, and energetic 
oxidizers that would optimize blast output. 
 
A review of previous thermobaric studies 
performed at Talley Defense Systems showed 
that formulations that produced the highest blast 
were mixtures that used either isopropyl nitrate 
(C3H7NO3) or nitromethane (CH3NO2) as the 
energetic liquid. Formulations with these 
nitrated hydrocarbons produced more blast than 
formulations which contained longer chained 
hydrocarbons, such as kerosene (C10H19), ethyl 
hexyl nitrate (C8H17NO3) and n-hexyl nitrate 
(C6H13NO3).  Isopropyl nitrate (IPN) and 
nitromethane (NM) were more oxygen balanced 
than kerosene, ethyl hexyl nitrate, and n-hexyl 
nitrate and were easier to ignite. Formulations 
containing IPN often produced more heat than 

similar formulations prepared with n-hexyl 
nitrate or kerosene, even though the longer 
chained hydrocarbons had higher theoretical 
heats of combustion. Formulations containing 
IPN produced optimal amounts of heat and blast.  
Formulations prepared with NM often produced 
more blast, but less heat than those made with 
IPN. This was expected, because NM is shorter 
chained (1 carbon vs 3 carbons for IPN) and 
more oxygen balanced than IPN. Since 
formulations containing IPN and NM had 
produced desirable results, IPN and NM were 
used as the energetic liquids for this study. 
 
Metals that were investigated in this study 
included aluminum, magnesium, titanium and 
zirconium powders. The type and particle sizes 
of the metal powders were similar to the metals 
tested in previous thermobaric studies.  All 
formulations were prepared using metal powders 
in the as received state. Table 1 below shows 
details of the metal powders used in this study. 
 
Table 1: Metal Powders Used in Gelled 
Formulations 
 
Metal Notation Size 
Aluminum Al 12 micron 
Magnesium Mg -325 mesh 
Titanium Ti -325 mesh 
Zirconium  Zr -200 /+ 325 mesh 

 
Energetic oxidizers such as ammonium nitrate 
(AN), ammonium perchlorate (AP) and HMX 
were added to the IPN/metal and NM/metal 
thermobaric mixtures to increase blast.  It was 
thought that oxidizers with low detonation 
velocities (eg AN) would produce longer 
duration pressure pulses when incorporated into 
a thermobaric formula. Since the majority of the 
blast was produced by the energetic liquids and 
oxidizers, given amounts of metal powders were 
replaced with selected oxidizers. Formulations 
ranged from 30% energetic liquid and 70% 
metal to 30% energetic liquid, 30% metal and 
40% oxidizer. The oxidizers were ground before 
use. AN and AP were ground on a hammermill 
and HMX was ground on a fluid energy mill 
(FEM). Table 2 below shows the energetic 
oxidizers used in the gelled formulations. 
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Table 2: Energetic Oxidizers used in Gelled 
Thermobaric Formulations 
 

Oxidizer Notation Particle Size 
Octahydro-
tetranitrotetrazine 

HMX 2 micron 
 

Ammonium 
nitrate 

AN 50 micron 

Ammonium 
perchlorate 

AP 12 micron 

 
The test matrix for the initial group of gelled 
formulations was the following: 
 
IPN + metal 
IPN + metal + AN 
IPN + metal + AP 
IPN + metal +  HMX 
 
NM + metal 
NM + metal + AN 
NM + metal + AP 
NM+ metal + HMX 
 
Composite Formulations 
 
The initial pool of composite candidates was 
based on variations of NSWC Indian Head’s 
high blast thermobaric formulation IH-135 
which is a hydroxy terminated polybutadiene 
(R45) based TBX.  GAP (glycidyl azide 
polymer) and wax were also used as binders in 
some of the composite formulations. 
 
The test matrix was the following: 
 
R45/Al/HMX (IH-135) 
R45/Al/Al-flake/HMX 
R45/Ti/HMX 
Wax/Al/HMX 
GAP/Al/HMX 
 
Note: Composition information on composite 
formulations is sensitive/proprietary, therefore 
details on the compositions were not included in 
this paper.. 
 
Theoretical Calculations 
 

Theoretical calculations were performed to 
estimate performance of experimental 
formulations. Cheetah 3.0 thermochemical code 
was used, because it was designed for analysis 
of explosive compositions. Cheetah 3.0 provided 
estimates of detonation values (C-J pressure, 
shock velocity, mechanical energy) and heat of 
combustion values.  
 
CJ pressure is the overpressure at the center of 
the detonation. High explosives produce 
extremely high overpressures near the point of 
detonation, but overpressure drops rapidly as 
distance from the point of detonation increases. 
High explosives such as HMX have very high 
theoretical CJ pressures, high blast TBX 
formulations have moderately high theoretical 
CJ pressures, and high heat, high fuel content 
thermobarics often have relatively low CJ 
pressures.  
 
Shock velocity is the velocity of a detonation 
wave moving through a material. Theoretical 
shock velocity generally increases with 
theoretical CJ pressure. Explosives with high 
shock velocities release gases rapidly and are 
generally more effective at damaging strong 
materials at short ranges than explosives with 
lower shock velocities. Explosives with lower 
shock velocities release gases over a longer 
period of time and are more effective in 
damaging relatively weak structures over a 
greater distance than high explosives.  
 
Mechanical detonation energy is the energy 
delivered by gases expanding from the center of 
detonation (CJ pressure) to ambient pressure. 
This estimates the work done by the detonation.  
The residual heat at ambient pressure is the 
thermal detonation energy. Thermobaric 
compositions combined with high explosives or 
energetic oxidizers generally have high 
mechanical detonation energies.  These 
compositions generally have more impulse than 
high explosives, and higher peak pressures than 
high heat, more fuel rich thermobarics. This 
parameter relates best to the desired properties 
of high blast thermobaric compositions. 
  
Theoretical heat of combustion is the heat 
delivered by the combustion of fuel in air. 
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Compositions with very high fuel content 
generally have higher theoretical heats of 
combustion, but relatively low theoretical 
detonation (CJ pressure, shock velocity, and 
mechanical energy) values compared to high 
explosives and high blast thermobarics.  
Theoretical heat of combustion (cal/g) values 
were converted to energy density (cal/cc) values 
for this program, because the volume of material 
tested was constant. 
 
All theoretical calculations were performed at 
theoretical maximum density (TMD). The TMD 
was used, because it was difficult to predict the 
actual test densities.  
 
Adding oxidizers to fuel rich compositions 
generally increased the detonation values, but 
lowered the energy density values.   Tables 3 
and 4 show  the effect of adding oxidizers to 
IPN/Al and NM/Al  formulations. 
 
Table 3: IPN/Al/Oxidizer Formulations- 
Cheetah Theoretical Values Calculated at 
TMD 
 
MATRIX 
% by wt. 

CJ 
Press. 
(gpa) 

Mech. 
Energy 
(kj/cc) 

Shock 
 Vel. 

 (km/s) 

Energy
Den. 

(cal/cc)
IPN-30, Al-70 4.40 3.83 3.22 11708 
IPN-30, Al-40, 

AN-30 
11.81 10.21 5.55 6642 

IPN-30, Al-30, 
AN-40 

15.68 10.57 6.24 5625 

IPN-30,Al-40, 
AP-30 

11.51 10.15 5.31 7175 

IPN-30,Al-30, 
AP-40 

15.84 11.46 6.06 5860 

IPN-30,Al-40, 
HMX-30 

10.23 9.90 5.16 7986 

IPN-30,Al-30, 
HMX-40 

14.00 11.02 5.92 6765 

 

Table 4: NM/Al/Oxidizer Formulations- 
Cheetah Theoretical Values Calculated at 
TMD 
 

MATRIX 
% by wt. 

CJ 
Press. 
(gpa)

Mech. 
Energy 
(kj/cc) 

Shock 
 Vel. 

 (km/s) 

Energy
Den. 

(cal/cc)
NM-30, Al-70 5.22 4.57 4.09 11140 
NM-30,Al-40, 

AN-30 
13.56 11.49 5.85 6252 

NM-30,Al-30, 
AN-40 

17.24 11.83 6.53 5165 

NM-30,Al-40, 
AP-30 

14.35 11.45 5.67 6806 

NM-30,Al-30, 
AP-40 

17.42 12.71 6.40 5434 

NM-30,Al-40, 
HMX-30 

12.39 11.17 5.53 7681 

NM-30,Al-30, 
HMX-40 

17.00 12.38 6.33 6363 

 
Formulations prepared with NM have higher 
theoretical detonation values (CJ pressure, 
mechanical energy, shock velocity), but lower 
energy densities than similar formulations made 
with IPN. The theoretical detonation values for 
HMX formulations are significantly lower than 
AN and AP formulations at 30% by weight 
oxidizer. However, at 40% by weight, the 
theoretical detonation values of HMX 
formulations approaches the theoretical 
detonation values of AN and AP formulations. 
NM and IPN formulations were restricted to 
30% by weight of AP due to high impact and 
friction sensitivities of formulations containing 
AP.  
 
Hazard Sensitivity Testing 
 
Hazard sensitivity testing was performed prior to 
preparing mixes larger than 10g. Tests included 
a 2-kg impact test, a BAM friction test, an 
electrostatic discharge test (ESD) and a thermal 
compatibility test (75oC for 48 hrs).  Most of the 
IPN/metal and NM/metal mixes were insensitive 
to impact ( > 50 kg-cm) and friction (>180 N). 
Mixes that contained aluminum or titanium were 
moderately sensitive to ESD (0.06-1.00 joule) 
and mixes that contained zirconium were very 
sensitive to ESD (<0.04 joule). None of the 
experimental mixes showed any signs of 
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incompatibility during the thermal compatibility 
test.  
 
Adding oxidizers such as AN, AP, and HMX 
significantly increased the friction and impact 
sensitivities of the NM/metal and IPN/metal 
mixtures.  Formulations containing HMX or AN 
were moderately sensitive to direct impact (20-
40 kg-cm) and friction (80-200 N). Formulations 
containing AP were very sensitive to impact (10-
20 kg-cm) and friction (40-80 N). Formulations 
that contained more than 30% by weight of AP 
or contained AP plus Zr or Ti were eliminated, 
because these mixtures were considered too 
sensitive to prepare safely in larger batches. 
 
Formulation Preparation 
 
Gelled compositions were prepared by mixing 
materials in 1-liter Nalgene bottles. The 
energetic liquids were added to the bottles first, 
and then the powders were added in increments 
and mixed into the liquids using an air stirrer. 
The bottles were then capped and mixed on a 
paint shaker for 20-30 minutes. Preparation time 
for gelled samples was ~ 1.5  hours per mix. 
Once the samples were mixed, they were loaded 
into 355 ml type II testing devices (Figure 1) for 
testing.  
 
Composite explosive samples were mixed in a 1-
gallon Baker-Perkins vertical mixer with 
planetary mix blades.  The polymer and 
plasticizer were preblended and stripped in a 
rotary evaporator. The metal powder and the 
polymer/plasticizer blend were added to the 
mixer and mixed under vacuum, then HMX was 
added in increments, each increment followed 
by a vacuum mix cycle.  The curative and cure 
catalyst were generally added last, followed by a 
final vacuum mix cycle. The mix temperature 
was ~140°F throughout the mix. The explosive 
was pour cast into a 355 ml type II testing 
device and cured in a 120°F oven for ~4 days. 
 
The TBX fills ranged 500-800 grams for each 
test device. C4 was packed into the center burst 
tube to maximum capacity (~120 g) of each test 
device.  The C4 was used to split open the test 
device and to disperse and initiate the fill. The 

test devices were stored at ambient conditions 
until they were tested in the enclosure. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Figure 1: Type II Test Device 
 
Testing 
 
Enclosure testing was performed to simulate a 
warhead being initiated in a building, cave, or 
other enclosed structure. The enclosure was a 
concrete reinforced structure that was 
instrumented for taking pressure and 
temperature measurements at several locations 
(See Figure 2). Each test device was mounted 4 
feet above the floor and at the center of the 
enclosure. Peak pressure and temperature were 
measured for each sample tested. The pressure 
(impulse) and the temperature (thermal value) 
integrals were calculated for each sample tested. 
A relative measure of heat output was calculated 
by integrating the temperature curve from 0 to 
10 seconds.  Roof lift measurements were taken 
during the second and third round of testing for 
additional data. This provided a relative measure 
of the average impulse in the enclosure and the 
relative amount of work done. 
 
The dimensions and measurement capabilities 
for the enclosure were as follows: 
 
 12 ft long x 10 ft wide x 8 foot high steel-

reinforced concrete enclosure. 

Centerburst 
Tube 

Screw 
Bottom 

O-ring seal 

Thermobaric 
Fill 
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 Floating railroad-tie roof (~11,000 lbs). 
 Ported 7 channels for pressure. Locations 

P1-P7.  (See Figure 3, Table 5) 
 Ported 5 channels for temperature. Locations 

T1-T5. (See Figure 3, Table 5) 
 

 

 
 
Figure 2: Test Enclosure Exterior 

 
 
Figure 3: Test Device and Sensor Location 
 

 
 
 
 
 
  
 

Table 5: Distance from Test Device 
 
Pressure Transducer Thermocouple 
P1=23 inches T1 = 34 inches 
P2=54 inches T2 = 59 inches 
P3=66 inches T3 = 54 inches 
P4=77 inches T4 = 78 inches 
P5=71 inches T5 = 70 inches 
P6=49 inches  
P7=72 inches  

 
Note: Sensors P1 and T1 were not used for 
testing due to high probability of damage during 
testing. 
 
Pressure Instrumentation 
 
 Pressure transducers: Type 113 from PCB 

Piezotronic. 
 
 Pressure locations used: P2-P5 (54-71 

inches from test device). 
 
 Sampling time: 1 second. 

 
 Blast probe type pressure transducers: Type 

137A21 from PCB Piezotronic. 
 
 Sampling rate: 200 kHz. 

 
 Pressure locations used: P6 and P7 (49 and 

71 inches, respectively). 
 
 
Pressure Measurement 
 
 Peak pressure was recorded as the highest 

pressure observed at each transducer.  
 
 Impulse was calculated as the pressure 

integral from 0 to 20 ms.  
 
Figure 4 below shows an example of pressure 
traces taken for each pressure location. 
 
 
 
 
 
 

P7• 

P6• 

Test  
Device 
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Figure 4: Example of Pressure vs Time 
Measurements From Each Transducer 
 
Temperature Instrumentation 
 
 Thermocouples: Type K, 36 AWG. 
 Temperature locations used: T2-T5 (59-70 

inches from test device). 
 Sampling time: 10 seconds. 
 Sampling Rate: 500 Hz. 
 Thermocouple response time: approx. 10 

msec. 
 
Temperature Measurement 
 
 Peak Temperature was the highest 

temperature recorded at each thermocouple. 
 
 Temperature integral was calculated from 0 

to 10 seconds. This was used as a measure 
of relative heat output. 

 
Figure 5 below shows an example of 
temperature data collected during an enclosure 
test.  
 
 
 
 
 
 
 
 

 

 
Figure 5: Example of Temperature vs Time 
Measurements From Each Thermocouple 
 
Roof Lift Measurement  
 
 Distance measured in inches using dynamic 

motion analyzer software. 
 
 Software calibrated with measurements on 

the enclosure before each test series. 
 
 Reported roof lift distance was the average 

peak displacement of the front two corners 
of the roof. The rear two corners were 
difficult to measure accurately with existing 
equipment. Since the location of the test 
device was consistent and the relative 
amount of roof lift was used to compare 
formulations, this was not a concern.  

 
The roof lift in each test was used to calculate 
the relative amount of impulse (work done). The 
calculations assumed that the roof mass was 
constant for each test and that the time expended 
to accelerate the roof to maximum velocity was 
negligible.  The equations below show how the 
average impulse of the enclosure was calculated 
from the roof lift. 
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∫= Pdtimpulse = ∫ dt
A
F  = ∫ dt

A
ma   

 
P = pressure m = mass 
F = Force a = acceleration 
A = Area t = time 
 

 dt
dt
dv

A
mimpulse ∫=  = v

A
m  

 
Find the velocity ( v ) 

Since distance 2

2
1)( atx =  and atv =  

Then: axv 2=  
 

max2ax
A
mimpulse =  

 
Given that the weight of the roof was 11,000 lbs, 
the area of the roof was 17,280 square inches, 
and the acceleration of gravity was 32 ft/s2.  The 
estimated average enclosure impulse (EAEI) 
was: 
 

max87.45)( xmspsiEAEI =−  
 maxx = maximum roof lift (inches) 
 
The impulse estimated from the roof lift was 
used in conjunction with the impulse calculated 
with the pressure transducer data to evaluate the 
relative performance of high blast thermobaric 
formulations. 
 
Figures 6 and 7 show the roof location before 
sample initiation and at peak displacement. 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 6: Roof Before Sample Initiation 
 
 

 
 

Figure 7: Roof after Sample Initiaion   
(Peak Displacement) 

 
Enclosure Testing Round 1 
 
The first round of enclosure testing involved 31 
gelled formulations and 5 composite 
formulations.  Pressure and temperature data 
was reviewed for each transducer and 
thermocouple location in the enclosure for each 
run. Pressure transducers and the thermocouples 
were often struck by debris caused by 
fragmentation of the test device during initiation. 
Sensors struck by debris showed obvious spikes 
in the data and therefore, invalid pressure and 
temperature readings were identified and 
eliminated.  
 
It was difficult to compare pressure vs distance 
for individual pressure transducers, because the 
pressure transducers were often struck in a 
random pattern. Therefore, the performance of 
the formulations was measured by taking the 
average of the peak pressure readings and 
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impulse calculations from transducers that 
produced valid data. 
 
It was also difficult to compare temperature vs 
distance, because the thermocouples were often 
struck in a random pattern as well. Therefore, 
the average peak temperature and average 
calculated temperature integrals (thermal value) 
were recorded for each formulation.  
 
The goal was to determine the relative 
performance of selected thermobaric 
formulations inside an enclosed area. 
Performance vs distance in the free field was not 
a priority at this point. 
 
The peak pressure data was more reliable than 
the impulse data, because reflections from the 
walls caused the pressure vs time traces to be 
very noisy.  Downselection of formulations from 
the first series of enclosure testing was based 
primarily on average peak pressure. 
 
The criteria for additional rounds of testing 
involved selecting formulations that produced 
the highest average peak pressure values 
followed by impulse and temperature integral 
results.  
 
 
Enclosure Testing Round 1:Gelled 
Formulations 
 
Tables 6 and 7 give enclosure test results for the 
IPN/Al/oxidizer and NM/Al/oxidizer series of 
tests. 
 
Table 6: IPN/Al/Oxidizer Enclosure Test 
Results 
 
Mix 
No. 

Matrix 
% by wt 

Avg 
Peak 
Press. 
(psi) 

Avg 
Impulse 
(psi-ms) 

Avg 
Temp. 

Integral 
(C-sec)

7102 IPN-30, Al-70 39 85 567 
7075 IPN-30,Al-40, 

AN-30 
68 90 927 

7082 IPN-40,Al-30, 
AP-30 

72 103 488 

7083 IPN-30,Al-30, 
HMX-40 

61 121 628 

Note: 40% by wt of IPN was used in mix 7082 
to lower the hazard sensitivity of the IPN/Al/AP 
mix to acceptable levels for mix preparation. 
 
For the IPN/Al/oxidizer series, each oxidizer 
increased the average peak pressure and impulse 
values over the liquid/metal alone. There 
appeared to be no trend in the temperature 
integral values. Surprisingly, AP produced the 
highest peak pressure and HMX produced the 
highest impulse.  
 
Table 7: NM/Al/Oxidizer Enclosure Test 
Results 
 
Mix 
No. 

Matrix 
% by wt 

Avg 
Peak 
Press. 
(psi) 

Avg 
Impulse
(psi-ms)

Avg 
Temp. 

Integral 
(C-sec) 

7106 NM-30,Al-70 39 135 670 
7079 NM-30,Al-40, 

AN-30 
72 114 311 

7091 NM-30,Al-40, 
AP-30 

54 101 562 

7087 NM-30,Al-30, 
HMX-40 

75 121 947 

 
The addition of oxidizers to NM/Al mixes 
increased the average peak pressure as predicted 
by the theoretical CJ pressure. There were no 
significant trends observed with impulse or 
temperature integral.  
 
As expected, the NM/Al mixes produced higher 
average peak pressure and impulse values than 
the IPN/Al mixes.   
 
Adding oxidizers to IPN/metal and NM/metal 
formulations increased blast as predicted. 
However, there appeared to be no significant 
trend in relative thermal output (temperature 
integral). 
 
The more fuel rich compositions were expected 
to produce higher experimental thermal values 
(temperature integrals) than compositions with 
oxidizers, because the fuel rich compositions 
had higher theoretical heats of combustion than 
the more oxidized formulations. The 
experimental thermal values, however, showed 
that some of the formulations with oxidizers had 
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higher temperature integrals than the more fuel 
rich compositions.  Previous thermobaric studies 
have shown that overly fuel rich formulations 
burned poorly and a small amount of oxidizer 
was necessary to enhance the ignition of the 
materials. Therefore it was possible that adding 
oxidizers to the IPN/Al and NM/Al formulations 
could have ignited a greater percentage of the 
aluminum, which would have increased 
experimental thermal values. Since experimental 
thermal output was a secondary concern in this 
program. This was not investigated any further. 
  
Table 8 shows the best performing gelled 
formulations in the first series of testing vs 
Talley mix 5672. 
 
Table 8: Enclosure Testing Round 1: Best 
Performing Gelled Formulations. 
 

Mix 
No. 

Matrix 
% by wt 

Avg 
Peak 
Press. 
(psi) 

Avg 
Impulse 
(psi-ms) 

Avg 
Temp. 
Integral 
(°C-sec) 

7087 NM-30, 
Al-30, 
HMX-40 

73 121 947 

7079 NM-30, 
Al-40, 
AN-30 

72 114 311 

7075 IPN-30, 
Al-40, 
AN-30 

72 90 927 

7088 NM-30, 
Ti-15, 
Zr-15, 
HMX-40 

71 95 553 

7082 IPN-30, 
Al-40, 
AP-30 

65 108 488 

5672 
 

IPN-26, 
Al-33, 
Zr-39, 
Cab.-1 

45 110 958 

 
Mix 7087 (NM/Al/HMX) was the best 
performer in this test series. It produced the 
highest peak pressure and impulse. Mix 7088, 
made with Ti/Zr subsituted for Al, showed no 
significant improvement.  The HMX in the 
NM/Al mixes helps shock activate the aluminum 
and enhances its ignition. This may minimize 

the advantage of using metals such as zirconium 
and titanium, which are easier to ignite than 
aluminum. 
Mix 7087 was selected for testing in the second 
series of tests. In addition, several variations of 
mix 7087 were made. Variations included 
adding more HMX to optimize theoretical 
mechanical energy and CJ pressure. 
 
Mixes using AN (7075 and 7079) were 
investigated in the second round as well.  These 
mixes performed nearly as well as mix 7087 in 
the first round. Mix variations were made to 
determine if there was any advantage in using  
additional AN in the mixtures. 
 
Mix 7082 (30% IPN, 40% Al, 30% AP) 
performed well, but there was no significant 
advantage observed when using AP instead of 
HMX.  Since AP was limited to 30% by weight 
in the formulations due to hazard sensitivity, AP 
formulations were not investigated any further in 
this study. 
 
Enclosure Testing Round 1: Composite 
Formulations 
 
Overall, the composite formulations did not 
perform as well as the gelled formulations in the 
first round of enclosure testing. However, only 
five composite formulations were tested vs 
thirty-one gelled formulations.  The second and 
third round of enclosure testing focused more on 
composite formulations.  The top performing 
gelled composition, mix 7114 (GAP/Al/HMX) 
outperformed the baseline IH-135 
(R45/Al/HMX) composition, but did not 
perform as well at the leading gelled 
composition, mix 7087 (Al/NM/HMX). Table 9 
below shows the five composite formulations 
that were tested in this series and how they 
compare to the baseline IH-135 TBX and mix 
7087. 
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Table 9: Composite Formulations vs IH-135 
and Mix 7087 
 

Mix 
No 

Matrix 
Components 

Avg  
Peak  
Press. 
(psi) 

Avg  
Impulse 
(psi-ms) 

Avg  
Temp. 
Int. 
(°C-sec) 

7114 GAP, Al, 
HMX 

56 115 436 

7061 R45/IDP ,Ti 
HMX 

50 132 604 

7113 R45/IDP, 
*Al,  
HMX 

39 101 597 

7112 Wax , Al, 
HMX 

27 111 603 

7056 
IH-
135 

R45/IDP, Al, 
HMX 

42 63 464 

7087 NM-30,  
Al-30, HMX-
40 

73 121 947 

* 50:50 mixture of flake and atomized 
aluminum. 
 
The table shows that the GAP based TBX (mix 
7114) produced  a higher average peak pressure 
than the  R45 and wax based TBX formulations. 
This was expected because GAP based TBX had 
higher theoretical detonation values (CJ 
pressure, shock velocity, and mechanical 
energy) than the R45 and wax based TBX 
formulations.  It should be noted that the more 
fuel rich wax and R45 TBX’s had higher 
theoretical energy densities. The theoretical 
detonation values (CJ pressure, shock velocity, 
and mechanical energy) were similar between 
mixes 7114 and 7087. However, mix 7114 
produced significantly less average peak 
pressure and impulse than mix 7087. It was later 
discovered that there was water in the GAP.  
Mix 7114 was prepared with a new lot of GAP 
and tested in the second round of enclosure 
testing. The experimental values for mix 7114 
prepared with the new lot of GAP performed 
significantly better (avg. peak pressure = 75 and 
avg. impulse = 137 psi-ms), than the same mix 
prepared with the old lot of GAP (avg. peak 
pressure = 56 and avg. impulse = 115 psi-ms.) 
 
 

Enclosure Testing: Rounds 2 and 3 
 
The second and third series of enclosure testing 
was performed to optimize formulations from 
round 1 and to test more composite 
formulations.  
 
Additional baseline TBX formulations were 
tested in the final round of testing to measure the 
progress being made in developing high blast 
TBX’s, The new baseline composites tested 
were the following: 
 
PBX-109 (Navy) 
YJ-105 (Ensign Bickford) 
RAX-16 (Army) 
 
Gelled Formulations: Round 2 
 
The best performing gel formulations from 
round 1, mixes 7075, 7079, and 7087, were 
tested again in round 2. Modifications of the 
formulations were tested as well. Modifications 
were made by adjusting the formulations to 
achieve the maximum theoretical mechanical 
energy. This was done by adding an additional 
8-11% oxidizer by weight. The Cheetah 
detonation parameters were calculated for these 
modified formulations. Table 10 shows the 
formulas and the calculations. 
 
Table 10: Cheetah Theoretical Calculations 
for Gelled Formulations.  
 
Mix
No. 

 

Matrix 
% by wt. 

CJ 
Press. 
(gpa) 

Mech. 
Energy 
(kj/cc) 

Shock 
Vel. 

(km/s) 
7087 NM-30, Al-30, 

HMX-40 
17.00 12.38 6.33 

7087
M1 

NM-25, Al-27, 
HMX-48 

19.36 12.98 6.66 

7087
M2 

NM-25, Al-20, 
HMX-55 

22.73 12.09 7.10 

7079 NM-30, Al-40, 
AN-30 

13.56 11.49 5.55 

7079
M1 

NM-25, Al-35, 
AN-40 

16.92 12.52 6.40 

7075 IPN-30, Al-40, 
AN-30 

11.81 10.21 5.55 

7075
M1 

IPN-25, Al-34, 
AN-41 

15.10 11.36 6.22 
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Note: All calculations involving density were 
made using theoretical maximum density 
(TMD). 
 
The mixes designated with “M1” were 
optimized for maximum theoretical mechanical 
detonation energy. Mix 7087 M2 shows the 
effect of adding additional HMX to the mixture. 
The theoretical CJ pressure and shock velocity 
increased, but the theoretical mechanical energy 
decreased. Mix 7087 M2 would be expected to 
produce more overpressure near the point of 
detonation, but less impulse and roof lift.  Table 
11 shows the results of the enclosure tests for 
these gelled formulations. 
 
Table 11: Enclosure Testing Round 2: Gelled 
Formulation Test Results 
 
Mix 
No. 

Matrix 
%  

by wt 

Avg 
Peak 
Press. 
  (psi) 

Avg 
Impulse 
(psi-ms) 

Roof 
lift 
(in) 

EAEI 
(psi-ms)

7087 NM-30, Al-30, 
HMX-40 

67 146 14.18 173 

7087 
M1 

NM-25, 
 Al-27.4, 

HMX-47.6 

67 143 12.15 160 

7087 
M2 

NM-25, Al-20, 
HMX-55 

55 101 9.98 145 

7079 NM-30, Al-40, 
AN-30 

52 126 10.31 147 

7079 
M1 

NM-25,  
Al-34.6,  
AN-40.4 

62 112 9.17 139 

7075 IPN-30, Al-40, 
AN-30 

40 69 7.79 128 

7075 
M1 

IPN-25, Al-34, 
AN-41 

48 97 8.91 137 

 
EAEI = Estimated average enclosure impulse 
calculated from the roof lift. 
 
The table above shows that  adding additional 
oxidizer to the formulations did not always 
increase blast as predicted.  One explanation was 
that the actual density values of the tested 
samples were often lower than the TMD values. 
The theoretical detonation parameters (C-J 
pressure, mechanical energy, and shock 
velocity) are density dependent. Lower density 
values typically produce lower theoretical 

detonation values for the same explosive 
formulation. Therefore it would be expected that 
samples which have test densities significantly 
lower than the TMD would produce less blast 
than predicted. 
 
The test density was taken by dividing the 
charge weight of the TBX formulation in the test 
device by the volume of the test device (355 cc). 
Mixing efficiency and test device loading 
efficiency of the TBX fills affected the actual 
test density. Formulations containing relatively 
large amounts of fine materials were more 
difficult to mix than those containing relatively 
small amounts of fine materials. This was 
especially true of formulations containing 
relatively large amounts of AN or HMX. 
 
The theoretical mechanical energy values were 
recalculated with the actual test densities.  Roof 
lift vs theoretical mechanical energy was plotted 
for values calculated at TMD and at the actual 
test density. 

Gelled Samples:Roof lift vs Mechanical Energy calculated at 100% TMD
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Figure 8: Roof Lift vs Mechanical Energy 
calculated at TMD (R2=0.45) 
 

Gelled Samples: Roof lift vs Mechanical Energy calculated at Test Density
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Figure 9: Roof Lift vs Mechanical Energy 
Calculated at Test Density (R2=0.79). 
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The figures above show that the roof lift 
(impulse) correlates better with theoretical 
mechanical energy calculated using actual test 
density better than  mechanical energy 
calculated using TMD. Note that the theoretical 
mechanical energy applies only to the 
detonation. Further combustion of unreacted 
products may add to the impulse. 
 
Mix 7087-M1 had the highest theoretical 
mechanical energy calculated at TMD. 
However, mix 7087 had the highest theoretical 
mechanical energy calculated at the test density. 
The test data shows that mix 7087 outperformed 
the other formulations. Mix 7087 
(NM/Al/HMX) emerged as the highest 
performing gelled composition after 2 series of 
enclosure testing. 
 
Composite Formulations:Rounds 2 and 3 
 
The best performing composite mix from round 
1, mix 7114 (GAP/Al/ HMX) was prepared for 
additional testing. Mix 7114 outperformed 

Al/HMX mixtures prepared with R45 and wax 
binders.  
 
Further development for composite TBX 
formulations included the use of various 
energetic plasticizers with GAP and using PEG 
(polyethylene glycol) and 9DT-NIDA 
(nitraminodiacetic acid + diethylene and 
triethylene glycol)  binder systems.  
 
The Cheetah optimization function for 
mechanical detonation energy was used to 
determine the ratio of materials to use. Since it 
was difficult to predict the test density before the 
formulations were prepared, the calculations 
were performed at TMD. 
 
Table 12, below, shows the results of the 
enclosure tests for rounds 2 and 3 of composite 
TBX’s. 
 “EP1” and “EP2” are proprietary energetic 
plasticizers. “9DN” is short for 9-DT NIDA. 
 

 
Table 12: Enclosure Testing Rounds 2 and 3:Composite Formulations Test Results 
 

Mix 
No. 

Composition Test 
Den.
(g/cc)

Avg 
Peak 
Press. 
 (psi) 

Avg 
Impulse
(psi-ms)

Roof lift 
 (in) 

EAE 
Impulse  
(psi-ms) 

 

Avg  
Temp.  

Integral 
(°C-sec) 

7171 GAP/EP1/Al/HMX 1.82 54 147 17.46 192 331 
7173 GAP/EP2/Al/HMX 1.88 57 133 17.04 189 394 
7114 GAP/Al/HMX 1.82 75 137 15.64 181 394 
7155 R45/Al/Ti/HMX 1.70 59 125 10.24 147 324 
7149 PEG/EP1/Al/HMX 1.68 53 135 13.44 168 503 
7154 9DN/EP1/Al/HMX 1.72 56 117 14.06 172 295 
7160 9DN/EP1/ Al/HMX 1.59 55 95 11.93 158 291 
7158 9DN/EP1/B/Al/HMX 1.63 50 131 12.95 165 295 
7159 9DN/EP1/B/Ti/HMX 1.65 61 112 10.26 147 309 

IH-135 R45/Al/HMX 1.33 60 130 14.01 172 394 
RAX-16 GAP/Al/HMX 1.62 40 126 12.28 161 345 
PBX-109 R45Al/RDX 1.64 48 105 15.06 178 290 
YJ-105 Proprietary 1.78 84 106 15.12 178 307 

 
Note: Bolded results are the highest values for each data column.



- 677 - 

The table shows the following: 
 
 GAP based TBX formulations generated 

more peak pressure, impulse, and roof lift 
than formulations using R45, PEG, and 9 
DT-NIDA binder systems. 

 
 Each experimental GAP formulation (Mixes 

7171, 7114, 7173) outperformed the 
baseline formulations in at least 2 of the 
following 3 catagories:  

 
− Average Peak Pressure 
− Average Impulse 
− Roof Lift (Estimated Average Enclosure 

Impulse) 
 
 The experimental GAP formulations 

generally outperformed the baseline 
formulations for temperature integral. 

 
 
CONCLUSION 
 
 
The purpose of this program was to develop and 
characterize both gelled and composite high 
blast thermobaric formulations. Experimental 
gelled formulations were developed by utilizing 
thermobaric formulation data from earlier 
studies at Talley Defense Systems and by 
modifying the formulations to create more blast. 
Composite formulations were developed by 
testing variations of  IH-135 (R45/Al/HMX) 
developed by the Navy and RAX-16 
(GAP/Al/HMX) developed by the Army.  
 
Cheetah 3.0 theoretical thermochemical code 
was used to develop and optimize formulations.  
The  mechanical detonation energy values were 
used to optimize the blast output of the 
formulations. The roof lift showed some 
correlation with the mechanical detonation 
energy. The correlation improved significantly 
when the mechanical energy was calculated at 
the test density instead of the theoretical 
maximum density (TMD). The theoretical 
mechanical energy does not factor in the 
additional impulse created by combustion of 
unreacted products from the detonation. 

Therefore the theoretical mechanical energy 
provides only a rough estimate of the impulse.  
 
 There was no significant correlation between 
theoretical energy density or heat of combustion 
and the calculated relative thermal output from 
the temperature data (temperature integral). It 
was difficult to predict the experimental heat 
output of the high blast thermobaric 
compositions. 
 
Measuring the amount of roof lift gave 
additional information of the relative amount of 
average enclosure impulse produced by the 
thermobaric formulations.  It was difficult to 
calculate reliable impulse data from the pressure 
transducers, because the pressure vs time curves 
were very noisy due to reflections in the 
enclosure. Both impulse values were used to 
measure the relative performance of thermobaric 
formulations. 
 
Mix 7087 (NM-30%, Al-30%, HMX-40% by 
weight) consistently outperformed the other 
gelled compositions in this program. 
Substituting Zr and Ti for Al did not improve 
the performance, even though Zr and Ti are 
easier to ignite than Al. Adding additional HMX 
to mix 7087 increased the theoretical detonation 
parameters (CJ pressure, shock velocity, and 
mechanical energy) calculated at TMD. 
However, it did not improve the performance. 
The test density of the mix with additional HMX 
was significantly lower than the TMD. 
Theoretical CJ pressure and mechanical energy 
are density dependent. The lower the denisty the 
lower the theoretical detonation values. 
Therefore formulations with test densities that 
are lower than TMD can be expected to produce 
less blast than predicted. 
 
The gelled TBX compositions outperformed the 
composite TBX formulations during the first test 
series. However, the composite formulations 
were prepared with either a water contaminated 
lot of GAP or with fuel rich binder such as R45 
and wax. Composite compositions prepared with 
a new lot of GAP and GAP combined with 
energetic plasticizers outperformed the gelled 
compositions in the subsequent test series. 
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The experimental GAP/Al/HMX and 
GAP/energetic plasticizer/Al/HMX formulations 
outperformed the baseline composite 
formulations during the last series of enclosure 
testing. The baseline formulations were IH-135, 
RAX-16, PBX-109 and YJ-105. 
 
RECOMMENDATIONS 
 
Possible further work should include open air 
testing and modifications on enclosure testing.  
These would likely give more reliable pressure 
and impulse data and would provide a better 
measurement of the performance of high blast 
thermobaric compositions. Open air testing 
would give more reliable pressure data than 
enclosure testing, because unconfined tests 
would produce less reflections that interfere with 
the pressure vs time data.  
 
Modifications to enclosure testing could include 
adding an extra room onto the enclosure and 
adding extra high speed cameras. Adding a 
secondary room onto the enclosure would 
eliminate some of the sensor damage caused by 
fragmentation and would give an idea how well 
a thermobaric would perform in caves or 
buildings with multiple rooms. Additional high-
speed cameras would improve the accuracy of 
the roof lift measurements because all four 
corners of the roof lift could be measured 
instead of the front two corners.   
 
During the course of the program, composite 
formulations took priority over gelled/liquid 
formulations.  There appears to be a general 
preference in the military for solid TBX 
compositions over gelled/liquid formulations 
which have the potential to leak during storage. 
The GAP/Al/HMX composite formulations 
performed very well with each type of energetic 
plasticizer used in this study, but there is still 
further work that can be done. Other more 
energetic binders may yield more energy than 
GAP.  Other metals such as boron and zirconium 
should be studied as well.  Zirconium and boron 
were not studied in the composite formulations. 
There are still a significant number of 
modifications that can be made to the best 

performing composite formulations, if further 
testing is desired. 
 
There were no signs of instability or 
incompatibility observed during formulation 
preparation, handling and testing, but it is not 
known how well the thermobaric compositions 
studied here will age. A thorough accelerated 
heat aging study needs to be performed before 
any of these formulations can considered for 
qualification testing and production. 
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ABSTRACT 
 

Throughout the course of modern warfare, the hand grenade—because of its portability and ease of use 
has remained the soldier’s preferred indirect weapon system.  Although its suffers in the open because of 
its small casualty radius, and its deployment by hand severely limits its range, the hand grenade still 
proves to be a very effective weapon against an enemy within a confined space.  The development of a 
safe hand grenade mandates the use of a reliable fuze for the protection and safety of the solider.  Within 
the fuze, the pyrotechnic delay emerges as the mainstay in providing a safe delay period between ignition 
of the device and the production of the main explosive effect. 
 
Our study focuses on establishing baseline data for three performance parameters of the M213 Detonating 
Fuze (pyrotechnic delay times, detonator output, and safety pin pull force), with respect to three 
functioning temperatures: Ambient (21 °C), Hot (63.9 °C), and Cold (−46.7 °C).   
 
This paper provides a baseline criterion for each of the select performance characteristics of the M213 
Detonating Fuze used in the M67 Fragmentation Hand Grenade.  The program data supports the analysis 
provided here, and reports the impact and relational effect of ambient, hot, and cold functioning 
temperatures on all samples studied in this program. 
 
M213 Baseline Data – Delay Time 

The Chinese artisans of the 6th and 7th 
centuries were probably the first developers of 
pyrotechnic delays, which were made of tissue 
paper wrapped cores of black powder in the 
form of fireworks fuses.  More than a 
millennium later, an Englishman, William 
Bickford of Cornwall, also used wrapped black 
power to produce a safety fuze in thread-and-
lead covers.1 Throughout World War I and 
during the early years of World War II, the same 
sheathed black-power cores were still the only 
standardized delay trains. 

However, in 1943 the U.S. Army 
standardized a Ni-KclO4 delay, developed by 
O.G. Bennett for use in the M204, M205, and 
M206 hand-grenade fuzes.2 This was the first of 
the so-called gasless delay mixes.  The hope was 
that gasless delays would minimize the extreme 
effect of ambient pressure on the burning times 
of black power mixes.  The Bennett delay has 
since been replaced by a mix using a Zr-Ni alloy 
developed by D. Hart.3 These delay mixes, with 
their intrinsic property of “gaslessness,” i.e. 

solids reacting with solids to form solids, 
enhance the reproducibility of the burning rate. 

This study develops information from 
collected data concerning the type of 
composition developed by Hart, and further 
specified in MIL-C-13739A.  The focus is on 
delay composition Type II (5 second) used in 
M213 Detonating Fuze, which is comprised of 
Barium chromate (60.0 %), Potassium 
perchlorate (14.0 %), powdered Zirconium-
nickel alloy Type I 70/30 (9.0 %), and powdered 
Zirconium-nickel alloy Type II 30/70 (17.0 %).  

It is paramount that a delay burns at a 
selected, reproducible rate, providing an 
expected and safe time delay between activation 
and production of the main effect.  The analysis 
of the data in this study provides for the 
establishment of a baseline for delay times for 
the M213 Detonating Fuze, with respect to three 
functioning temperatures: Ambient (21°C), Hot 
(63.9°C), and Cold (−46.7°C). 
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Test Equipment and Procedures – Delay 
Time 

Our functioning test chamber is setup 
with, and includes the following timing 
instrumentation: two stopwatches, ballistic 
microphone, ballistic signal conditioner 
including functioning relay, and two ballistic 
chronographs.  The testing protocol provides for 
ample redundancy in measuring delay times by 
the simultaneous initiation of the stopwatches 
and sound activated chronographs at the onset of 
each testing round. 

In our testing, we are investigating the 
influence of the specific functioning 
temperatures on delay times.  Our population of 
M213 Fuzes is comprised of three randomly 
selected groups: (Group I-DT  = 106 samples, 
Group II-DT  = 57 samples, and Group III-DT = 
77 samples) and subjected to a functioning 
temperature of either: 21 °C (Ambient), 63.9 °C 
(Hot), or −46.7 °C (Cold).  The conditioning of 
Groups II-DT (Hot) and III-DT (Cold) consists 
of exposing each group to their respective 
temperatures for a period of twenty-four hours, 
allowing the samples to reach thermal 
equilibrium.  All function tests and time delay 

measurements for each sample occur at steady 
state conditions. 
 
Data Analysis – Delay Time 

The graphical analysis shown below 
(see Figure 1) represents a graph of the delay 
times of our overall population of fuzes for the 
functioning temperatures under study.  The 
graph is bimodal and depicts two distinct 
clusters of delay times, the first cluster being a 
combination of delay times from Ambient and 
Hot, and the latter from delay times at Cold.  
The mode is a very easily identified measure of 
central tendency and we use it with any level of 
measurement.  However, we seldom select the 
mode as the measure of central tendency to 
describe a group of measurements, in this case 
delay times, because the mode is not affected by 
delay times outside the modal interval.  This 
means that the mode does not indicate the 
frequency of occurrence of any of the other 
delay times in the distribution.  We solely use 
the mode in this analysis because it 
communicates those two distinct clusters of 
delay times existing within the overall 
distribution. 

Our analysis considers the individual 
distributions for the sample populations of fuzes 
at each functioning temperature.  This phase of 
the analysis shows the results of fitting a normal 

distribution to the data on delay times at the 
functioning temperature of 21 °C (Ambient).  
Our preliminary fitting of these data to the 
normal distribution provides the following 
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estimated parameters from 106 samples, with 
delay times ranging from 4.958 to 5.337 
seconds: sample mean = 5.15453 seconds, 
standard deviation = 0.0876502 seconds.  We 
provide a visual assessment (see Figure 2) of the 

fit of the normal distribution to a frequency 
histogram of delay times at the functioning 
temperature (21 °C). 

 

 
 

We use a Kolmogorov-Smirnov test of 
goodness of fit to determine whether our 
observed frequency distribution departs 
significantly from the hypothesized distribution.  
In particular, the test computes the maximum 
distance between the empirical cumulative 
distribution of delay times at ambient (F′) and 
the CDF of the fitted normal distribution (F).  
The Kolmogorov-Smirnov (K−S) test statistic D 
is the largest absolute deviation between F(x) 
and F’(x) over the range of the random variable 
delay times: 
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For testing against a uniform 
distribution, we first sort samples into 
ascending order U1 ≤ U2 ≤ ⋅⋅⋅ ≤ UN  (0 ≤ Ui ≤ 
1 for all i), where N is the number of 
samples.  Then D = max(D+,D−).  To assess 
D, we use the use the following hypothesis 
test:  
 

H0: No significant difference in the 
distributions associated with F(x) and 
F’(x). 

 
Ha: Different distributions are associated 
with the F(x) and F’(x). 
 
Reject the null hypothesis if D ≥ K-S 

test statistic based on a significance level of α = 
0.05 from Table of Critical Values of D in the 
Kolmogorov One-sample Test.4 Critical Value 
of D:  
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1320.0
106
36.136.1SK ===−

N
 

 
Estimated Kolmogorov statistic D plus = 
0.0424654 
Estimated Kolmogorov statistic D minus = 
0.0509055 
 
Kolmogorov-Smirnov D = max(D+,D−) = 
0.0509055 
 

 Since the Kolmogorov-Smirnov D is 
less than and not equal to the Critical Value of D 
(K−S test statistic) 0.0509055 <≠ 0.1320 we 
accept the null hypothesis, and conclude that we 
can not reject the idea that the delay times 
(Ambient) come from a normal distribution.  
The Kolmogorov-Smirnov test computes the 
maximum distance between the cumulative 
distribution of delay times (Ambient) and the 
CDF of the fitted normal distribution; in this 
case, the maximum distance is 0.509055 (see 
Figure 3).

 

  
 

In this part of the analysis, we show the 
results of fitting a normal distribution to the data 
on delay times at the functioning temperature of 
63.9 °C (Hot).  Our preliminary fitting of these 
data to the normal distribution provides the 
following estimated parameters from 57 
samples, with delay times ranging from 4.335 to 

4.966 seconds: sample mean = 4.59835 seconds, 
standard deviation = 0.116328 seconds.  We 
provide a visual assessment (see Figure 4) of the 
fit of the normal distribution to a frequency 
histogram of delay times at the functioning 
temperature (63.9 °C). 
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As before, we apply the Kolmogorov-
Smirnov test of goodness of fit to determine 
whether our hypothesized function (F) and the 
observed function (F’) display distributions of 
reasonable concurrence.  We calculate our 
values for D, D+, and D−, and (see Equations 1, 
2, and 3 respectively) impose the following 
hypothesis test: 
 

H0: No significant difference in the 
distributions associated with F(x) and 
F’(x). 
Ha: Different distributions are associated 
with the F(x) and F’(x). 

 
Reject the null hypothesis if D ≥ K-S 

test statistic based on a significance level of α = 
0.05.  Critical Value of D: 

  

1801.0
57
36.136.1SK ===−

N
 

 
Estimated Kolmogorov statistic D plus = 
0.0821047 
Estimated Kolmogorov statistic D minus = 
0.050397 
Kolmogorov-Smirnov D = max(D+,D−) = 
0.0821047 
 

Since the Kolmogorov-Smirnov D is 
less than and not equal to the Critical Value of D 
(K−S test statistic) 0.0821047 <≠ 0.1801 we 
accept the null hypothesis, and conclude that we 
can not reject the idea that the delay times (Hot) 
come from a normal distribution.  The maximum 
distance between the cumulative distribution of 
delay times (Hot) and the CDF of the fitted 
normal distribution is 0.0821047 (see Figure 5). 
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The results of fitting a normal 
distribution to the data on delay times at the 
functioning temperature of −46.7 °C (Cold) 
show some increased length in delay time range 
and mean.  Our preliminary fitting of these data 
to the normal distribution provides the following 
estimated parameters from 77 samples, with 

delay times ranging from 5.728 to 6.305 
seconds: sample mean = 6.04334 seconds, 
standard deviation = 0.119949 seconds.  We 
provide a visual assessment (see Figure 6) of the 
fit of the normal distribution to a frequency 
histogram of delay times at the functioning 
temperature (−46.7 °C). 
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We test our hypothesized function (F) 
and the observed function (F’) for goodness of 
fit in accordance with the procedures as shown 
previously, and propose the following 
hypothesis test: 
 

H0: No significant difference in the 
distributions associated with F(x) and 
F’(x). 
Ha: Different distributions are associated 
with the F(x) and F’(x). 

 
Reject the null hypothesis if D ≥ K-S 

test statistic based on a significance level of α = 
0.05.  Critical Value of D:  
 

1549.0
77
36.136.1SK ===−

N
 

Estimated Kolmogorov statistic D plus = 
0.0672112 
Estimated Kolmogorov statistic D minus = 
0.0810804 
Kolmogorov-Smirnov D = max(D+,D−) = 
0.0810804 
 

Since the Kolmogorov-Smirnov D is 
less than and not equal to the Critical Value of D 
(K−S test statistic) 0.0810804 <≠ 0.1549 we 
accept the null hypothesis, and conclude that we 
can not reject the idea that delay times (Cold) 
comes from a normal distribution.  The 
maximum distance between the cumulative 
distribution of delay times (Cold) and the CDF 
of the fitted normal distribution is 0.0810804 
(see Figure 7).

 

 
 

We employ the analysis of variance (see 
Table 1) to test our hypotheses concerning our 
group (delay times) means.  The purpose of this 
analysis is to estimate the probability that an 
observed difference in the means is due to 
chance factors such as random variability or 
sampling error.  However, we believe post priori 

(see Figure 8) that the group means are not all 
equal, and infer that one or more of the 
functioning temperatures may have influenced 
the delay times.  To begin, we assume that the 
null hypothesis: H0: µ1 = µ2 = µ3 is true. 
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Table 1 – Analysis of Variance 

Source Sum of Squares Df Mean Square F-Ratio P-Value 
Between groups 72.8375 2 36.4187 3247.34 0.0000
Within groups 2.65794 237 0.0112149   
Total (Corr.) 75.4954 239    
 
 

Our ANOVA table indicates that the F-
ratio, which in this case equals 3247.34, is a 
ratio of the between-group estimate to the 
within-group estimate.  The ratio of the variance 
estimates is large, and the probability that the 
variances are estimating only the common 
population variance is quite small.  The large 

ratio should occur only when the mean square 
between groups is reflecting actual differences 
between group means.  Since the P-value of the 
F-test is less than 0.05, there is a statistically 
significant difference between the delay time 
means of the three functioning temperatures. 

 

 
 

We apply a multiple comparison 
procedure to determine which means are 
significantly different from which others.  The 
method we are currently using to discriminate 
among the means is Fisher’s least significant 

difference (LSD) procedure.  With this method, 
there is a 5.00% risk of calling each pair of 
means significantly different when the actual 
difference equals zero. 
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Table 2 – Multiple Comparisons 
Method: 95.0 Percent LSD 

Temperature Count Mean Homogeneous Group 
Delay Time Hot 57 4.59835 Yes 
Delay Time Ambient 106 5.15453 Yes 
Delay Time Cold 77 6.04334 Yes 
    

Contrast Difference ± Limits Significant Difference 
Ambient − Cold −0.888809 0.0312391 Yes 
Ambient − Hot 0.556177 0.0342669 Yes 
Cold − Hot 1.44499 0.0364536 Yes 
 
  

Each group (see Table 2) identified as 
homogeneous form a group of means within 
which there are no statistically significant 
differences.  The three contrast groups show 
these pairs having means with statistically 
significant differences at the 95.0% confidence 
level. 
  
M213 Baseline Data – Fuze Output 
 The second phase of our analysis 
provides for the establishment of a baseline for 
fuze output with respect to three functioning 
temperatures as defined in the preceding section 
of this paper.  We represent the magnitude of the 
fuze output provided by its detonator (essentially 
comprised of lead styphnate, lead azide, and 
RDX) in terms of the static penetration depth 
into a steel test block.  The task of measuring the 
penetration depth by dial indicator for each 
sample of the complete test cycle is in 
accordance with Test D4 of MIL-STD-331B. 
 We form three testing groups made from 
randomly selected samples of M213 Fuze 
population under study (Group I-FO = 59 
samples, Group II-FO = 60 samples, and Group 
III-FO = 60 samples), and subject them to the 
functioning test temperature as previously 
described.  The minimum conditioning time for 
Groups II-FO (Hot) and III-FO (Cold) to reach 
equilibrium, and subsequently their respective 
test temperatures was twenty-four hours. 
 

Data Analysis – Fuze Output 
 Our initial review of the data from the 
static penetration test reveals some interesting 
diversion in the depth dimension.  The data from 
the latter fifty percent of the population (30 
samples) of samples in Group II-FO (Hot) 
suggest some departure in depth magnitude from 
the first 30 samples tested.  This in itself is 
quizzical because of the non-randomness of the 
data departure, suggesting some change in the 
test procedure, instrumentation, or experimenter.  
We found from further investigation that the 
samples in question where left in environmental 
conditioning for functioning temperature well 
beyond their equilibrium point.  We hypothesize 
that the over-exposure to temperature 
precipitated some slight degradation, which 
negatively influenced the data points in question. 
 We analyze the data from all of the 
samples in Group II-FO (Hot) to determine the 
validity of our hypothesis.  The analysis will 
compare Sub-Group B the over-exposed samples 
(30) to Sub-Group A the samples (30) which 
received the proper exposure to temperature 
conditioning.  We will make our comparison by 
using the Kolmogorov-Smirnov (K-S) two-
sample test to measure the overall difference 
between the cumulative distributions of Sub-
Group A and Sub-Group B.  The K-S statistic is 
a measure for the determination of the maximum 
value of the absolute difference between the two 
cumulative curves (see Figure 9). 
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While our different data sets (Sub-
Group A and Sub-Group B) will in general have 
different distributions, all cumulative 
distributions agree at the smallest 

( )( )0  ≡xSx and the largest ( )( )1  ≡xSx .  Our 
comparison considers the behavior between 
these points essentially the maximum difference 
between the cumulative frequencies of Sub-
Group A and Sub-Group B. 
 
 

( ) ( )xSxSD
BA NN −=

〈∞∞〈x-
max   (4) 

 
H0: No difference in the distributions 
associated with the two sub-groups. 

 
Ha: Different distributions are associated 
with the two groups. 

 
 We test our hypothesis (Reject: if D ≥ 
K-S value) based on a significance level of α = 
0.05 two-tailed test for samples nA = nB = 30. 
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The Kolmogorov-Smimov value = 0.35 at a 
significance level of α = 0.05. 
 
 We reject the null hypothesis (D ≥ K-S 
value 0.8 ≥ 0.35) because the overall distance 
between the cumulative distributions of Sub-
Group A and Sub-Group B are far apart 
suggesting the samples come from different 
populations.  The data from Sub-Group B (the 
over-exposed samples) is not viable and thereby 
excluded from further consideration in analyzing 
and establishing the baseline for fuze output. 
  
 The following Multiple Sample 
Comparisons (see Table 3) show various 
statistics for each of the test (temperature) 
conditions.  We direct particular attention to the 
statistics, standardized skewness, and kurtosis.  
The values for each of the test conditions (Cold 
and Hot) are outside the accepted range of −2 to 
+2.  This excursion usually indicates some 
significant non-normality in the data, thus 
violating the assumption that the data come from 
normal distributions.  A violation of this nature 
decreases the power of the statistical test (i.e. 
one-way analysis of variance), because the 
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parametric methods may be inaccurate because 
the true population distribution differs from the 

assumed parametric distribution.

 
 

Table 3 − Multiple Sample Comparisons 
Conditions Count Average Variance 
Fuze Output − Ambient 59 0.0484746 0.00000242607
Fuze Output − Cold 60 0.0476833 0.00000774548
Fuze Output − Hot 30 0.0479333 0.00000440920

Total 149 0.048847 0.00000503156
Conditions Standard Deviation Minimum Maximum 
Fuze Output − Ambient 0.00155758 0.045 0.052
Fuze Output − Cold 0.00278307 0.031 0.052
Fuze Output − Hot 0.00209981 0.041 0.050

Total 0.00224311 0.031 0.052
Conditions Range Standard Skewness Standard Kurtosis 
Fuze Output − Ambient 0.007 −1.57933 0.397736
Fuze Output − Cold 0.021 −12.7861 35.4957
Fuze Output − Hot 0.009 −4.12616 3.91239

Total 0.021 −17.841 57.3619
 
 

In such instances, a nonparametric or 
distribution-free test is frequently the statistical 
technique to choose, because nonparametric 
tests make few assumptions than do parametric 
tests.  It is our decision to employ a distribution-
free test that makes no assumption about the 
distribution of data within the population under 
test, but allows for the consideration of 
parameters. 

We employ the Kruskal-Wallis H-test 
(6) as the nonparametric equivalent of a one-way 
analysis of variance, because as a distribution-
free test statistic, it does in fact deal with 
parameters and in our population data, we test 

the median of our distribution (fuze output at 
specified test conditions). 
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In this part of the analysis, we are 

investigating the influence of the functioning 
temperature (Table 4) on fuze output.  We 
employ the Kruskal-Wallis H-test (6) to test the 
null hypothesis that the medians of fuze output 
(inches) for the three functioning temperatures 
are the same.

 
Table 4 − Kruskall−Wallis Test 

Group Sample Size Average Rank 
I-FO Ambient 59 83.178
II-FO Hot 30 75.350
III-FO Cold 60 66.783
 
 
 
 

H0: The medians of the fuze output for 
functioning temperatures Ambient, Hot, 
and Cold are identical. 

 
Ha: At least two of the medians differ in 
location using the test statistic. 
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 We compare the calculated H-value 
(Equation 1) of 4.53049 with the sampling 
distribution of H.  The rejection region, for the 
H-test is H > 2

αχ  with df = j − 1.  For α = 0.05 

and df = 2.  2
αχ  = 5.99147. 

 Since the computed H is less than 
5.99147, we accept the null hypothesis and 

conclude that there is not a statistically 
significant difference amongst the medians at 
the 95.0% confidence level.  Examination of the 
data (see Figure 10) suggests that the different 
functioning temperatures have insignificant 
impact on fuze output.

 

 
M213 Baseline Data – Pull Force 
 The analysis of the following data 
provides for the establishment of a baseline for 
pull force with respect to three functioning 
temperatures as specified previously.  In this 
testing cycle, we are measuring the force 
required to remove the safety pin and pull ring 
from the hand grenade fuze.  All of the samples 
under test where measured using the same strain 
gage and experimenter in order to provide some 
degree of stability to the measured data. 

 Our review of the data concerning pull 
force at each functioning temperature suggests 
that there is no statistically significant difference 
between any pair of means (see Table 5) at the 
95% confidence level.  The method we currently 
employ to discriminate among the means is 
Fisher’s least significant difference (LSD) 
procedure.  With this method, there is a 5.0% 
risk calling each pair of means significantly 
different when actual difference equals zero.
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Table 5 – Multiple Comparisons 
Method: 95.0 Percent LSD 

Temperature Count Mean Homogeneous Group 
Pull Force Ambient 30 18.4 Yes 
Pull Force Hot 27 20.5556 Yes 
Pull Force Cold 28 20.6687 Yes 
    

Contrast Difference ± Limits Significant Difference 
Ambient − Cold −2.26871 2.91268 No 
Ambient − Hot −2.15556 2.94045 No 
Cold − Hot 0.105159 2.98978 No 
 
 

We again apply the Kruskal-Wallis H-
test to negate any worry about the presence of 
outliers in the data by comparing medians (see 
Table 6) instead of means.  We have combined 
the data from all of the functioning temperatures 
(groups) and ranked them smallest to largest.  
The average rank for the data in each group is 
calculated and reported with the following 
premise. 
 

H0: The medians of the pull force for 
Ambient, Hot, and Cold functioning 
temperatures are identical. 

 
Ha: At least two of the functioning 
temperature medians differ in location 
using the test statistic. 

 
 We compare the calculated H-value 
(Equation 1) of 3.27087 with the sampling 
distribution of H.  The rejection region, for the 
H-test is H > 2

αχ  with df = j − 1.  For α = 0.05 

and df = 2.  2
αχ  = 5.99147. 

 
 

Table 6 − Kruskall−Wallis Test 
Group Sample Size Average Rank 

Ambient 30 36.450
Cold 28 46.625
Hot 27 46.519
 
 

Since the computed H is less than 
5.99147, we accept the null hypothesis and 
conclude that there is not a statistically 
significant difference amongst the medians at 

the 95% confidence level.  Examination of the 
data (see Figure 11) suggests that the different 
functioning temperatures have insignificant 
impact on pull force. 
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Summary 
 The primary information and analysis 
contained within this paper is to establish 
baseline data for the M213 Fuze as part of an 
overall program for future investigations for the 
Enhanced Pyrotechnic Fuze for the M67 Hand 
Grenade.  This type of in-depth analysis also 
provides important secondary information to the 
overall program with regards to design of 
experiment criteria in the accelerated aging 
phase of this program.  Our information and data 
analysis has also improved our testing 
techniques by supplying insight to the 
preconditioning of fuzes at three functioning 
temperatures. 
 The analysis investigating the influence 
of the functioning temperature on fuze output 
reveals some interesting cautions in the 
preconditioning process.  We suggest from the 
information gathered that the preconditioning 
time should not exceed twenty-four hours.  Our 
belief is that prolonged exposure at the hot (63.9 
°C) precondition temperature can prematurely 
begin the onset of accelerated degradation. We 
believe that the fuzes being low mass items need 

only twenty-four hours of exposure to reach 
equilibrium. 
 We find in establishing a baseline for 
fuze output (depth in inches) for the M213 fuze 
the data suggests that the different functioning 
temperatures have insignificant impact on fuze 
output. 
 Our review of the data concerning pull 
force (in pounds) at the three functioning 
temperatures Ambient (21 °C), Hot (63.9 °C), 
and Cold (−46.7 °C) suggests that there is no 
statistical difference between any pair of means 
or medians.  We finally conclude that the 
different functioning temperatures have 
insignificant impact on pull force. 
 
Future Investigations 
 The preceding analysis of the M213 data 
for the performance variables: delay time, fuze 
output, and pull force establishes the baseline 
(see Table 7) and test methodology for both our 
future work in modeling performance 
degradation over time, and comparing alternate 
fuze designs based on the parameters established 
in our baseline data. 
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Table 7 −Baselines 
 Functioning Temperature 

Baseline Ambient (21 °C) Hot (63.9 °C) Cold (−46.7 °C) 
Delay Time (Seconds) 5.308 4.598 6.043
Fuze Output (Inches) 0.049 0.048 0.048
Pull Force (Pounds) 18.4 20.6 20.7
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ABSTRACT 

 
 

This work is part of an ongoing investigation to determine the extent to which the changes in 
chemical and mechanical properties that occur during ageing of a PBX may affect the material's response 
when subjected to stimuli resulting from a credible accident. Samples of an aluminised, cast curable PBX 
have been subjected to artificial ageing by prolonged storage at an elevated temperature. Properties 
including strength, microstructure, sound velocity and chemical composition changes have been measured 
at intervals.   

Future work will seek possible changes in the explosiveness of the material as a result of ageing, and 
if found, to relate them to the more readily measured properties, in support of life prediction of in-service 
munitions. This work has been funded by the Defence Ordnance Safety Group (DOSG), UK MoD. 

 

 

1. Introduction 

It is well known that as PBXs age they undergo 
mechanical and chemical change1,2, but very little 
has been reported on the effect of these changes on 
explosiveness of the material3. This paper presents 
data obtained so far in an extensive study of the 
changes that occur in an aluminised RDX based 
cast-curable PBX. This work is part of an ongoing 
study to determine if these changes may affect the 
hazard posed by the material.  

Mechanical properties studies on PBXs and 
composite propellants show4,5,6 that changes in 
material strength are strongly influenced by the 
type of polymer and cross-linking agent used and 
by the particle size of the energetic filler7,8,9,10. 
Over time the cross-linking reaction used to 
optimise the mechanical properties of these 
materials at the time that they enter service 
continues until all reactive species are consumed. 
This continuing reaction leads to a stiffening and 
embrittlement of the material. Eventually a 
competing reaction of polymer chain scission 
begins to manifest itself in a softening of the 

material and reduction of dimensional stability. 
Any physical shock to the embrittled material may 
lead to localised fracture or disintegration of the 
composite. Diffusion-limited oxidation has been 
proposed as a mechanism of binder degradation 
but Arrhenius analysis of the reaction suggests 
rates to be not significant relative to the cross-
linking reaction11. Studies have also shown that 
migration of plasticiser can contribute to bulk 
material failure12. Investigation of aged composite 
propellants show that mechanical failure can have 
disastrous consequences but no information 
appears to have been published on how these 
changes influence the hazard response 
characteristics of PBXs. The effect of using 
different elastomers and cross-linking agents to 
enhance ageing properties and modify 
sensitiveness has also been researched13.  

Sensitiveness studies carried out on aged PBXs 
using the Steven14,15, Rotter impact and gap tests 
have shown that for various stimuli ignition can 
occur at a lower energy threshold16. The response 
of a munition when subjected to accidental stimuli 
is strongly dependant on the confinement of the 
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explosive17. Pressure venting fuze systems have 
been employed in large calibre HE munitions to 
prevent high order reaction in the event of ignition 
on launch18.  

The long-term thermal stability and reaction 
kinetic studies of PBXs19,20 based on nitramine 
fillers and urethane binders have shown that they 
have reasonable chemical stability21,22,23,24. 
Attempts have been made to predict reaction rate 
to estimate a “storage shelf-life” of the material 
with limited success25 as there is often not a simple 
Arrhenius relationship between temperature and 
reaction rate. 

PBXs are designed to produce a benign 
response in the event of accidental ignition. This 
response is believed due in part to the energy 
absorbing characteristics of the matrix. Any change 
such as embrittlement is likely to reduce the ability 
of the matrix to absorb energy and may therefore 
increase the severity of the response. If a change in 
the explosive response is detected, it is important 
to be able to determine the mechanism behind this 
change and monitor the factors behind the effect. 
This can only be achieved by extensive analysis of 
the material properties. Acoustic characterisation 
of energetics has mainly been used to determine 
propellant grain integrity and has rarely been 
applied to PBXs26,27,28. Surface examination 
techniques including optical and scanning electron 
microscopy have been used to accurately 
determine defects, crystal morphology and 
distribution in an attempt to model energetic 
composite materials and how these properties may 
affect sensitiveness29.     

2. Experimental  

The PBX samples used during these trials were 
prepared and stored at 60°C for up to 15 months by 
RO Defence, Glascoed. Samples were withdrawn 
at intervals for test.  

The material, qualified as Rowanex 1400, 
consists of 66% RDX, 22% aluminium and 12% 
polyurethane binder.  

2.1 Mechanical Analysis 

Dynamical mechanical analysis (DMA) and 
acoustic analysis were used to characterise the 
changes in mechanical properties.  

DMA was conducted on JANNAF dogbones 
(see Figure 1) band sawn and stamped from a cast 
PBX charge large enough to produce ten samples. 
They were tested on a calibrated Instron 
Tensiometer. The cross sectional area of the 
dogbone was 10mm × 12mm. Tensile and 
compressive strengths were measured using a 
crosshead speed of 5mms-1 and a 10kN load cell.  

Strain was also measured using the tensiometer. 
The more accurate method using strain gauges was 
found impracticable because the fine blade edge of 
the gauge cut into the soft material and induced 
premature failure under tension. 

 

26.0 mm

50.0 mm

26.0 mm
75.0 mm

23.5 mm
15.0 mm

65.0 mm
23.5 mm

25.0 mm10.0 mm

R 14.0 mm  

Figure (1) – JANNAF dogbone dimensions 

For the compression test, cylindrical samples 
(21mm dia. × 12mm thick) of the material were 
placed between steel plates and compressed until 
~90% reduction in thickness; there was no 
catastrophic material failure because of the rubbery 
nature of the binder.  

Acoustic tests used a 4MHz Krautkramer 
MB4Y transverse wave straight beam probe (also 
acting as the signal receiver) and a Krautkramer 
USIP11 oscilloscope to determine the sound 
velocity and detect the formation of voids and 
other defects. Any change in either the integrity of 
the binder / filler interaction or the degree of cross-
linking of the binder should produce a change in 
the velocity of sound or the reflection 
characteristics of the material.  

A thin layer of viscous grease was spread 
between the sample and probe to ensure acoustic 
coupling and clear transmission of the signal. The 
reflected signal was detected by the probe, 
amplified and passed through to the CRT. The 
sound velocity was calculated from the thickness 
of the sample and the time between transmitted and 
received signals. 
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Scanning electron microscopy was used to 
examine the fracture surface of the tensile test 
pieces and optical microscopy used on the surface 
of the compressed samples to determine a failure 
mechanism. SEM could not examine the 
compressed sample as the test piece had to be 
sliced to expose the centre of the sample and 
details of polymer flow could not be observed.  

2.2 Chemical Analysis 

The long-term chemical compatibility of the 
PBX composition was investigated using GC-MS 
headspace analysis. The material was subjected to 
thermal analysis (DSC and TGA), to determine 
whether any change in onset of decomposition 
temperature and mechanism of decomposition 
could be detected.  

IR spectroscopy in the range 400cm-1 to 
4000cm-1 was used to determine changes in relative 
amounts of active functional groups present in the 
binder. Both transmission and attenuated total 
reflectance (ATR) methods were used.  

Transmission measurements were made with a 
Bruker Vector 22 FTIR spectrometer using KBr 
discs pressed at 10tons using a Specac die. The 
presence of aluminium gave relatively low 
transmission but a Fourier Transform allowed clear 
absorption peaks to be produced so that the data 
could be electronically manipulated.  

ATR measurements were made with a Perkin 
Elmer 983 IR spectrophotometer. A slice of PBX 
approximately ~1mm thick was clamped against a 
mixed thallium salt crystal of high refractive index.  
The configuration allowed an IR beam to pass into 
the crystal and be reflected off the crystal / sample 
interface as shown in Figure (2).  

 

 

 

 

 

 

Figure (2) – ATR test sample configuration. 

After several reflections the light beam 
transverses the length of the crystal and is 
transmitted into the spectrometer. 

Sample preparation for ATR was extremely 
simple and quick to use but no Fourier Transform 
analysis was possible in spite of intense absorption 
peaks because of a noisy uncorrected baseline. 

3.  Results and Discussion 

The results of the tests carried out for this 
investigation are presented.  

3.1 Mechanical Properties  

A typical load / displacement curve is shown in 
Figure (3). 
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Figure (3) – Typical load / displacement curve 

for a PBX. 

At the time of writing six months of samples 
had been tested. The changes in tensile strength of 
the material can clearly be shown in Fig (4). The 
dogbones used were from the same cast block 
which had been sectioned and stamped.   
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Figure (4)  - Max load before failure. 

The graph shows a significant increase in the 
strength of the PBX over the first month of ageing, 
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presumably due to the continuing cross-linking 
reaction. After 1 month there is a slight reduction 
in strength which thereafter remains relatively 
constant. The error bars on the graph show 2% 
error. It is suspected that the result for 1 month is 
anomalous. 

The elasticity of the material increased with 
ageing, as seen in Fig (5). Again, this can be 
attributed to increased cross-linking providing a 
more rigid polymeric matrix. It is expected that at 
some future time continued ageing will show a 
softening and reduction of elasticity due to 
polymer scission. 
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Figure (5) – Max displacement of PBX dogbone 

before failure. 

Analysis of the results from all dogbones 
obtained from a single cast block showed an 
increase in strength and elasticity from the centre 
of the charge to the surface. This could be due to 
migration of plasticiser, a phenomenon well 
documented in the literature, but not confirmed for 
the material under study here. It was therefore 
adopted as standard practice that dogbones were 
prepared from recently cured charges and sealed 
separately in evacuated polythene bags for later 
use. This also has the effect of preventing 
oxidative degradation of the surface of the samples 
that may give misleading results.  

The compression test results shown in Figure 
(6) showed little variation in the load required to 
cause plastic deformation as the material aged.  

The homogeneity of filler dispersion within the 
matrix would account for the slight variations in 
compression resistance. Further ageing is expected 
to show a softening as the polymer begins to 
degrade. 
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Figure (6) – Compression test loading profiles. 

The failure mechanism of the material in 
tension was apparent under the scanning electron 
microscope. Figure (7) shows a micrograph of a 
tensile fracture surface. Under tension materials 
fail at the weakest points, in a composite material 
this is almost inevitably the interface between the 
energetic filler and the binder. The micrograph 
shows the RDX filler protrude from the surface 
and also sites where weakly bound filler has 
become detached. There is poor adhesion and 
wetting of the binder to the filler, leading to 
relatively low tensile strength. There is also 
significant voidage, where elastic binder has 
extended, become detached from the filler and then 
relaxed. This may suggest a mechanism for 
increasing shock sensitiveness by the formation of 
hotspots. 

 

 
Figure (7) – SEM of PBX tensile fracture 

surface 
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Failure of the material in tension is due binder / 
filler adhesion failure followed by the elastic limit 
being locally exceeded and crack propagation 
along these weak sites.  

Cylindrical samples that underwent 
compression testing showed under the optical 
microscope a uniform resistance to compression 
due to the mechanical properties if the polymer. 
Analysis of partially compressed samples showed 
that at ~0.5kN the material began to flow in a 
Maltese cross fashion, from top and bottom of the 
sample to the centre, then out radially. This caused 
a barrelling effect. The material continued to flow 
until a high proportion of polymer had been 
displaced and the filler then began to be 
compressed, leading to a rise in compression 
resistance seen at ~1.5kN. This is confirmed by the 
appearance of fractured filler crystals in the centre 
of the compressed sample. It is expected that as 
material reaches cross-linking saturation the 
compression strength of the PBX will be at its 
maximum. 

Acoustic characterisation of the samples 
indicates that as the material ages the increased 
cross-linking allows better sound transmission. The 
velocity of sound remained constant at 1666ms-1, 
but the intensity of the reflected signal increased. 
The results suggest that acoustic analysis may be a 
suitable non-intrusive technique to determine the 
age and mechanical properties 

The technique gave no indication of void 
formation within the samples. 

3.2 Chemical Properties 

IR spectroscopy was used to detect the 
functional groups active in the cross-linking 
reaction. The absorption due to such a group was 
measured relative to an absorption peak expected 
to remain constant with age. The absorption due to 
the urethane stretch at 1737cm-1 is expected to 
become more intense with age when compared to 
the absorption intensity of the polymeric methyne 
C-H stretch at 2937cm-1 and the cyclic C-H peak at 
1556cm-1 which should not change. The baseline 
from which all peak intensities were measured was 
that at 4000cm-1. Figure (8) shows transmission 
and ATR spectra of unaged PBX.  
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Figure (8) – ATR and Transmission spectrum of 

pristine PBX. 

The ratios are plotted in Fig (9).  

 

 

 

 

 

 

 A = Urethane / polymeric methyne C-H stretch 
 B = Urethane / cyclic C-H stretch 
 

Figure (9) – Ratio of peak intensities for aged 
PBX samples. 

In both cases there is a downward trend in the 
intensity ratio which suggests that as the PBX ages 
there is a reduction in the urethane bond density 
within the polymer matrix, which is highly 
unlikely. This trend may be explained by the 
formation of an allophanate group32. Any reaction 
involving urethane groups would cause a reduction 
in intensity of observed IR peaks. Cross-linking 
isocyanates are added in excess, primarily to react 
with any water that maybe present, but at elevated 
temperatures it is quite feasible for the cross-
linking agent to react with the urethane. Kinetic 
analysis of PBX compositions using DSC data 
should confirm the formation of these additional 
groups.  

 There may also be reactions occurring due to 
the presence of aluminium and other chemical 
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components e.g. plasticiser and curing catalyst. 
Headspace analysis has revealed that at 60°C gases 
are evolved which include nitrogen, oxygen, water 
and carbon dioxide. These are typical reaction 
products of RDX decomposition, but may also be 
products of polymer reactions.  

DSC and TGA were carried out to determine 
the onset temperature of decomposition and 
compare decomposition kinetics of aged material. 
Figure (10) shows the thermograph for pristine 
PBX and a sample aged for 5 months at 60°C. 
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Figure (10) – DSC / TGA of pristine PBX. 

The thermograph of the pristine material shows 
an endotherm at 204°C which can be associated 
with the melting of RDX and the subsequent 
exothermic spike due to RDX decomposition. The 
high ratio of RDX to binder causes the 
characteristic decomposition trace of the binder to 
be masked by RDX. The residual mass is char and 
unreacted aluminium. The 5 month aged sample 
has similar decomposition features, except that the 
endothermic trough begins at 190°C and is much 
broader and the peak decomposition temperature is 
higher. Other studies30,31 have shown that this 
reduction in the onset temperature of 
decomposition may be due to an incompatibility of 
RDX and the binder. The presence of an inert 
material may account for the broadening of the 

exotherm as heat energy is dissipated and heat 
transfer to the thermocouple is reduced.  

4. Conclusions 

This paper presents the results of an ongoing 
ageing programme to monitor changes in 
mechanical and chemical characteristics of a PBX 
and determine if these changes influence the 
response of the material when accidentally 
initiated. They show that the mechanical properties 
of the material under investigation changed 
significantly over the first month of ageing, 
notably an increase in tensile strength, probably 
due to formation of urethane bonds as a result of 
continued cross-linking. The results of this study 
also suggest there are many reactions occurring 
which could be affecting the mechanical properties 
of the material. Compression tests results have 
shown little change with age but the test will be 
continue to be used as it is expected that the 
material will soften with extreme ageing.  

Ultrasound analysis has shown that the sound 
velocity in the material has remained unchanged 
but sound transmission is enhanced as a result of 
increased cross-linking changing structural 
properties. 

Thermal analysis and GC-MS of the PBX has 
shown that storage at elevated temperature 
promotes reactions that may otherwise occur 
slowly at room temperature. It has yet to be 
determined if there are fundamental compatibility 
issues with this type of PBX composition as it 
ages. 

Further papers will report on investigations of 
the explosive response of the PBX and 
consideration whether the material is more likely 
to undergo DDT when aged. These trials are being 
carried out using a gap test instrumented with 
polyvinylidene difluoride (PVDF) gauges, and 
supported by finite element analysis of the 
experiment configuration using Autodyn©.  
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ABSTRACT 

Hypergolic or spontaneous ignition is very desirable property that improves the reliability of 
starting operation of the rocket motor containing liquid rocket propellants. The chemical and physical 
characteristics of liquid propellant fuels based on mixtures of aliphatic and aromatic amines deteriorate 
during normal aging due to the susceptibility of amines, especially the aromatic ones, to oxidation by 
atmospheric oxygen. The deterioration of fuel component properties results in increasing the ignition 
delay, which significantly affect the smooth combustion of the rocket motor. 

Extensive experimentation at laboratory scale on the effect of some compounds such as N-
isopropyl – N'–phenyl- p-phenylenediamine, N-cyclohexyl - N'-phenyl - p-phenylenediamine, and N,N'–
diphenyl-  
p-phenylenediamine had resulted in a significant effect of compounds as antioxidants of amine based fuel 
components. They almost inhibit the consumption of xylidine; while significantly retard the reaction of 
the oxidizing agents with triethylamine. The results clearly show that N-isopropyl- N'–phenyl - p-
phenylenediamine is the most powerful of all the antioxidants studied, which could protect the liquid 
propellant fuel against oxidation. Addition of only 0.5 weight percentage of that antioxidant with respect 
to the fuel would give the required efficiency of protection. 

 

1- Introduction: 

Liquid bipropellant systems comprise a 
pair of propellants, one serving as the fuel and 
the other as the oxidant. They are contained in 
separate tanks and are mixed by injection into 
the combustion chamber of the rocket motor, 
where they either ignite spontaneously 
(hypergolocity) or are ignited by a pyrotechnic 
charge. The current world total of liquid- 
bipropellant motors now employs a very limited 
number of combinations. 

The fuels developed were many and 
various, but at the same time very much alike. 
Several aliphatic and aromatic amines, and their 
mixtures with each others or with other types of 
fuels, are known to be hypergolic with red 
fuming nitric acid.(1) Tertiary amines such as 
triethylamine were hypergolic (triethylamine is 
definitely superior to mono- and diethylamine 
with respect to ignition delay), and aromatic 
amines such as xylidine were even more so. 
Most of the hypergolic fuel mixtures tried were 

based on aniline family, frequently with the 
addition of triethylamine, plus at times, things 
like xylene, gasoline, tetrahydrofuran, and 
occasionally other aliphatic amines. In one of the 
Russian made air defense missiles the 
composition of the liquid propellant fuel for the 
second stage (sustainer) rocket motor is based on 
a mixture of 50% xylidine and 50% 
triethylamine. The fuel is used in hypergolic 
combination with inhibited red fuming nitric 
acid. 

In liquid rocket propellants systems the 
spontaneous ignition is very important 
characteristic on which the reliability of starting 
the rocket engine depends. The ignition delay in 
hypergolic systems should be low, preferably 
less then 50 ms in order to avoid a hard start of 
the rocket engine and to facilitate smooth 
combustion.(2) 

2- Aging of Amine – Based Fuels:   

Aging is a collective term for changes in 
property of materials that occur on longer term 
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storage without the action of chemicals that 
leads to partial or complete degradation. In the 
presence of oxidation catalysts these aging 
phenomena occur rapidly. The chemical and 
physical characteristics of liquid propellant fuels 
based on mixtures of aliphatic and aromatic 
amines deteriorate during normal aging due to 
the susceptibility of amines especially the 
aromatic ones, to oxidation. Primary and 
secondary aliphatic amines, when subjected to 
oxidation, do not give in most instances useful 
products due to complicated side reactions, 
whilst tertiary amines, such as triethylamine, can 
be oxidized cleanly to tertiary amine oxides. 
This transformation can be brought about by 
using oxidizing agents such as hydrogen 
peroxide. On the other hand, aromatic amines, 
such as xylidine, are very easily oxidized by a 
variety of reagents including the oxygen in air.(3) 
Therefore, to overcome the deterioration 
problem of amine based liquid propellant fuel, 
fuel components, triethylamine and xylidine, 
should be stored in a well ventilated area 
removed from powerful oxidizing agents. 

3- Oxidation Process: 

The oxidation of amines is complicated by 
the operation of several reaction paths. Not all of 
these involve substitution on nitrogen, for both 
hydrogen abstraction from either carbon or 
nitrogen and addition of oxygen to carbon may 
occur. The predominant path seems to depend as 
much on the reagent as on the structure of the 
amine. 

Oxidation is not confined to the amino 
group but also occurs in the ring. The amino 
group through its electron-donating ability 
makes the ring electron-rich and hence 
especially susceptible to oxidation. The 
oxidation of other functional groups, the methyl 
groups on an aromatic ring, cannot usually be 
accomplished when an amino group is present 
on the ring, because oxidation of the ring takes 
place first.(4) 

Oxidative substitution of alkyl amines 
results in the formation of either hydroxylamines 
or amine oxides. However the lone-pair 
electrons activate the hydrogen of aliphatic 
amines, and hydrogen is therefore removed by 
some reagents as easily from this site as from 

nitrogen. This leads to the formation of 
unsaturated compounds such as aldimines, 
nitriles, ketimines and enamines. The actual 
products depend on the amine structure, and 
others may arise from subsequent hydrolysis, 
oxidation, condensation and dealkylation. 

With aromatic amines, substitution on 
nitrogen leads to products analogous to those 
obtained from aliphatic amines. An additional 
important reaction is hydrogen or hydride ion 
abstraction from nitrogen to form either a radical 
or radical cation. Both radicals may undergo 
further reactions involving nuclear substitution, 
condensation or quinone formation.(5) 

4- Aging Protective Agents (Antioxidants): 

Amine-based fuels can be protected 
against oxygen by the addition of chemically 
reactive anti-oxidants. Many compounds are 
reported to be chemically antioxidants, and 
nearly all contain oxygen. The 
phenyenediamines and phenols are the largest 
groups of aging protectors against oxidation. 
The most effective compounds for oxidation 
protection are nitrogen substituted p-
phenylenediamines (p-PDA). The  
N, N' derivatives of p-PDA are grouped into 
three classes: N, N' –dialkyl-p-
phenylenediamines, N-alkyl- N'–aryl- p-
phenylenediamine and N, N'–diaryl-p- 
phenylenediamines. 

The effectiveness of the p-PDA depends 
on the type and size of nitrogen subsistent. 
Unsymmetrical substituted N-alkyl- N'–aryl- p-
phenylenediamines have the best properties 
when the alkyl constituents are isopropyl groups 
and aryl- substituents a phenyl group. The N,N'–
dialkyl- p-PDA (where the alkyl group may be 
1-methylheptyl, 1-ethyl-3-methyl-pentyl, 1,4-
dimethylpentyl, or cyclohexyl) are the most 
effective.(6) The drawback of these derivatives 
are their rapid destruction by oxygen and 
consequent shorter useful lifetimes, their 
tendencies to cause dark red or purple 
discoloration, and increased scorchiness of the 
compounded stock. The N-alkyl- N'-aryl- p-
PDA (where the aryl is phenyl and the alkyl may 
be isopropyl, sec-butyl, cyclohexyl, 1-
methylheptyl, or 1, 3-dimethylbutyl) are the 
most widely used p-PDA. They are excellent 
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antioxidants, which are destroyed slowly by 
oxygen and increase the scorchiness of the stock 
only slightly. They are low melting solids easily 
handled. 

The N, N'-diaryl- p-PDA (where the aryl 
group may be phenyl, tolyl, mixed tolyl isomers, 
or xylyl) are moderately active antioxidants 
which can only be used at low concentration 
because of their low stability. However they 
have minimal scorchiness effects and the most 
stable towards oxygen. 

The most effective commercial materials 
of the p-PDA are: N-isopropyl- N'-phenyl- p-
phenylenediamine (Flexzone 3C), N-cyclohexyl-
N'-phenyl- p-phenylenediamine (Flexzone 6C) 
and N,N'-diphenyl- p-phenylenediamine 
(Flexzone 7P). 

5- Experimental: 

Quantitative determination of the amount 
of xylidine and triethylamine has been carried 
out using an automatic titrprocessor. The 
determination has been established through 
titration of 100 mL of an aqueous solution of the 
amine compound (0.1 M) with 0.1 M 
hydrochloric acid solution at the ordinary 
temperature. After the equivalence point has 
been reached, the actual amount of the amine 
could be determined. 

6- Results and Discussion:  

In Table 1 formulations xylidine and 
triethylamine were used separately. 5 and 10 mL 
of 0.05 N potassium permanganate (KMnO4) 
were used for oxidation of both xylidine and 
triethylamine. The antioxidants N-isopropyl- N'-
phenyl- p-PDA was used in 0.005, 0.01 and 0.05 
molar ratios, whilst the other antioxidants N-
cyclohexyl- N'-phenyl-  p-PDA and N,N'-
diphenyl- p-PDA were used in 0.01 molar ratio 
w.r.t the amine component. 

The results show that xylidine and 
triethylamine react with potassium 
permanganate, triethylamine being reacting 
faster. Addition of N-isopropyl- N'-phenyl- p-
PDA significantly reduces the consumption of 
the amine and thus retards the reaction of 
potassium permanganate with the amine. N-
isopropyl- N'-phenyl- p-PDA and N-cyclohexyl- 

N'-phenyl-  p-PDA nearly inhibit the reaction of 
potassium permanganate with xylidine, while 
allow some reaction of potassium permanganate 
with triethylamine. This indicates the 
susceptibility of triethylamine more than 
xylidine to oxidation. The results also show that 
increasing the concentration of the antioxidants 
does not give a comparative decrease in the 
concentration of the amine when reacting with 
the oxidizing agent. 

In Table 2 formulations the antioxidants 
N-isopropyl- N'-phenyl- p-PDA, N-cyclohexyl- 
N'-phenyl- p-PDA and N,N'-diphenyl- p-PDA 
were used in 0.01 wt. ratio w.r.t the amine. 2 g 
of each antioxidant was mixed with 200 mL of 
the amine and then allowed to react with 5 and 
10 mL of 0.05 N KMnO4. 

The results show once again that 
triethylamine is more susceptible than xylidine 
to oxidation by potassium permanganate. All the 
antioxidants used almost inhibit the reaction of 
xylidine with potassium permaganate, whilst 
these antioxidants permit some reaction of 
potassium permanganate with triethylamine. The 
order of efficiency of these antioxidants in 
retarding the rate of reaction of the oxidizing 
agent with triethylamine is as follows: N-
isopropyl- N'-phenyl- p-PDA > N-cyclohexyl- 
N'-phenyl- p-PDA > N, N'-diphenyl- p-PDA. 

In Table 3 formulations, the antioxidants 
were used in 0.005 wt. ratio w.r.t to xylidine and 
triethylamine. 1 g of each antioxidant was mixed 
with 200 mL of the amine component, and 
allowed to react with 5 and 10 mL of 0.05 N 
KMnO4 for 15 min. 

The results shown in the table provide 
further evidence for the results mentioned above. 
The results also indicate that doubling the 
concentration of the antioxidant from 0.005 to 
0.01 wt. ratio w.r.t. the amine doesn't give a 
comparative effect in retarding the oxidizer with 
amines. Therefore addition of only 0.5 wt.% of 
the antioxidant gives the required efficiency to 
protect the amine components (both xylidine and 
triethylamine) from oxidation with potassium 
permanganate. 

The mechanism of reaction of the 
oxidizing agents with amines is outside the 
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scope of this investigation, and the main concern 
in this context is to identify the relative 
efficiency of antioxidant vresus the fuel amine 
compounds to react with the oxidizing agents. 
The aim was to deduce some key parameters for 
the best antioxidant which will be both effective 
in improving the stability and compatible with 
the fuel components. 

It was shown that neutral or alkaline 
solutions of permanganate usually abstract α-
hydrogen rather than substitute on nitrogen.(7) 
The resultant amine reacts further to give 
multiplicity of products. For example 
diethylamine is oxidized to a mixture of acetic 
acid, ammonia, ethanol and acetohydroxamic 
acid.(8) When the alkyl group is tertiary as in t-
butylamine there is no α-hydrogen to abstract 
and the reaction takes a different course. 
Substitution then occurs readily on nitrogen to 
give nitroalkane in yields up to 80 %. The 
formation of nitro alkane presumably proceeds 
via the hydroxylamine and nitroso intermediates, 
as with peroxidic reagents.(9) 

In the next investigation N-isopropyl- N'-
phenyl- p-PDA was chosen amongst the other 
antioxidants, for its highest affinity towards 
oxidizing agents. In table 4 formulations, H2O2 
was used as the oxidizing agent, instead of 
potassium permanganate used above. The 
concentration of H2O2 was 0.001 g/L, whilst the 
antioxidant was used in 0.005 wt. ratio w.r.t. the 
amines. 1, 2 and 4 mL H2O2 was allowed to 
react for 15 min. with both the amine and the 
mixture of amine component and the 
antioxidant. 

The results show that H2O2 is more 
powerful oxidizing agent than potassium 
permanganate towards both xylidine and 
triethylamine, being reacting faster with 
triethylamine. This also indicates the 
susceptibility of triethylamine more than 
xylidine towards oxidizing agents. Although  
N-isopropyl- N'-phenyl- p-PDA didn't 
completely inhibit the consumption of xylidine, 
as the case with potassium permanganate, it 
significantly retards both the consumption of 
both xylidine and triethylamine. 

Table 5 formulations are similar to that in 
Table 4 except that N-isopropyl- N'-phenyl- p-

PDA was used in a higher concentration 0.01 wt. 
ratio w.r.t the amine. The oxidizing agent was 
added in 2, 4 and 6 mL to both the individual 
amines and the mixture of amine with the 
antioxidant. The results shown in the table 
provides further evidence for the results obtained 
from Table 4 formulations. Comparison of table 
4 and table 5 results also support which 
suggested above that using the antioxidant in 0.5 
wt. w.r.t the amine component is quite sufficient 
to retard significantly the oxidation of amines.  

In Table 6 formulations it was desired to 
investigate the rate of oxidation of the amine 
compounds w.r.t time when used individually or 
mixed with the antioxidant. The reaction 
formulations were allowed to react for different 
times 5 and 30 min. 200 g of the amine (either 
xylidine or triethylamine) was mixed with 2 mL 
H2O2 and left to react either in presence or in the 
absence of the antioxidant N-isopropyl- N'-
phenyl- p-PDA,  

The results show that the reaction of the 
oxidizing agent with the amines is quite rapid 
that allowing the reaction to proceed for a 
further length of time doesn't give more 
consumption of the amine. This also indicates 
the absence of the side reaction which suggests 
the value of this antioxidant over the other 
phenolic and aminic compounds. These results 
also support the above results about the much 
greater affinity of the antioxidant compared to 
that of the amine compounds towards the 
oxidizing agents.  

It was shown (10) that for primary aromatic 
amines, oxidation by peroxidic reagents 
proceeds through the hydroxylamine 
intermediate, but this rapidly react further to a 
nitroso compound. Under slightly more vigorous 
conditions, the nitroso group is oxidized to nitro. 
Bimolecular condensation reactions between the 
products and unreacted amine frequently 
interfere and lead to the formation of azo and 
azoxy compounds.(11) These side reactions 
should be at least extensive for amines 
containing electron-releasing substituents, which 
facilitate oxidation, but not condensation with 
nitrosobenzene.(12) 

Experimental techniques have also been 
developed to minimize the formation of 
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condensation products. In particular, the reaction 
is carried out quickly with excess oxidizer under 
acidic conditions, where the condensation of 
unprotonated amine (which undergoes 
condensation) is small. 

For tertiary amines, most simple 
hydroperoxides readily add oxygen to any 
tertiary amine giving amine oxide (R3N+O-). 
These facile reactions are usually carried out at 
room temperature in water, alcohol or benzene 
solvent with dilute solutions (even as low as 3%) 
of an organic peracid. Hydrogen peroxide is less 
effective presumably because of the poorer 
leaving characteristics of the hydroxide anion. 
By analogy with primary amines, the reaction 
must involve attack by the electrophilic 
peroxidic oxygen on the amine lone pair, 
followed by anion elimination and proton loss. 

Further investigation has been undertaken 
to verify the results obtained for the oxidizing 
agents with the amine compounds xylidine and 
triethylamine. 2 g of N-isopropyl- N'-phenyl- p-
PDA were mixed with 200 mL of a mixture of 
an equal amounts of xylidine and triethylamine, 
which simulate the amine based liquid rocket 
propellant under investigation. Two oxidizing 
agents were used potassium permanganate and 
potassium dichromate (K2CrO7) in 0.05 N, 5 and 
10 mL of each oxidizer were allowed to react, 
with both the control formulation which, 
contains only the mixture of amine fuels, and the 
formulation to which the antioxidant was added. 

The results show that the behavior of the 
antioxidant when mixed either with the amines 
used individually or with their mixture is 
identical. N-isopropyl- N'-phenyl- p-PDA almost 
inhibits the consumption of xylidine, whilst 
significantly retards the rate of reaction of the 
oxidizing agents with triethylamine. Although 
potassium dichromate show stronger effect as 
oxidizing agent of the amines more than that 
noticed for potassium permanganate, N-
isopropyl- N'-phenyl- p-PDA shows similar 
trend as antioxidant similarly to that observed 
above. Xylidine has been consumed a little 
whilst the rate of reaction of triethylamine seems 
to be more pronounced than the case when 
potassium permanganate was used. 

7- Conclusions:   

Amine-based liquid rocket propellant 
fuels could be protected against oxygen by the 
addition of chemically reactive anti-oxidants. 
The most effective compounds for oxidation 
protection are nitrogen substituted p-phenylene-
diamines. The effectiveness of these compounds 
as antioxidants depends on the type and size of 
nitrogen substituent. Unsymetrical substituted 
N-alkyl- N'-aryl- p-phenylene-diamines have the 
best properties when the alkyl substituents are 
isopropyl and the aryl-substituent a phenyl 
group. The optimum effectiveness occurs with 
the N-isopropyl- N'-phenyl- p-phenylene-
diamine. 
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Table 1: Effect of antioxidants (molar ratio) on amine reactions with KMnO4 

Xylidine Triethylamine 
Composition %Xyl. Composition %Tri . 

 Xyl.     +               5ml KM 85   Tri.     +               5ml KM 71 
     ,,      +             10ml KM 73      ,,     +               10ml KM 62 
Xyl.+ IPPD .005 M + 5 ml KM 95 Tri.+IPPD .005 M + 5 ml KM 76 
   ,,         +    .01 M   +     ,, 97       ,,      +  .01 M   +     ,, 87 
   ,,         +    .05 M   +     ,, 98        ,,     +  .05 M   +     ,, 89 
Xyl.+ IPPD .005 M +10 ml KM 97        ,,     +  .005 M + 10 ml KM 69 
     ,,       +    .01 M   +       ,, 97        ,,     +  .01 M   +       ,, 82 
     ,,       +    .05 M   +       ,, 98      ,,       +  .05 M   +       ,, 84 
Xyl.   +  CPPD .01 M 99     Tri.    +  CPPD .01 M 98 
              ,,              + 5ml KM 96            ,,                 + 5ml KM 71 
              ,,              + 10ml KM 95            ,,                 + 10ml KM 60 

 

 

 

 

Table 2 : Effect of antioxidants (1 wt % ) on amine reactions with KMnO4 

Xylidine Triethylamine 
Composition %Xyl. Composition %Tri . 

   Xyl.   +  5 ml KM 86    Tri.    +  5 ml KM 72 
     ,,      +  10 ml KM 73       ,,    +  10 ml KM 63 
   Xyl.   +  IPPD 100    Tri.    +  IPPD 98 
             ,,           +  5 ml KM 99.9              ,,            +  5 ml KM 88 
             ,,           +  10 ml KM 100              ,,            +  10 ml KM 82 
   Xyl.   +  CPPD 100    Tri.    +  CPPD 99 
             ,,           +  5 ml KM 100              ,,            +  5 ml KM 79 
             ,,           +  10 ml KM 100              ,,            +  10 ml KM 77 
   Xyl.   +  PPPD 99.5    Tri.    +  PPPD 98 
             ,,           +  5 ml KM 99.9              ,,            +  5 ml KM 76 
             ,,           +  10 ml KM 99.9              ,,            +  10 ml KM 66 
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Table 3 : Effect of antioxidants (0.5 wt % ) on amine reactions with KMnO4 

Xylidine Triethylamine 
Composition %Xyl. Composition %Tri . 

   Xyl.   +  5 ml KM 86    Tri.    +  5 ml KM 73 
     ,,      +  10 ml KM 75         ,,    +  10 ml KM 67 

   Xyl.   +  IPPD 99.8    Tri.    +  IPPD 98 
                  ,,            +  5 ml KM 99.5                       ,,            +  5 ml KM 90 

                   ,,              +  10 ml KM 99                        ,,            +  10 ml KM 80 
   Xyl.   +  CPPD 100    Tri.    +  CPPD 98 

             ,,           +  5 ml KM 98.9                     ,,            +  5 ml KM 81 
               ,,           +  10 ml KM 98.7                      ,,            +  10 ml KM 72 

   Xyl.   +  PPPD 100    Tri.    +  PPPD 97 
             ,,           +  5 ml KM 100                       ,,            +  5 ml KM 81 

               ,,           +  10 ml KM 100                        ,,            +  10 ml KM 65 
 
 
 

 

Table 4 : Effect of antioxidant on amine reactions with H2O2 (different wt %) 

Xylidine Triethylamine 
Composition %Xyl. Composition %Tri . 

 Xyl.        +    1 ml H2O2 96 Tri.        +    1 ml H2O2 89 
  ,,           +    2 ml H2O2 89   ,,         +    2 ml H2O2 60 
  ,,           +    4 ml H2O2 79   ,,         +    4 ml H2O2 40 

 Xyl.  + IPPD   +    1 ml H2O2 100  Tri.  + IPPD   +    1 ml H2O2 96 
      ,,                +    2 ml H2O2 95        ,,               +    2 ml H2O2 89 
      ,,                +    4 ml H2O2 89        ,,               +    4 ml H2O2 84 
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Table 5 : Effect of antioxidant on amine reactions with H2O2 (high wt %) 

Xylidine Triethylamine 
Composition %Xyl. Composition %Tri . 

  Xyl.        +    2 ml H H2O2 86 Tri.        +     2 ml H2O2 65 
    ,,          +     4 ml H2O2 78    ,,        +    4 ml H2O2 42 
    ,,          +     6 ml H2O2 56    ,,        +    6 ml H2O2 28 

  Xyl.  + IPPD   +    2 ml H2O2 92   Tri.  + IPPD   +    2 ml H2O2 86 
         ,,               +    4 ml H2O2 86          ,,             +    4 ml H2O2 60 
       ,,               +   6 ml H2O2 67            ,,              +      6 ml H2O2 45 

 
 

Table 6 : Effect of antioxidant on amine reactions with H2O2 (different aging times) 

Xylidine Triethylamine 
Composition %Xyl. Composition %Tri . 

 Xyl.     +    2 ml H2O2   
                                    (5 min) 

79  Tri.     +    2 ml H2O2    
                                    (5 min) 

60 

 ,,       +    2 ml H2O2    
                                  (30 min) 

78  ,,       +    2 ml H2O2    
                                  (30 min) 

60 

 Xyl. + IPPD + 2 ml H2O2 
                                    (5 min) 

89  Tri. + Flex + 2 ml H2O2  
                                    (5 min) 

84 

 Xyl. + Flex + 2 ml H2O2  
                                  (30 min) 

89  Tri. + Flex + 2 ml H2O2  
                                  (30 min) 

84 

 
 

Table 7 : Effect of antioxidants on fuel reactions (different oxidizers) 

Xylidine Triethylamine 
Composition %Xyl. Composition %Tri . 

   Fuel   +  5 ml KM 44    Fuel    +  5 ml KM 40 
        ,,     +  10 ml KM 31       ,,        +  10 ml KM 28 

   Fuel    +  IPPD 50    Fuel    +  IPPD 49 
                       ,,        +  5 ml KM 48                        ,,        +  5 ml KM 44 

                         ,,        +  10 ml KM 46                          ,,        +  10 ml KM 39 
   Fuel   +  5 ml KR 38    Fuel    +  5 ml KR 35 

       ,,     +  10 ml KR 29       ,,        +  10 ml KR 25 
   Fuel   +  IPPD 50    Fuel    +  IPPD 49 

             ,,           +  5 ml KR 45                  ,,              +  5 ml KR 43 
              ,,            +  10 ml KR 39                    ,,              +  10 ml KR 34 

 
Abbreviations used in Tables : 
IPPD  N-isoprpyl –N`- phenyl- p- PDA 
CPPD  N-cyclohexyl –N`- phenyl- p- PDA 
IPPD  N,N`- diphenyl- p- PDA 
KM  KMnO4 
KR  K2CrO7 
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ABSTRACT 

 

Fine porous or hollow ammonium perchlorate (AP) particles were prepared by the spray-drying 

method.  First it was examined that the existence of the void inside the propellant prepared with fine 

porous or hollow AP, and second it was investigated the burning characteristics of these propellants.  The 

AP content of the propellant was 72wt% in this study. 

It was found that the propellants prepared with porous or hollow AP have the bubble 

contamination.  The bubble would be inside porous or hollow AP particle because the void inside porous 

or hollow AP could not be charged with HTPB completely.  The relationship between the burning rate 

and the weight mean diameter divides into two regions.  The burning rate is almost constant above 19 µm 

and increases with decreasing weight mean diameter below that.  This critical diameter did not depend on 

the void in AP particle.  The burning rate of the propellant prepared with spherical AP was dependent on 

the weight mean diameter of AP.  The burning rate of the propellant prepared with porous or hollow AP 

was not associated with the weight mean diameter and is larger than that of propellant prepared with 

spherical AP at the constant weight mean diameter.  The increment of the burning rate increases with 

increasing void fraction.  It is found that the void inside the porous or hollow AP particle has the positive 

effect on the burning rate. 

 

1 INTRODUCTION 

High burning rate propellant is required to manufacture the high performance rocket motor.  It is 

well known that the composite propellant using with fine AP has the high burning rate.  It is difficult to 

make fine AP by grinding because it is easy for AP to combust and explosive by friction and impact.  The 

preparation of fine AP was developed with the safety method1-4).  On the other hand, Klager5) and 

Hagihara6,7) prepared coarse porous AP by the thermal decomposition method and reported that the 

porous AP is the effective oxidizer to prepare the high burning rate composite propellant even if coarse 
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AP.  These suggest that fine porous AP is more effective oxidizer than coarse porous AP in order to 

obtain the high burning rate propellant.   

It is very hard to prepare fine porous AP by the thermal decomposition method.  Recently, some 

fine porous AP and fine hollow AP can be prepared with the spray-drying method1-3).  The weight mean 

diameters of these AP samples are 3.6 - 9 µm.  The burning rate characteristics of the propellant prepared 

with the fine porous AP or the fine hollow AP were measured and it was found that these AP particles are 

the effective oxidizer to prepare the high burning rate composite propellant8,9).  In these previous studies 
8,9), the bimodal AP, the mixture of coarse AP and fine porous AP or fine hollow AP, was used for the 

oxidizer.  Therefore, it was not revealed the burning rate characteristics of the propellant prepared with 

fine porous AP or fine hollow AP sufficiently. 

In this study, twenty AP samples included eight kinds of fine porous or hollow AP samples were 

used as an oxidizer and the burning characteristics of the propellant prepared with unimodal AP were 

investigated in order to reveal the burning characteristics of the propellant prepared with fine porous AP 

or fine hollow AP. 

2 EXPERIMENTAL 

2.1 SAMPLES 

Twenty AP samples used as an oxidizer in this study are shown in Table 1. Samples A - K were 

prepared by the spray-drying method
1-3)

.  Samples L - P were prepared by grinding a commercial AP with 

a vibration ball mill.  The grinding times were 5, 10, 20, 30 and 40 minutes.  Samples Q - T were 
prepared by screening sample P with a. sonic sifter.  Samples Q - T were passed 38 µm , caught between 

10 and 16 µm , passed 10 µm  and passed 5 µm , respectively.  
The scanning electron microscope (SEM) photographs of samples A, G, I and L are shown in 

Fig.1.  The weight mean diameter, Dw and the shape of AP were examined from SEM photograph.  The 

results are shown in Table 1.  The Dw is in the range of 2.9 to 130 µm .  The shape of samples A - F is 

porous1,2), and that of samples G and H is hollow3).  The shape of samples I - T is spherical.  According to 

the external view of sample A, porous AP has some small holes at the shell and the void inside the porous 

AP particle is connected to outside the particle.  The shape of sample G looks spherical according to the 

SEM photograph.  However, sample G has a void in the particle, that is hollow3). 
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Table 1.  AP samples used in this study 

Symbol Shape Dw 

(µm) 

Propellant 

density 

(g-cm-3) 

Void 

fraction 

(vol%) 

R1 

(-) 

R7 

(-) 

A Porous 8.1 1.34 11 1.44 1.69 

B Porous 4.7 1.41 6 1.05 1.07 

C Porous 5.5 1.41 6 1.23 1.18 

D Porous 4.5 1.39 7 1.04 1.08 

E Porous 8.5 1.39 7 1.34 1.32 

F Porous 9.0 1.40 6 1.17 1.10 

G Hollow 3.6 1.31 14 1.41 1.88 

H Hollow 4.0 1.32 13 1.60 1.76 

I Spherical 3.1 

J Spherical 3.9 

K Spherical 3.8 

L Spherical 130 

M Spherical 90 

N Spherical 80 

O Spherical 70 

P Spherical 60 

Q Spherical 28 

R Spherical 15.3 

S Spherical 8.1 

T Spherical 2.9 

1.49 0 - - 

 

Differential thermal analysis (DTA), thermogravimetry (TG) and X-ray diffractomerty (XRD) 

were employed as preliminary experiment.  The DTA - TG thermograms and the XRD patterns of AP 

shown in Table 1 are almost the same and are closely coincided with the typical DTA-TG thermogram 

and XRD pattern of AP, respectively.  These results indicate that the thermochemical behavior and the 

crystallographical properties of AP used in this study are almost the same. 

Hydroxyl-terminated polybutadiene (HTPB R-45M) prepolymer was used as a material of 

binder in this study.  
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a)Sample A 

d)Sample L 

b)Sample G 

c)Sample I 

10 mµ  

10 mµ  

1000 mµ  

10 mµ  

The propellants prepared were designated by the symbols of AP sample.  For example, the 

propellant prepared with sample A was designated as propellant A. 
 

 

Fig. 1 SEM photographs of AP samples 

2.2 MEASUREMENT OF BURNING RATE 

Because of the requirements for the preparation of AP/HTPB composite propellant, the upper 

limit content of AP incorporated in the propellant incorporated in propellant exists11,12).  The upper limit 

content of AP incorporated in the propellant prepared with AP sample shown in Table1 was examined 

according to Refs.11 and 12.  The upper limit content of AP incorporated in the propellant prepared with 

samples G or H is 72 wt%, which is the lowest value in this study.  This indicates that the propellant at 72 

wt% AP can be prepared with all AP samples used in this study.  The AP content was 72 wt%.  Three lots 

of propellants were prepared with same AP sample and their burning rate characteristics were measured. 

The size of each strand is 10 mm  10 mm in cross section and 40 mm in length.  The side of 
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each strand is inhibited by silicon resin.  The burning rate was measured in a chimney type strand burner 

which was pressurized with nitrogen at 288  1.5 K.  The range of pressure was from 0.5 MPa to 7 MPa.  

The strand sample was ignited by an electrically heated nichrome wire attached on the top of each strand 

sample.  Two fuse wires were threaded through the strand sample at 25 mm distance.  The fuse wire cut 

as soon as the burning surface passes through the fuse wire.  The burning rate was calculated with the 

cutoff period of two fuses. 

 

2.3 MEASUREMENT OF PROPELLANT DENSITY 

The propellant strands were prepared with AP samples shown in Table 1.  Approximately 

fourteen propellant strands were prepared for one batch.  As mentioned above, three lots of propellants 

were prepared at same AP content.  The densities of all propellant strands were calculated from the 

volume and weight.  The weight of the strand was weighted with an electric balance, of which the 

minimum reading is 0.01 g.  The size of the strand was measured with the vernier calipers, of which the 

minimum scale is 0.05 mm.  

 

3 RESULTS AND DISCUSSION 

3.1 PROPELLANT DENSITY 

The propellant density was measured in order to estimate the amount of the bubble 

contamination in the propellant.  The average of the density is also shown in Table 1.  The density 

measurements were reproducible to within 0.01 g%cm-3  In this experiment, the propellant was prepared 

at 72 wt% AP.  The densities of AP and HTPB are 1.95 g%cm-3 and 0.93 g%cm-3, respectively.  

Theoretical density of the propellant at 72 wt% AP is 1.49 g%cm-3.  The densities of propellants A – H 

are below 1.49 g%cm-3 and the values of propellants I – J are 1.49 g%cm-3.  The proportion of bubble 

contamination in propellant was calculated on the basis of the propellant density.  Table 1 also shows the 

void fraction of the propellant.  The void fraction of propellants I - T are zero.  This indicates that these 

propellants do not have a void in the propellant.  The void fractions of propellants A - H are in the range 

of 6 to 14 vol% and that of propellant G is the largest value in this study.  It is found that there is the 

bubble contamination in propellants A - H, that is, the propellant prepared with porous or hollow AP.  

As mentioned in section 2.1, porous AP has some small holes at the shell and void inside 



- 386 - 

particle is connected to outside.  The hollow AP has the void in the AP particle and a hole is scarcely 

observed at the shell by SEM photograph.  The bubble contamination in the propellant prepared with 

porous or hollow AP would be inside the AP particles because the void inside porous or hollow AP could 

not be charged with HTPB completely.   

3.2 BURNING RATE CHRACTERISTICS 

Fig.2 shows the burning rate characteristics of propellants A, G, I and L.  The reproducible 

burning rate can be obtained and the approximately liner relationship exists between log(pressure) and 

log(burning rate) in this pressure rang.  
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Fig 2. Burning rate characteristics 

When the proportion of bubble contamination in composite propellant contained at 80 

wt% AP is more than 2 vol%, the burning rate of the propellant is influenced by the bubble 

contamination and, consequently, the reproducible burning rate cannot be obtained10).  The 
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combustion of the composite propellant at 80 wt% AP, in which the proportion of bubble 

contamination is 10 vol%, can be kept a stationary state when the diameter of bubble in the 
propellant is in the range of  10 - 350  and the bubbles are not in contact with each other10).  

Though the void fractions of propellants A - H are above 2 vol% or 10 vol%, these propellants 

have the reproducible burning rates as shown in Fig.2.  As mentioned in section 3.1, the babble 

contamination in propellants A - H would be in AP particles.  This suggests that the size of the 

void is very small, less than the size of the AP particle, and numerous small voids would 

distribute independently one another.  On the other hand, the AP content of the propellant was 72 

wt% in this study, less than 80 wt%.  The burning rate decreases as the AP content decreases.  

Therefore, it could be considered that the combustion of propellants A - H prepared with porous 

or hollow AP could be kept a steady state even if the void fraction is above 2 vol% or 10 vol%. 

When the AP content is 83 wt% and the burning pressure are constant, the burning rate is 

dependent on Dw
13).  Fig.3 shows the relationship between the burning rate measured at 1 MPa or 7 MPa 

and Dw.  This relationship is divided into two regions.  When Dw is above 19 , the burning rate is almost 

constant at each pressure and the burning rates at 1 MPa and 7 MPa are 2.1 mm%s-1 and 5.0 mm%s-1, 
respectively.  Less than 19 , the burning rate increases with decreasing Dw and the relationship between 

the burning rate at 1 MPa or 7 MPa and Dw can be made the approximation with the below equations.  

These approximations were obtained by the least-squares method. 

r1 =   7.10 Dw  
-0.41            at 1 MPa      (1) 

r7 =  16.23 Dw  
-0.40            at 7 MPa      (2) 

where r1 and r7 are the burning rates at 1 MPa and 7 MPa, respectively.  The equations are expressed by 

the solid line in Fig.3. 
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Fig. 3  Relationship between burning rate and Dw of propellant prepared at 72 wt% AP 

The plot of the burning rate against Dw shows widely scatter less than 19 .  The relationship 

between the burning rate and Dw of the propellant at 83 wt% AP can be expressed by a smooth curved 

line on log-log graph in the case of the spherical AP as oxidizer13).  It can be expected that the burning 

rate of the propellant prepared with spherical AP would be also dependent on Dw in this study in a similar 

manner as the propellant at 83 wt% AP.  Less than 19 , the relationship between the burning rate and Dw 

for the propellant prepared with spherical AP can be made the approximation with the below equations.  

r1 =  4.56 Dw  
-0.26            at 1 MPa      (3) 

r7 =  8.87 Dw  
-0.19            at 7 MPa      (4) 

These equations are expressed by the broken line in Fig.3.  Eqs.(3) and (4) can represent exactly 

the relationships of the propellant prepared with the spherical AP.  The burning rate of the propellant 

prepared with spherical AP is also dependent on Dw at 72 wt% AP.  The critical diameter for the spherical 

AP sample is also 19  in a similar manner as that for all AP samples included porous and hollow AP.  

This result suggested that the critical point depended on the size of AP and did not the void in AP particle. 

The burning rates of the propellants prepared with porous or hollow AP are larger than the broken 

line.  Therefore, the burning rate of propellant prepared with porous or hollow AP is larger than that of 

propellant prepared with spherical AP at constant Dw.  This suggests that the void in porous or hollow AP 

particle would be effective for the increase in the burning rate. 
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The flame of AP composite propellant is a so called diffusion flame, and the model of Multiple 

Flames14) is generally accepted as a model of the flame structure.  According to this model, the flame 

structure of AP composite propellant consists of the AP monopropellant flame, the primary flame, and the 

final diffusion flame.  The AP monopropellant flame, which is composed of AP decomposition products, 

is not considered to occur at the propellant surface, but to extend from the surface.  The primary flame is a 

premixed flame with the oxidizer and binder decomposition products mixing completely before reaction 

occurs.  And the final diffusion flame follows the primary flame. 

The burning rate increases as the temperature gradient in the vicinity of the burning surface 

increases.  According to the model of Multiple Flames14), as the regression rate of the AP particle would 

be higher than that of HTPB at the burning surface, the location of each flame would be brought closer to 

the burning surface and, consequently, the temperature gradient in the vicinity of the burning surface 

would increase.  The velocity of flame propagation in void inside AP is larger than that in non-void AP8).  

Because the regression rate of porous or hollow AP was higher than that of spherical AP, the burning rate 

of propellant prepared with porous or hollow AP would be higher than that of propellant prepared with 

spherical AP at constant Dw.   

The relationship between the burning rate and Dw is divided into two regions and the critical 

point of Dw is 19  as shown in Fig.3.  There are the high rate flows of the AP decomposition gas, the 

HTPB decomposition gas and their combustion gases on the burning surface according to the model of 

Multiple Flames14).  It could be considered that fine AP at the burning surface would be trembled by the 

high rate gas flows.  Therefore, the flame structure of the propellant prepared with the fine AP would 

become similar to the premixed flame.  On the other hand, the coarse AP would be fixed at the burning 

surface because the coarse AP was so big that the coarse AP particle would be hardly shook by the gases 

generated on the burning surface.  The flame structure of the propellant prepared with the coarse AP 

would be the diffusion flame sufficiently.  It could be presumed that the critical point would be caused by 

the difference in the flame structure.   

As the AP content increases, the tremble of AP particle at the burning surface would be weaker 

and the critical diameter would become unclearly.  The relationship between the burning rate and Dw at a 

larger AP content would be expressed by a smooth curved line in a similar manner as the previous 

report13).   

 
3.3 INFLUENCE OF VOID FRACTION ON BURNING RATE 

It was found that there is the void inside AP particles for the propellant prepared with porous or 

hollow AP, and the burning rate of propellant prepared with porous or hollow AP is higher than that of 
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propellant prepared with spherical AP at constant Dw.  The influence of the void fraction on the burning 

rate was investigated in this section. 

The burning rate of the propellant prepared with non-void AP was estimated by substituting Dw of 

porous or hollow AP into Eqs.(3) and (4).  The ratio of the measured burning rate of the propellants A - H 

to the value calculated from Eqs.(3) or (4), R is shown in Table 1.  The R1 and R7 represent the values of R 

at 1 MPa and 7 MPa, respectively.  The range of R is 1.05 - 1.88 and R7 of propellant G is the largest 

value.  Fig.4 shows the influence of the void fraction on R.  In the range of 6  7 vol% void fraction, R7 is 

almost the same as R1 for each AP sample.  Above 11 vol%, R7 is larger than R1 and increases with 

increasing void fraction.  However, the definitive relationship between R and the void fraction could not 

be obtained in this study because the shape and size of the void in porous or hollow AP particle are not 

constant.  It is necessary to investigate the influences of the void inside the AP particle on the burning rate 

characteristics more quantitatively. 
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Fig. 4  Influence of void fraction on R 

 

4 CONCLUSIONS 

Twenty ammonium perchlorate (AP) samples included eight porous or hollow AP particles were 

used as an oxidizer.  The bubble contamination inside the propellant prepared with fine porous or hollow 

AP and the burning characteristics of the propellant prepared with these AP particles were investigated in 

this study.  The AP content of the propellant was 72 wt%. 

There is the bubble contamination in propellant prepared with porous or hollow AP.  The bubble 

contamination in the propellant would be in the porous or hollow AP particle because the void inside 

these AP particles could not be charged with HTPB completely.   

The relationship between the burning rate and the weight mean diameter is divided into two 
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regions.  The burning rate increases with decreasing weight mean diameter below 19  and is almost 

constant above that.  This relationship would be divided by the difference in the flame structure.  The 

critical point depended on the size of AP and did not the void in AP particle. 

The burning rate of the propellant prepared with spherical AP was dependent on the weight mean 

diameter of AP.  The burning rate of the propellant prepared with porous or hollow AP is not associated 

only with the weight mean diameter and is higher than that of propellant prepared with spherical AP at the 

constant weight mean diameter.  It is found that the void inside the porous or hollow AP particle has the 

positive effect on the burning rate. 
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ABSTRACT 

 
Plastic shock tubes are widely used in the mining industry to convey blasting signals between boreholes.  
They are subjected to extreme environmental conditions and must perform reliably under these 
conditions.  Orica has developed a small-scale card-gap test to quantify and improve the reliability of its 
shock tubes.  This test uses regular detonators containing lead azide base charge as the donor for the card-
gap.  The shock pressure is attenuated with plastic sheets and its magnitude is calibrated using thin film 
pressure gauges.  Experimental data and analyses show that the lead azide charge detonated reproducibly 
close to predicted ideal pressure, despite of its very small dimensions.  With this tool, the shock tube’s 
sensitivity to initiation was measured under different initial temperatures.  The probability of initiation is 
shown to be a function of the initiating pressure.  It was found that the presence of methane gas inside the 
shock tube significantly reduces its initiation sensitivity.  Replacing the standard aluminum with an iron-
oxide coated aluminum powder is effective in improving the initiation sensitivity. 
 
 
1. Introduction 
 
In modern blasting practices, small diameter plastic shock tubes are widely used as a reliable non-electric 
blast signal transfer media.  They are also known by other names, such as signal tube, Nonel tube etc.  
These are small diameter plastic tubes, with a typical OD of 3 mm and with a 1-1.5 mm ID.  The inside 
surface of the tube is coated with an explosive powder.  These tubes are designed to have sufficient 
sensitivity to be initiated reliably with relatively low shock pressures.  A typical initiation means is by the 
use of low power detonators.  Orica pioneered the use of detonators containing a small lead-azide base 
charge.  Such detonators have many advantages, including low cost, low noise and reduced shrapnel 
damages to adjacent objects.  Shock tubes are used in all conceivable climate conditions from hot deserts 
to the extreme cold of the artic regions.  Therefore, their reliability must be verified through tests under 
conditions replicating field environments.  Traditionally, this was achieved by extensive series of tests.  
Orica has recently developed a small-scale card-gap-test to measure quantitatively and to improve the 
initiation reliability of its shock tubes.  This paper describes this test and its calibration procedure.  This 
card-gap test has been used to verify the initiation reliability of various shock tubes.  It was also used in 
the development of new shock tubes and connection systems.   
 
Another environmental factor, which affects the initiation sensitivity of shock tubes, is the presence of 
methane gas inside the shock tube.  Due to the small molecular diameter of methane, it can readily 
penetrate the plastic wall into the core of the shock tube.  It was found that above a certain level of 
methane, the tube initiation sensitivity is reduced significantly.  It is shown in this paper that a 
commercially available iron-oxide-coated aluminum is effective in improving the initiation 
sensitivity.  Addition of this type of aluminum powder allowed the shock tubes to function even 
when they were filled with 100% methane. 
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Fig. 1 Modified card-gap test for shock 
tube initiation

2. Small-Scale Card-gap Test 
 
In the commercial and military explosives industry, the card-gap test (Ref. 1) is a commonly used 
experimental technique to measure the shock initiation sensitivity of explosives.  In this test a donor 
explosive charge is used to generate a pressure pulse, the magnitude of which is reduced by an attenuator, 
to initiate the acceptor explosive in contact with the opposite end of the attenuator.  The thickness of the 
attenuator is varied until detonation of the acceptor charge is achieved half the time.  This thickness is 
referred to as the 50% gap for this acceptor charge explosive.  As shown in Ref. 1, the usefulness of the 
test is greatly enhanced by the calibration of the shock pressure as a function of the attenuator thickness.  
With the calibration, the 50% gap can be related to a critical shock pressure for initiation of the candidate 
explosive.  The critical pressure can then be used for other quantitative predictions and modeling 
purposes.  This technique was by Orica adapted to measure the initiation sensitivity of shock tubes. 
 
2.1 Experimental Procedure 
 
The set up of the small-scale card-gap test is shown in 
Fig. 1.  A standard detonator loaded with lead azide as 
base charge was used as the donor.  This was chosen 
because the same type of detonator is used in the field 
for the initiation of shock tubes.  Therefore, the 
pressure output from this donor detonator would be 
representative of the pressure received by the shock 
tubes under field conditions.  The mass of the base-
charge was 310 mg pressed to a density of about 2.8 
g/cc.  The detonator shell was made of drawn 
aluminum with an OD of 7.52 mm and an ID of 6.59 
mm.  The thickness of the end wall was 0.7 mm.  In 
the card-gap test, production detonators were used.  In 
most tests, the donor detonators had a plastic bushing 
(not shown in Fig. 1) under the lead delay element.  
The bushing has a small hole in the center to allow the end of the pyrotechnic column to ignite the lead 
azide.  It has a conical internal opening towards the explosive charge.  It helps to protect the lead azide 
from external shocks (Ref. 2).  This bushing thus raises the height of the explosive charge to about 4.9 
mm from the ignition point to the bottom of the charge. 
  
The attenuator material used was made from transparency film (3M PP2500).  This was chosen for its 
well-controlled thickness and flatness allowing the sheets to be stacked without air gaps.  The film had a 
measured thickness of 0.102 mm.  The exact composition of the film was not known.  The density was 
found to be 1.37 g/cc.  The dimensions of the attenuator cards were 8 mm x 45 mm.  In the test, the 
middle portion of a 1 m long piece of shock tube was placed under and aligned with the longer dimension 
of the attenuating cards.  The two ends of the shock tubes were sealed against moisture ingression by 
ultrasonic welding.  For test temperatures below room temperature, the assembly was further insulated 
with mineral wool and placed in a freezer for conditioning to the test temperature prior to the test.  
Successful initiation of the shock tubes was determined from close examination of the inside surface at 
the two ends of the tube for signs of the consumption of the explosive powder and or the melting of the 
inner wall of the plastic tube. 
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2.2 Detonation Characteristics of Lead Azide 
 
Lead azide was chosen to be the initiating explosive for shock tubes by Orica because of its low brisance, 
minimum noise and low velocity shrapnel, but sufficiently energetic to initiate shock tubes reliably under 
all field conditions.  Its use was first suggested by Jacobs of Orica (Ref. 3).  There was some concern that 
the lead azide was not achieving full detonation from the run-up in the deflagration to detonation 
transition process, because of its small size and relative unconfined setup.  In order to verify this, one 
needs to know the detonation properties of lead azide. Such knowledge will also help to validate the 
calibration results. 
 
Lead azide detonation follows a relatively simple path.  It decomposes exothermically into lead and 
nitrogen with the release of 477 kJ/mole, or 1.638 kJ/g.  Orica’s ideal detonation computer code, IDeX 
(Ref. 4), was used to predict its detonation properties.  The predicted detonation velocity and pressure as a 
function of density are summarized in Figs. 2 and 3. The predicted results were almost identical to 
those from the CHEETAH code (Ref. 5).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Some experimental data are also included in Figs. 2 and 3.  Voreck (Ref. 6) gave some experimental 
velocities from various sources.  It was found that the measured velocities had a very large scatter, lying 
between the present theoretically predicted line (IDeX) and the experimental data of Vlasov (Ref. 7) in 
Fig. 2.  The data from Ref. 6 show that at a density of 3 g/cc, almost all the experimental velocities are at 
around 4 km/s, much below Vlasov’s data.  It is not obvious which experimental data is correct.  Voreck 
(Ref. 6) suggested that part of the reasons for the large scatter was because of the diameter and 
confinement effects in the experiment.  Therefore, to verify the true detonation velocity it seems that one 
must carry out test on reasonably large diameter charges.  Preparation and handling of such large charge 
of primary explosive, such as lead azide, is extremely dangerous and was not attempted. 
 
In regard to the detonation pressure, there are very few experimental data available in the literature.  Two 
experimental data points, obtained by the use of manganin gauges, are listed in Ref. 6 and are included in 
Fig. 3 (F&W) for comparison.  They lie either on or below the IDeX predicted line but above the Vlasov 
data.  Vlasov’s data was derived from aquarium tests, which is known for its inaccuracy.  The IDeX 
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predicted pressures are not too far from available experimental results.  However, its predicted velocities 
of detonation are probably too low.   
 
In order to verify the performance of the Orica lead azide detonator, two experiments were carried out to 
measure the detonation pressure of the explosive charge.  Two types of film pressure gauges were used as 
independent verification of the experimental results.  The first type was the manganin gauge (MN4-0.05-
EFEP) and the other was the piezofilm (PVF211-.04-EK) gauge.  These gauges were manufactured by 
Dynasen Inc. (20 Arnold Place, Goleta, CA. 93117, USA).  The gauges had a small sensing area of 1 
mm2.  In the tests, they were placed under the detonator with either a thick polycarbonate or Teflon plate 
as support.  The two support materials were chosen to avoid the well-known electrical noise generated 
with Plexiglas under shock pressure.  Teflon is the best material for this purpose.  Polycarbonate was 
chosen to better represent the dynamic properties of the card-gap material.  The test detonator was slightly 
modified to allow synchronization of the firing of the detonator with the switching of the constant current 
source for the manganin gauge.  The modified detonator had the pyrotechnic delay material removed from 
the lead element to allow the hot gases from the input shock tube to ignite the lead azide directly.  The 
density of the lead azide had a higher value of about 3.1 g/cc, due to the higher pressure applied in this 
particular operation.  The plastic bushing was removed in these tests, which reduce the charge height to 
3.6 mm.  Therefore, the detonator arrangement is very close to that shown in Fig. 1. 
 
The experimental data are shown in Figs. 4 and 5 for the two types of support materials.  The two types of 
gauges produce very similar signals in both magnitude and signature for the initial 0.15 µs.  After that the 
two signals deviate from each other and both show an increase in amplitude.  Due to the two-dimensional 
nature of the shock front, it is possible that stretching of the gauges, or other yet unexplained 2-D effects, 
could have caused such behavior.  Therefore, it is concluded that, without proper corrections, the signals 
after the first 0.15 ms are most likely to be misleading.  However, the peak pressure is considered correct 
and realistic, judging by the almost identical output from two types of gauges, which operate on different 
principles, and the reasonably good agreement with prediction as shown in Table 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In order to compare the predicted pressures with the experimental data, an impedance matching technique 
(Ref. 8) was used to calculate the shock pressure transmitted through the aluminum on the support 
material.  The Hugoniot for Teflon was obtained from Ref. 9.  Due to a lack of data for the polycarbonate, 
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Fig. 6 Pressure calibration for lead 
azide detonator card-gap 
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the Hugoniot for Plexiglas (Ref. 8) was used instead.  The predicted detonation properties were those 
from the IDeX program.   The predicted transmitted pressures, through the aluminum shell, on Teflon and 
polycarbonate are summarized in Table 1.  In the impedance match calculations, the decay of the pressure 
pulse through the bottom wall of the detonator had been ignored.  The true pressures should be lower than 
these values.  Despite the uncertainties of the IDeX predicted detonation properties, the predicted gauge 
pressures are in reasonably good agreement with experiment.  Based on the results, it is concluded that, at 
the end of a 3.6 mm and longer charge, the lead azide is detonating with pressure output close to its ideal 
value predicted by detonation codes. 
 
Table 1  Comparison of Detonation Pressures of Lead Azide and Experimental Results 
 
Density pCJ DCJ Teflon pressure, GPa Polycarbonate pressure, GPa 

g/cc GPa km/s predicted manganin piezofilm predicted manganin piezofilm
2.8 8.18 3.49 6.57 - - 4.53 - 3.1 – 4.4 
3.1 10.63 3.83 8.21 5.8 7.35 5.6 5.4 5.2 

 
 
2.3 Card-gap Pressure Calibration 
 
Results in the previous section show positively that, despite the very small size of the explosive charge, 
the lead azide was detonating normally and that the piezofilm gauge produced good results, at least for 
peak pressure measurements.  Due to the difficulty of using the manganin gauges, it was decided that the 
calibration of the card-gap was to be carried out using the piezofilm gauge only.  The latter is much easier 
to use since it generates very high voltage signal and can be used with regular detonators initiated by 
pyrotechnic delays. 
 
In the calibration tests, the piezofilm gauge was 
placed between the attenuating card-gap and the 
polycarbonate support.  A special jig was used in 
the test to ensure that the detonator was aligned 
vertically and in good contact with the attenuating 
cards by applying a vertical force on the detonator.  
Like the signals in Figs. 4 and 5, the pressure 
signals with attenuating cards also showed a peak 
followed by a transient period of 0.25 µs.  
However, the presence of the cards transformed the 
signal progressively into a square wave form 
lasting more than 1 µs.  However, for calibration 
purpose, only the peak values were used.  The 
experimental peak pressures and gap thicknesses, 
for 0, 10, 30, 50, 60 and 70 cards, are normalized 
by the maximum theoretical pressure of 4.53 GPa 
(Table 1) and the charge diameter of 6.52 mm and 
the results are shown in Fig. 6.  As a comparison, the 
normalized data for a large scale card-gap test using 
50.8 mm diameter Pentolite as the donor charge (Ref. 1) is also included.  Overall, the distribution of the 
present data agrees with the NOL data, despite the very large differences in dimensions and type of 
explosives used in the two tests.  A slower decay of the lead azide pressure with gap distance is to be 
expected due to the large amount of high density lead present in the detonation products which would 
transfer and maintain more forward momentum to the gap material. 
 



- 150 - 

The data in Fig. 6 can be fitted by the following equation: 
 
P (GPa) = (a + bx + cx2 + dx3 + ex4)-1      (1) 
 
where x is the attenuating card-gap thickness, in mm, and the coefficients of the 
equation are given in Table 2.  Compared with the NOL data, it is possible that 
this fit under-estimates the true pressure at zero card level, which had a very 
large scatter.  However, in practice, as will be seen later, the initiation pressure 
of the shock tubes are well below the zero card level and, therefore, Eq.1 was 
found to be sufficiently accurate for this purpose. 
 
 
3. Shock Tube Sensitivity 
 
3.1 Card-gap Sensitivity for Typical Shock Tubes 
 
The initiation sensitivities of many different types of shock tubes were determined using the present 
small-scale card-gap test with the procedure described above.  Instead of the normal up-and-down 
technique, a fixed number of tubes were tested at different card levels.  The number of positives at each 
level was then determined and the results were plotted in probability scale to determine its initiation 
probability trend and to determine the 50% firing level.  The tubes were generally tested at different initial 
temperatures, most frequently at room temperature of 20°C and at a cold temperature of –40°C.  It was 
found that most tubes had a reduced sensitivity at cold temperatures, particularly those that are made of 
polyethylene.  In contrast, tubes made of Surlyn (an ionomer manufactured by du Pont de Nemours, US) 
were found to be less affected by cold temperatures.  In modern shock tube technologies, the wall 
material of the tubes can consist of many layers of different materials and the information for these 
materials was proprietary.  Table 3 shows some data for a number of different shock tubes made mostly 
with these two materials (S for Surlyn tubes and PE for polyethylene tubes). 
 

Table 3   50 % initiation pressures (GPa) for different shock tubes at 20° and –40°C. 
 

T, °C S1 S2 S3 S4 S5 S6 PE1 PE2 
20 1.19 1.29 1.13 1.25 1.25 1.24 1.17 1.16 
-40 1.35 1.31 1.35 1.36 1.33 1.38 1.57 1.60 

 
Although the Surlyn tubes are more sensitive in cold temperatures, they are far more expensive and have 
less tensile strength than the polyethylene based tubes.  Therefore, there are a lot of commercial and 
economic reasons to use the polyethylene tubes.  Fortunately the data in Table 3 shows that the ratio of 
detonator output pressure to their initiation pressures are very high indeed.  Therefore, if the connectors 
are designed properly, one can have a high confidence that they will perform with the required high 
reliability typical of most commercial initiation systems.  This is more obvious if the firing results are 
plotted as either a percent-of-firing or linearized in probits (Ref. 10) as a function of the test pressure, as 
shown in Figs. 7 and 8 respectively, for a typical polyethylene tube.  (A porbit of 5 is equal to 50% and a 
probit of 9 equals to 99.997%).  Fig. 8 shows that, at an initiating pressure of 2 GPa, the firing probability 
of this tube should be better than 99.99% even at a very cold temperature of –40°C.  This is a very 
powerful tool to quantify the initiation reliability of shock tubes, which is also applicable for any 
ordnance system. 

Table 2  Eq. 1 
coefficients 

a 0.293 
b 0.152 
c 0.0189 
d -0.0126 
e 0.00153 
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3.2  Initiation Mechanism 
 
In field applications, shock tubes are initiated by means of detonators almost identical to those used here 
in the card-gap test.  In most cases, the signal from one tube is transferred to other tubes, in a multi-hole 
blast, via specially designed connectors, such as the Orica Handidet connector system.  The input shock 
tube is attached to a donor detonator, which in turn initiates other shock tubes, attached in the connector, 
leading to other boreholes.  Therefore, shock tubes are invariably initiated by the shock waves transmitted 
from detonators.  The action of the shock wave generated by firing of the detonator is to compress the 
tube wall, which collapses the hole.  The gas in the portion of the hole under the detonator is compressed 
rapidly to very high pressures.  The compressed gas in turn drives a high velocity shock wave into the gas 
region adjacent to the compressed zone.  This high velocity shock wave heats the gas to very high 
temperature.  The high temperature and high velocity gas serves to ignite the explosive powder distributed 
on the inner surface of the shock tube wall.  Once ignited, the explosive powder will provide the energy to 
drive the detonation wave along the tube. 
 
In most shock tubes in the western world, the explosive powder consists of a mixture of fine (~20 µm) 
HMX and aluminum powder.  The presence of very thin aluminum flakes was found to be extremely 
important for the initiation sensitivity of shock tubes.  The aluminum powder used by most manufacturers 
has a platelet structure with a very thin web thickness (~0.1 µm), although its other dimensions can be 
very large (~10 µm).  Thin aluminum particles are added to improve the ignition sensitivity of the HMX 
particles.  The energy of combustion from the HMX, on the other hand, contributes most of the energy to 
drive the detonation of the gas/powder mixture along the shock tube. 
 
The initiation mechanism of the aluminum particles has not been proven, although modeling of the 
combustion rate of the HMX was attempted (Ref.11).  However, the rate of heating of the aluminum 
particles can be modeled readily, using mathematical models such as Ref. 12.  Simple calculations show 
that very high rate of convective heat transfer can be generated from the high temperature gas behind the 
shock front.  Under typical shock compression rates, the core of the aluminum flakes can be heated to its 
melting temperature in substantially less than 1 µs.  Gao (Ref.13) suggested that the increased initiation 
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sensitivity of shock tubes was caused by the enhanced heat transfer from the aluminum particles to the 
HMX particles.  However, there is no evidence that other non-exothermic powders with high thermal 
conductivity were able to increase the initiation sensitivity of shock tubes.  A more logical explanation is 
offered in the following.   Due to the substantial increase in volume upon melting, the aluminum particle 
will rupture its oxide skin on reaching its melting point.  The molten aluminum reacts rapidly with either 
the oxygen in the gas or with the HMX to release heat.  The high temperature of the reacted products 
from the aluminum come into contact with and increase the heat transfer to the HMX particles, which 
reduces its ignition time, improving its sensitivity to initiation.  This explanation, although not proven yet 
by mathematical modeling, can explain all sensitivity related phenomena, e.g. the desensitization effect of 
replacing air by methane in the tube, the importance of very thin aluminum web thickness on initiation 
sensitivity, the shock tube’s ability to propagate or to be initiated by high strength detonators with any 
type of gas inside the tube, etc. 
 
3.3 Effect of Methane on Sensitivity 
 
With the initiation mechanism proposed, the presence of oxygen in the gas is obviously important to 
ignite the aluminum quickly.  It is well known that in applications where the shock tubes are placed inside 
boreholes with a significant amount of methane, e.g. in coal mines, the methane gas can penetrate 
gradually through the wall into the tube.  In such case, the tube air can be replaced by methane.  It was 
found that shock tubes in this condition have reduced sensitivity to initiation.  In the extreme case, the 
tubes can fail to be initiated by normal means of 
either electrical spark or low strength percussion 
devices.  Fig. 9 shows the dependence of the 
threshold methane level (as a volume percent of 
the gas inside the tube) on the initiation energy 
for many different types of shock tubes.  The two 
lower energies were based on lead azide 
detonators with different masses.  The high 
energy tests were done using detonators with 
PETN base charges.   At low detonator energies, 
most shock tubes will fail to be initiated above 
40% of methane.  This threshold methane level 
can be increased with the use of higher strength 
detonators.  However, even with the highest 
strength detonators, some shock tubes would still 
be unable to initiate reliably. 
 
There are many factors controlling the effects of 
methane on the initiation ability of shock tubes.  
Increasing the amount of explosive powder in the 
tube was found to be one remedy.  However, in 
practice, this is not practical.  Larger quantity of explosive powder increases the detonation pressure 
excessively with some negative effects.  Increasing the amount of fine aluminum was also found to 
increase the tolerance of the shock tubes to the presence of methane.  Unfortunately, the quantity of 
aluminum cannot be increased beyond certain level before the inner surface of the tube becomes 
electrically conductive.  The latter cannot be tolerated for a non-electrical initiating device, which is 
designed to prevent electrostatic initiation problems. 
 
The importance of the aluminum powder on the initiation sensitivity of shock tubes was clearly 
demonstrated through independent tests.  Many types of aluminum powder were investigated on their 
ability to improve shock tubes’ tolerance to methane.  It was found that an iron-oxide coated aluminum, 
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such as the Al Gold (Paliocrom Gold L2020, manufactured by BASF), offered promises which can 
overcome most of the above mentioned problems and to ensure that shock tubes can be initiated reliably 
with traditional low energy detonators.  This aluminum powder is coated with a thin layer of iron oxide, 
which gives its golden color.  The amount of iron oxide was estimated to be about 10% by mass.  The Al 
Gold has a particle size similar to the standard aluminum.  However, its thickness is about three times that 
of the standard aluminum and its specific surface area was quoted to be 2.2 m2/gm compared to 4.0 
m2/gm for the standard.  Because of the larger particle size, this aluminum can be used at substantially 
higher loading density without the adverse effect of causing electrical conduction. 
 
Experimental shock tubes were made with typical 
powder loading density of about 15 mg/m.  The 
tests were carried out at room temperature and 
the tubes were initiated with the lead azide 
detonator described in Section 2.1, without 
attenuator.  The gas inside the tube was replaced 
by slow injection of a pre-mixed gas prior to 
firing.  Three levels of Al Gold (Al-G) were 
tested representing 6, 12 and 18% of this 
aluminum in the explosive powder, with the 
balance being HMX.  Fig. 10 shows the variation 
of the threshold level of methane with the linear 
density of three types of aluminum.  The point 
designated (Al-st) represents the standard type of 
aluminum.  In this plot, the standard aluminum 
lies slightly below the Al Gold data.  This shows 
that, despite the  substantially larger particle size, 
Al Gold appears to have equal or better ability to 
initiate shock tubes in methane atmospheres.  At 
the higher aluminum loading density, the shock 
tube can be initiated even at 100% of methane 
inside the tube.  Judging from the data, it is possible that higher loading density of the standard aluminum 
can also allow shock tubes to be initiated at 100% methane.  However, at such loading density of standard 
aluminum powder, the tube is electrically conductive.  On the other hand, the Al Gold did not have this 
problem even at such high loading density. 
 
In order to verify the special properties of the Al Gold, another type if aluminum powder (Al-c) was 
tested.  This aluminum powder has about the same particle size and thickness as the Al Gold.  However, 
the data in Fig. 10 shows clearly that this powder performed poorly.  This proves the special sensitivity 
enhancing properties of the Al Gold, much beyond its apparent dimensions would have suggested.  
Obviously the presence of the iron oxide changes the initiation properties of the aluminum particle.  A 
ready explanation of this is that the intimate contact of the iron oxide and the aluminum allows the 
aluminum to react with the iron oxide and release heat, which contributes to the ignition of the aluminum 
particles. 
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4. Conclusions 
 
A small scale card-gap test was successful developed and calibrated using convention detonator 
containing 310 mg of lead azide as the donor charge.  The lead azide was shown to be capable of 
detonating almost ideally despite its small size and that its detonation properties were found to be 
different but not too far off the predicted values from ideal detonation codes.  Plastic shock tubes 
containing very small quantity of powder explosives were successfully tested at various initial 
temperatures using the calibrated card-gap technique.  Quantitative comparison of the sensitivities of 
different designs and constructions of shock tubes was made possible with this technique.  Reliability of 
operation of these shock tubes at different initial temperatures was quantified using the technique 
developed in this paper.  A qualitative model for the initiation for the explosive powder in the shock tube 
was proposed.  This explains all factors found to have an effect on the initiation sensitivity, including the 
desensitizing effects of methane.  Finally, an iron-oxide coated aluminum was shown to offer a potential 
to mitigate the short comings of standard aluminum powder.  This aluminum powder can be used at 
higher loading density, which improves the sensitivity of shock tubes at low temperatures and in the 
presence of methane inside the tube. 
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The Z Pinch Initiator for Safety, Size, and Flexibility 
 

H.J. MacDonald, RISI 
 
 

ABSTRACT 
 

This concept consists of applying an electrical energy pulse through a metal coated on the inside 
diameter of a hole in the circuit board. The metal explodes, but rather than dispersing out as with a 
bridgewire, it impacts itself and creates an efficient and higher energy density. This energy will start the 
detonation of a secondary explosive. The Sandia National Laboratory developed this concept on a much 
larger scale for their “Z Machine” as part of the Nuclear Fusion Program. They define this process as 
pinching a gas to create dense plasma and therefore our name, the “Z Pinch Initiator”. 

Our development work with this concept includes PETN, HMX, HNS, and NONA explosives. 
We are also shock igniting Thermites. Our smallest standard Exploding Bridgewire (EBW) Initiator has a 
2.4 mm explosive column and our Z pinch starts with a 0.4 mm column. The actual Initiator height is 0.4 
mm and is mounted in a 1.0 mm plastic circuit board with the lead connections. 

The significance of this initiator is to provide a small and minimum function energy instantaneous 
or delayed explosive Initiator without heat sensitive primary explosives. Transfer line shock tube can also 
be used. 

 
 

INTRODUCTION 
RISI is dedicated to provide explosive 

initiators which provide inherent safety from 
accidental detonation. These items will fail safe 
if all function parameters are not set as required. 
This is accomplished by the use of insensitive 
explosive materials that require a shock wave for 
detonation and a configuration of the initiator to 
provide this shock energy. Heat energy will not 
function RISI’s initiators. 

Since the first Exploding Bridgewire 
(EBW) detonator by Luis Alvarez during the 
Manhattan Project [1], the mechanism of direct 
electrical detonation of a secondary explosive by 
exploding a bridgewire and creating a shock 
wave has been used in critical applications in 
which accidental detonations would be a disaster 
(example: atomic bombs). The first EBW’s were 
large, 1 cm diameter and 3 cm long, and 
required a fair amount of energy (4 joules) to 
reliability function. There has been much 
improvement since the 40’s. 

In the 60’s John Stroud [2] conceived 
the Slapper or Exploding Foil Initiator (EFI) and 
it offered some unique features over the EBW. 
The EFI allows direct detonation of a high-
density pellet and therefore does not require a 
low-density charge which must run up to 

detonation. It is also better under high shock and 
can be shorter in length. 

A next step in secondary explosive 
initiation is what we call “The Z Pinch” concept 
and it fits in very well with our age of electronic 
circuit boards and miniaturization.  This concept 
consists of applying an electrical energy pulse 
through a metal coated on the inside diameter of 
a hole in the circuit board. The metal explodes, 
but rather than dispersing out as with a 
bridgewire, it impacts itself and creates an 
efficient and higher energy density. This energy 
will start the detonation of a secondary 
explosive. The Sandia National Laboratory 
developed this concept on a much larger size for 
their “Z Machine” as part of the Nuclear Fusion 
Program. They define this process as pinching a 
gas to create dense plasma and therefore our 
name, the “Z Pinch Initiator”. 

 
THE Z PINCH CONCEPT 

The standard Exploding Bridgewire sits 
on a flat inert surface. When subjected to the 
firing pulse, the electrical energy explodes the 
wire radially out 360 degrees. Half of the shock 
energy goes into the inert head of the detonator. 
The other half expands out into the explosive. 

The Z pinch configuration is shown in 
figure 1. 
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It is a cylindrical hole with a metal 

plating on the surface of the hole. The objective 
of the Z pinch concept is that the metal foil from 
the inside diameter of a cylinder is vaporized 
and the resulting shock wave is imploded inward 
as shown in figure 2. 

 
At the center the wave impacts itself and results 
in wave reinforcement as shown in figure 3. 

 
This implosion concept was evaluated in 

1961 by Dennen and Wilson at ITT [3]. They 
demonstrated that as imploding shock waves are 
generated they will converge with increasing 
Shock Mach numbers as the center is 

approached. Calculations predicated infinite 
shock strengths at the implosion center, but in 
the real world, they estimated a doubling of the 
Mach number. 

Work by Paul Cooper [4] demonstrates 
that colliding shock waves will interact and be 
greater than the sum of the two waves. Cooper 
calculates that a 12GPa shock wave colliding 
with an 18 GPa wave can result in a 34 GPa 
wave. 

Our objectives are to develop a safe, 
lower energy initiator that can be used and 
combined with other explosive train 
components. The key is reinforcement from the 
shock wave should lower the threshold energy 
level to detonate the insensitive explosive and 
therefore allow us to use the least sensitive 
materials. 

From this previous work, the Z pinch 
should be significantly more efficient in 
generating the shock wave required to result in 
the detonation of the insensitive secondary 
explosive. 

 
TEST CONFIGURATION 

The challenge is how to transfer this 
reinforced shock wave energy into the explosive. 
Questions include, should the powder be at low 
density and inside the cavity or high density and 
outside for impact. Or it may be more efficient 
to have the shock wave accelerate a separate 
plate to impact the explosive. 

 
Initial configurations have attempted to 

equate the cross sectional areas of the Z-Pinch 
conductor with that of a standard EBW to enable 
direct comparisons to be made. The cross 
sectional area of the standard 1.5 mil (.0015inch) 
exploding bridgewire is 1.14 x 10-3 mm2. 
Previously, RISI had demonstrated that a 0.36 
mm diameter column of explosive would 
propagate when confined and shocked to 
detonation. 

Therefore our initial testing was setup 
with the configuration similar to that shown in 
figure 4. 

Figure 1. 

Figure 2. 

Figure 3. 
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The inside diameter and top and bottom 

of the cavity was vacuum coated with gold. It 
was pressed into a circuit board like material and 
contacts added. The low density transfer column 
of explosive goes into the imploding cavity and 
up to an output pellet. The initiator can be as 
thin as the circuit board with the cavity pressed 
into the board. The transfer column and output 
configuration of this test assembly is similar to 
the standard EBW initiator. 

 
The shock wave is generated at the 

board and transmitted from the board via an 
explosive column, a shock tube, or a flying 
plate. 

 
CONCEPT TEST RESULTS 

Explosives and materials tested have 
included PETN, HMX, HNS, NONA, Thermite 
and also Shock Tube. A response within the 
implosion cavity has been obtained with all 
materials except NONA. Key testing data is 
shown in Figure 5. 

 
Most testing has been with PETN because it is 
the standard EBW explosive and its properties 
are well defined. Within the cavity, PETN has 
functioned at a 50 milli joule energy level which 
is about ½ the threshold energy of an EBW. This 
is using a 0.15 microfarad capacitor and a 60 
nano henry firing circuit. The PETN shock wave 
has propagated and detonated a PBX 9407 
pellet. 

HNS and HMX have responded within 
the cavity, but have not propagated out to 
detonate a pellet. A thicker metal coating and 
therefore a higher burst current is probably 

necessary. HNS typically responds to like a 
flying plate impact at high density than starting 
with a low density initial pressing. A flying plate 
from the implosion energy may be more 
efficient. Figure 6 shows a test assembly with a 
cavity in the circuit board, the added sleeve and 
booster pellet. Also a functioned assembly with 
the expanded sleeve from the detonation is 
shown. 

 
Both Thermite and Shock tube have 

responded from the cavity shock wave. These 
outputs can be brought up to a detonation as 
discussed in the next section of this report.  

 
EXPANDING THE CONCEPT 
 
Shock Ignition of Metal Powder 
Thermite can be shock ignited using this 

Z pinch concept. As shown in figure 7, the 
thermite is completely separated from the 
imploding shock wave and the wave travels 
through a barrier before igniting the thermite.  

Figure 4. 
 

 

Figure 5. 
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Therefore just heating of the Z pinch foil will 
not result in ignition. A high energy pulse must 
be applied to generate the shock wave. The 
barrier thickness and material can be designed to 
adjust the energy that must be applied to the 
bridgewire to obtain the required shock pressure 
that is necessary to obtain ignition of the 
thermite material. The program goal was for the 
Device to function with a normal EBW firing 
pulse. This is 2 to 4 joules applied within a few 
microseconds. With this energy pulse, the shock 
pressure of approximately 0.5 kbars at about 10 
m/sec is transmitted through the barrier causing 
friction heating of the thermite metal powder. 
 

The selected thermite material was a 
mixture of 77% Tungsten Trioxide with 23% 
Aluminum powder. Copper was also evaluated, 
but the tungsten generated less internal gas 
pressure that is not needed at this phase of the 
Delay function. When pressed to about 60% 
solid density, the tungsten thermite burns at a 
rate of about 0.5 m/sec. This is an acceptable 
rate, which requires a 2 inch column length for 
the maximum delay time of 100 milliseconds. 
 

Burning Wave to Low Explosive Shock 
This feature, as shown in Figure 8, 

ignites PBX-N5, which is a plastic coated HMX 
insensitive explosive. The friction ignited 
thermite burning, at 0.5 m/sec, funnels through a 
.8 mm diameter port and ignites the PBX-N5. 
The PBX-N5 is initially at a near bulk density of 
0.8 gm/cc and is increased to a pressed density 
of 1.6 gm/cc. A final pellet of PBX-9407, which 
is a plastic coated RDX insensitive explosive, is 

at the end of the column and next to the flying 
plate. 

 
A significant amount of work has been 

performed by LASL in deflagration to 
detonation of pure HMX (see ref. [5, 6, 7]) and 
some with the use of PBX-N5 (see ref. [9]). All 
the past work was with the PBX N5 at high 
density and none was ignited with thermite. 
Thermite has the characteristic of not burning 
through a heat absorbing material such as 
plastic. It would rather burn through metal. 
Therefore the low density of the PBX enhances 
the heat transfer of the thermite to the PBX-N5 
by not providing a solid insulation barrier 
material. 

Shock Wave Energy to Shear 
This feature as shown in figure 9, shears 

a 1.5 mm thick Aluminum disk flying it down a 
2.3 mm diameter barrel. 

 
The rate of DDT increase in the PBX 

N5 was difficult to measure, however the time to 
plate shear was in the microsecond range. The 
shock pressure to shear the aluminum flying 
plate was calculated to be approximately 2.5 
kbars. The estimated shock from housing 
strength calculations indicated a shock pressure 
of 20 kbars. Shock velocity would need to be in 
the range of 4000 m/sec. Initial designs 
demonstrated that pressure only would not 

Figure 7 

 

Figure 8 

Figure 9. 
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provide sufficient acceleration to the plate to 
detonate the next charge. This may be due to the 
lack of containment pressure in the thermite 
cavity. When testing with the shock tube 
configuration, the thermite cavity actually vents, 
which demonstrates that this configuration of 
DDT is different from most previous work. 

Plate Impact for Output Shock 
The feature shown in figure 10, applies 

energy from an aluminum plate to the output 
insensitive explosive which is all PBX 9407 
pressed to 1.6 gm/cc. 

 
The possible velocity of the plate was 

estimated by calculation to be 1300 m/sec. The 
plate energy can then be calculated to be 16 
joules. The PBX 9407 at the end of the barrel is 
pressed into a steel sleeve with a 1.5 mm 
diameter hole. With information from LASL and 
previous work at RISI, this confinement sleeve 
provides shock wave reinforcement to lower the 
critical energy for initiation of an explosive. 
Critical energy per unit area for detonation data 
from reference [10] can be used to calculate a 
required energy of 1.4 joules for PBX 9407 at 
1.6 gm/cc. 

Initially, the detonation occurs in the 
small 1.5 mm column. It transitions up into a 4 
mm column. Near full detonation velocity and 
pressure is obtained at output which is verified 
by dent and timing data. 

 
CONCEPT APPLICATIONS 
 
The inherent key characteristic of this 

concept is it allows insensitive explosives to be 
detonated without the use of Primary Explosive 
as the assembly shown in figure 11. For some 
applications this just adds safety, but for some 

there is just no other way to get the necessary 
output. Examples include underground burning 
ore, high temperature Furnace Blasting, timing 
required for earthquake simulation, fast circuit 
breakers, and wax cutters. 

The U.S. Forest Service has stated that 
secondary explosive initiators are safe for all 
forest environments and Fire Break cord can cut 
while burning. The U.S. Naval Weapons Center 
specifies that secondary explosives initiators 
must be used for all testing. 

From a terrorist standpoint, stolen 
EBWs have been found discarded in New York. 
Apparently they could not figure out how to get 
them to detonate. 

Other applications include clandestine 
systems such as destroying computer chips, dart 
gun delivery of Toxins, completely passive 
detonating with stress glass firing system and the 
tenderization meat with an all plastic EBW. 

All these needs can be applied to the Z 
Pinch concept. 

The primary advantage to applying the 
Z-Pinch concept to any of these applications is 
its small size and that it can be built into and be 
part of a standard electrical circuit board as 
shown in figures 11 and 12. Also it can be 
energy efficient and it can use insensitive 
materials, yet require specific pulse rates to 
provide a fail safety system for the application. 

 
With the optional initiation features, the 

concept can provide about any desired output 
from burning, low velocity and high temperature 
to high energy shock and also provide 
millisecond delay times if required from general 
blasting charges to very precise work functions 
such as release devices or valve actuators. 

Figure 10 

Figure 11. 



- 812 - 

This is all possible because of shock the 
initiation which has demonstrated its safety 
advantage from nuclear device applications to 
the general blasting industry. 

Past Deflagration to Detonation 
Transition (DDT) systems have had reliability 
problems because the secondary explosive was 
ignited directly from a bridgewire and they 
required high pressure containment at the wire. 
Obtaining a DDT without high pressure 
containment and in short column lengths can be 
an advantage. To date a reliability of .96 at a 
90% confidence level has been established. 

These discussed concepts are presently 
being evaluated for both commercial and 
military programs. The Z Pinch is of interest 
because of its size potential and also because of 
its possibility for detonation of  HNS. The first 
delay assembly was developed for the 
Penetration Augmented Munition (PAM) was 13 
mm in diameter and 69 mm long. It has now 
been reduced to 7 mm square and 60 mm long as 
shown below. 

 
 

FUTURE WORK 
Improvement and characterization of 

these concepts is continuing at RISI. In the Z 
Pinch foil thickness and materials need to be 
evaluated. The effects of explosive densities and 
the flyer being accelerated from the imploded 
shock wave need to be evaluated. 

For the Z Pinch Delay Initiator testing is 
continuing and a design with all HMX in a 
straight DDT configuration is being evaluated. 
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1. ABSTRACT 
 
The present study is a part of a program dedicated to the investigation of the survivability and the 

behavior of HE subjected to severe deceleration. It focuses on a micro scale approach in a attempt to 
identify and to correlate damages and mechanisms involved. For that purpose small scale perforation 
recovery experiments are carried out on concrete with projectiles containing RDX-Al-HTPB explosives 
with AP. Polished thick sections of the recovered HE are prepared and characterized through various 
methods of microanalysis : DSC, spatially resolved FTIR and SEM observations. 

A variety of mechanisms and conditions are revealed in the HE within the same event resulting in 
significant changes during and after the penetration in the concrete. A small population of coarse grains 
shows evidence of local pyrolysis and melting. Brittle damage is limited. Results clearly demonstrate that 
most of the damages (and thus stresses) concentrate in the matrix phase. Fines in the matrix are locally 
depleted. Definite evidence of large scale homogenization of the matrix characterizes one shot, together 
with local and random millimeter wide pockets where the entire initial texture vanished. The heat source 
for these melting and limited pyrolysis processes is interpreted as the friction and the shearing transfer of 
the fine and coarse crystals contacts in the highly deformed HTPB binder by multi-cycle compression 
wave. Internal temperature in the matrix is deduced from DSC/FTIR signatures reaching up to 200-250°C 
(ambient pressure).Thermal conductivity and projectile design play also a significant role in the late 
thermal loading at the nose.  

 
 

2. INTRODUCTION 
 
Many authors have investigated the correlation between the HE damage and the loading conditions, 

especially after concrete penetration or perforations [1 - 4]. The explosive survivability point of view has 
become a real concern with the development of laboratory-scale experiments, associated with mechanical 
modelisations and simulations, and the initiation threshold prediction. 

 
The characterization of energetic materials at the microscopic level is of crucial importance to assess 

and quantify the mechanical and thermal damage and to improve the understanding of involved 
mechanisms. Different techniques have been used in literature to perform such expertise [5 - 8] : 
polarized light microscopy (PLM), scanning electron microscopy (SEM), small-angle x-ray scattering 
(SAXS), small angle neutron scattering (SANS), Transmission electron microscopy (TEM).  

 
Over the last ten years, the Centre d'études de Gramat and Sciences et Applications have developed 

methods and skills to study the pristine and damaged microstructure of pressed, melt-cast and plastic-
bounded cast-cured HE by specific metallographic means, PLM and SEM techniques [9 - 11]. The 
preparation of the plastic-bounded cast-cured HE with AP have been recently investigated and leads to an 
optimized procedure. 
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In this paper, small scale perforation experiments are tailored to study the survivability of plastic-
bounded cast-cured HE with AP embedded in the launched projectile. The feasibility with an inert mock 
has been previously tested and an experimental set-up has been validated to recover the projectile with an 
HE sample [12]. Recovered and pristine materials are prepared and investigated under the same 
conditions in a comparative and comprehensive approach via microstructural analysis. Such analysis 
refers here to methods that enable to identify and map not only the texture but also the physical and/or 
chemical characteristics of materials at the microscopic level. It includes optical microscopy, SEM and 
spatially resolved FTIR, Differential Scanning Calorimetry DSC. 

 
 

3. MATERIALS  
 
Small scale perforation experiments are carried out on concrete with projectiles containing plastic-

bounded cast-cured RDX-Al -HTPB HE with AP. 
 
 

4. METHODS 
 

4.1. PERFORATION EXPERIMENTS AND SIMULATIONS 
 
Perforation experiments have been performed for about 1100 m/s striking velocities, in order to 

recover the projectile containing high explosive for post-characterization. The total ogival projectile mass 
is about 2.6 kg, containing an HE sample wt. about 230 g in the front protected by a liner and a back 
teflon block. The rear steel obturator is drilled to release the inner gas pressure in case of a HE partial 
reaction. The main parameters of the perforation experiments are presented table 1. 

 
Penetration calculations have been previously performed to study the penetration mechanisms [12]. 

We focus here the work on the loading conditions of the HE.  
We simulate the penetration in semi-infinite concrete target with a compressive strength of 40 MPa 

with a velocity of 1080 m/s. Calculation is performed for normal incidence in axi-symmetric 2D 
configuration. 

 
The numerical code used is Ouranos hydrocode with Lagrangian finite-element mesh. The 

computational technique used to enable the projectile to penetrate the target is erosion of highly distorted 
elements, eliminated when the plastic strain limit is reached. A fine grid at the penetration-target interface 
is used to reduce the noise in the structural response of the penetrator. 

 
The projectile materials 35NCD16 steel and teflon are modeled using a Mie-Grüneisen equation of 

state and a elastoplasticity model. The mechanical HE behavior is described by a Maxwell viscoeslatic 
model. The concrete mechanical behavior is described by the Porehull equation of state and the Swenson-
Krieg elastoplasticity model.  

 
Tracers are positioned in the HE sample. 

Tableau 1 : Main parameters of the perforation experiments 

Shot Striking 
velocity (m/s) 

Striking 
angle (°) 

Yaw 
(degree)

Pitch 
(degree)

Trajectory 
in concrete blocks 

Penetration 
depth (m) 

106 1085 0 0.5 <1 Linear 1.6 

171 1095 30 1.7 - Linear 1.67 
173 1120 30 3.3 - Curved 1.81 
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4.2. MICROSECTIONS PREPARATION AND SEM OBSERVATION 
 
Microstuctural analysis is performed on microsections. The HE microsections are prepared by 

specific techniques derived and adapted from metallography. The preparation of the plastic-bounded cast-
cured HE with AP have been recently investigated. Parametric study is achieved to enable cutting and 
delivery flat-microsections. The main problems solved relate to the contrast of toughness between the 
grains and the HTPB binder and the compatibility of the epoxy resin, the lubricants and the cleaning 
agents with the HE components. Artifacts induced on the microstructure of the HE samples by the 
preparation are then recognized and minimized. This systematic methodological approach enables to 
guarantee that the observed defects are not artefacts. 

 
HE samples are machined out of the steel case. They are then embedded in epoxy under primary 

vacuum and then cut with a diamond wire saw at pre-determined locations to obtain radial and axial slabs 
3 mm thick. Slabs are re-impregnated in epoxy resin and polished with automated equipment. 

 
Observations are made by surveying the HE samples polished surface at various magnifications with 

scanning electron microscope (SEM) under Back Scattered Electron mode (BSE). BSE allows to map 
differences of composition in materials and is particularly adapted to locate porosity and fractures.   

 
Polished micro sections are metallized prior to SEM investigation. Large series of images at various 

magnifications are taken and assembled into large mosaic in order to allow the follow up and the mapping 
of the various damages. 

 
 

4.3. FTIR  
 
The Non-destructive spatially resolved Fourier transform infrared spectrometry (FTIR) analysis has 

been performed at DGA/DCE/ETBS. The explosive samples have been previously studied and mapped 
under SEM for identification and localization of zones to be analyzed. Minimum repolishing is performed 
to remove the metal coating. Selected zones are re-mapped using reflected optical microscope. The FTIR 
spectrum collected from the surface of explosive samples is obtained by an infrared microscope operating 
in reflectance mode. The spot diameter varies between 20 µm and 500 µm. The microscope spot is 
reduced to focalize on the narrow fields such as within damaged grains or matrix. Inversely the spot 
diameter is enlarged to obtain the average signature of multiphase area, or to maximize the signal to noise 
ration in wide grains.  

 
 

4.4. DSC  
 
Classical Differential Scanning Calorimetry (DSC) is performed on pristine RDX, AP and equal wt. 

fraction RDX/AP samples of few mg wt. with 3°C/min rate in closed crucible. 
 
The various damages are identified under optical microscope, SEM, FTIR and DSC by comparing the 

characteristics of recovered HE after the perforation experiments and that of pristine HE prepared in the 
same way. 
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5. RESULTS 
 

5.1. PERFORATION EXPERIMENTS AND SIMULATIONS 
 
Figure 1 illustrates the pressure (spherical part of the stress deviator) - time history simulation of the 

small scale penetrator with an impact velocity of 1080 m/s and 0° angle of attack. Tracer is implanted in 
the middle of the HE sample on the axis. The computation shows that the HE is submitted to multi-cycle 
compression waves during 4 ms, with 10 cycles of 2.5 kHz specific frequency and a mean pressure value 
of 600 bars. This frequency depends mainly on the scale of the penetrator.  

 
The whole penetrator is recovered without macroscopic evidence of damage in case of the shot with 

0° angle of attack. It is not the case for the two other shots with 30° angle of attack. The steel projectile of 
the shot n°173 is recovered slightly bended. The rear steel plug of shot n°173 is blown out and the rear 
part of the HE is missing. The nose of the steel case of shot n°173 presents a 1 cm diameter mark due to 
final collision with the steel plate on the ground after the concrete target. In the shot n°171, the rear steel 
plug is also blown out and the HE block is found outside the steel containment after the concrete block. 
Yet, the HE block is not broken.  

 
HE of the shots n°106 and 171 shows no visible damage at macroscopic scale. HE of the shot n°173 is 

slightly bended and presents prominent ortho-axial macro fractures located toward the rear of the block 
(photo 1). 

 
 

5.2. SEM ANALYSIS 
 
The microstructure of the pristine HE is exposed photo 2. It is characterized by the assembly of coarse 

grains in a matrix constituted of rounded Al grains and angular fine charges in a homogeneous HTPB 
binder. The description of the microstrural features are the following : bimodal distribution, equiaxial 
grains, no prefered orientation, presence of some intragranular fractures in the coarse grains, no fracture, 
no porosity in the matrix and quite no porosity at the interface with grains. 

 
The main characteristics of the shot specimen can be summarized as follow : 
 
Apart from the macroscopic fracture of the shot n°173 mentioned before and one set of millimeter 

long meso fractures encountered at the edge of the nose in both shots n°171 and n°173 (photo 3, fracture 
parallel and symmetrical to the axis of the specimen), the SEM investigation shows that the detail 
geometry of the HE block, including that of its periphery, is mainly unchanged and the overall texture 
(grains size distribution and proportion) matchs that of the pristine material. 

 
The shape and the orientation of the coarse grains are essentially identical to that of the pristine 

material except for the rear half of shots n°171 and n°173 were some definite orientation of coarse grains 
is observed (photo 4). The orientation is approximately - 45° inclination to the axis.  

 
Micro fractures are found inside and locally around some coarse grains in the recovered HE samples. 

The density of these features is not significantly different from that of the pristine material in most of the 
three recovered HE samples. Yet the density of both intra and intergranular fracture and debonding in the 
periphery of some coarse grains are increased toward the rear of shots n°171 and n°173. These features 
are preferentially oriented with the same direction as the coarse grains orientation (photo 4). 
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Other significant changes are encountered in the shot samples when observed in the detail. The main 
feature can be summarized as follow : 

 
In the three recovered shots, the morphology of the coarse grains locally departs significantly from 

that of the pristine materials. Two type of changes are encountered, one where large grains have reduced 
in diameter without change in the shape as illustrated photo 5, another where cavities with geometrical 
edges are developed (photo 6). In both types there is no physical discontinuity with the binder at the limits 
of these modified grains. 

 
Other major, yet very localized changes concerns the morphology of some of the intra granular 

fractures occurring in the coarse grains. They are locally broadened (photos 4 and 5). The proportion of 
grains affected seems slightly more important in shots n°171 and n°173 than n°106. Yet it remains small 
and affected grains are randomly distributed, except around the mesofractures seen at the nose of shot 
n°171 where these features are more developed (photo 4). 

 
In shots n ° 106 and 171, no change is observed in the relative distribution and abundance of the 

coarse grains versus the matrix. Yet significant change is observed within the matrix. The relative 
distribution of the fines versus the binder is modified. Instead of a random and homogeneous distribution 
of fines in the binder as observed in the pristine material (photo 2), one finds in shots n°106 and n°171 
alternating narrow zones which are respectively concentrated and depleted in fines (photo 7). Detail 
investigation reveals that these fine free zones tend to be elongated, more or less linear and form network 
of fracture like feature in the matrix of the material, yet without any physical discontinuity. 

 
In shot n°173, both the relative distribution and the relative abundance of fines versus binder are 

significantly modified. A large part of the matrix is formed by an homogeneous fine free material, as 
illustrated photo 8. 

 
In most of the shot n°173, the general texture is unchanged and the relative distribution and relative 

abundance of the coarse grains versus matrix remains identical to that of the pristine material. But locally, 
this texture is completely changed. This clearly occurs randomly in the sample in the form of millimeter 
size and equiaxial pockets (photo 9). Both coarse and fine grains have completely disappeared in these 
pockets which are entirely filled by a homogeneous and amorphous material.  

 
Careful investigation reveals local concentration of aluminum grains and fine dendrites at the border 

of these pockets (photo 10). It also shows continuity between the material filling the pocket and that 
binding the grains in the surrounding HE. 

 
Finally shot n°173 distinguishes itself by the presence of a narrow zone at the very top of the nose of 

the HE, where the microstructure is different. This narrow zone is about half a millimeter at the apex of 
the cone. It follows the periphery and reduces symmetrically to disappear a couple of centimeters away 
from the apex. In that area one recognizes the modified texture with fine poor matrix and coarse grains. 
Yet the coarse grains are significantly modified, showing wide consumption of material both along 
internal fracture and at the periphery (photo 11). 

 
 

5.3. FTIR ANALYSIS 
 
Figure 1 illustrates the spectra of the material filling the pockets in shot n°173 (photo 8) and compares 

with the one of the components of the pristine HE. The characteristic molecular signatures of the three 
main components HTPB, AP and to a lesser extend RDX are clearly recognized in the homogeneous 
phase filling the pocket. No other components are present, such as epoxy in which the material is 
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embedded, or such as the material forming the external liner of the HE sample. Yet there is one exotic 
band that do not correspond to any of the component entering in the composition of the HE material 
which appears in the pocket material. It is signaled by the arrow on figure 1 and is located at 2217 cm-1. 

 
Analysis also indicates that the homogeneous matrix phase of shot n°173 bears the same FTIR 

signature as that of the material filling the pockets. The FTIR signature of the RDX and AP grains in the 
three recovered shots are identical to that of the reference. The FTIR signature of HTPB in the material 
filling the pocket and in the matrix of shot n°173 is modified, with additional band corresponding to the 
vibration of nitrile group. 

 
 

5.4. DSC ANALYSIS 
 
DSC analysis performed at CEG and DTA, TGA, pyrolysis analysis in literature [15 - 17] show that 

the RDX onset melting point appears before the one of AP with about 50°C gap when the thermal 
stability analysis are performed separately. The RDX pyrolysis begins just after the melting point, 
whereas the AP pyrolysis starts more than 20°C after the melting point. The complete decomposition of 
RDX into volatile products is obtained for about 300 °C. The complete decomposition of AP into volatile 
products is obtained for about 477°C.  

When the DSC or DTA analysis are performed with RDX/AP samples (or AN and RDX [17]), the 
thermal stability is controlled by the RDX part : the onset of the melting point slightly decrease of few °C 
compared to RDX and the exotherm starts quite immediately and is higher than the one of RDX.  

The presence of Al with AP does not change dramatically the thermal stability up to 480 °C [15]. The 
complete decomposition of AP in presence of Al micro and nano into volatile products is obtained earlier 
respectively 469.5 °C and 422°C. 

 
 

6. DISCUSSION 
 
As a first result it must be emphasized the quality of the achieved microsections and the pertinence of 

the microstructural approach. The feasibility is clearly demonstrated and the data enables to identify a 
variety of damages as well as their spatial distribution and gives insight on the conditions taking place 
within the HE and on the mechanism involved. It clearly shows that the phenomenology is very complex 
within a single event and response is quite complex too. Yet it is possible to clarify the nature and 
chronology of mechanism involved from the interpretation of observed damages and it is possible to 
deduce local conditions and to relate them to the macroscopic phenomena as discussed below. 

 
Starting first with macroscopic considerations, the level of the projectile acceleration in the launcher 

is lower of 40 % than the level of the projectile deceleration in concrete. The deceleration derivative is 
much more important in the concrete block. The sand recovery is softer in comparison. Therefore, the 
main loading conditions are likely to relate to the deceleration in the concrete. As deduced from the 
Ouranos simulations, symmetrical or non-symmetrical multi-cycle compression waves occurs during this 
deceleration phase in concrete.  

 
Firstly we will try to deconvoluate the main events and macroscopic conditions taking place, and 

relate them to microstructures. This leads to the distinction of three stages : (1)impact at the entry of the 
projectile in the concrete block, (2) perforation, corresponding to the transit into the concrete, (3) final 
course after exiting the concrete block. 

 
Significant macroscopic features are : the breaking of the steel bottom plug for shots n°171 and 

n°173, the rear end fragmentation of the HE only for the shot n°173, a re-shock on the steel ground after 



- 693 - 

the curved concrete perforation for the shot n°173, the beginning of the HE extraction being stuck at the 
back of the bended projectile for the shot n°173, the complete HE extraction from the steel projectile 
recovered after the concrete target for the shot n°171, the re-shock of the HE with the sand recovery for 
the shot n°171. 

 
In both inclined shot (n°171 andn°173), the back end of the steel projectile is broken out and mainly 

found at the entry side of the concrete. This phenomenon seems to be related to a high angle of attack and 
must occur at the entry of the projectile (stage 1).  

 
Owing to their geometry, positioning and distribution, macrofractures observed toward the rear part of 

HE n°173 can reasonably be interpreted as related to the bottom end fragmentation of the HE responsible 
for the loss of the rear part of specimen.  

 
Owing to the position at the rear of the HE, macrofracturing in shot n°173 could be interpreted as 

linked to the fragmentation of the back of the steel containment. But this hypothesis must be ruled out for 
two reasons. The one is that shot n°171 does not develop both the macrofratures and the fragmentation, 
although the bottom end of the steel case has broken with the same angle of attack and impact velocity as 
shot n°173. Another independent argument is that macro-fractures are crosscutting a variety of 
microstructures (orientation of grains, micro-fracturing and debonding), meaning that they are not related 
to the same mechanisms and time. Then, HE fragmentation in shot n°173 must have occurred late in the 
sequence of events during phase (2) or (3).  

 
The major macroscopic differences comparing the shot n°173 to the shot n°171 are : the mismatch 

between the axis of the projectile and its trajectory at the impact at stage (1), associated curved trajectory 
in concrete during phase (2) and the re-shock on steel at stage (3). Even with a higher obliquity and a 
curved trajectory, which generate higher shearing and friction, the fragmentation and ortho-axial 
macrofractures should not happen during phase (2), because it is a continuous deceleration phase. 
Eventually the most likely candidate to explain these features is then the re-shock after exiting the 
concrete. The mechanism could either be the release wave after re-shock on steel and associated 
spallation in phase (3).  

 
Similar events for the shots n°173 and n°171 are respectively the beginning of the HE extraction from 

the steel case stuck at the back of the bended projectile and the complete HE extraction from the steel 
projectile recovered after the concrete target. The HE extraction process seems to take place once the 
projectile deceleration stops in phase (3). At stage (3), the continuous deceleration ceases brutally in the 
steel, HE is then pushed toward the back and since the rear plug is gone, the HE is partially or completely 
ejected from the steel. It is then inferred both HE n°173 and n°171 may have recorded the same series of 
events and history, although as discussed in detail further below the nature of damages is quite different 
and the level of loading conditions is much higher in shot n°173 than in shot n°171. 

 
Let us now consider the microstructures and try to relate to macro mechanism and to the suite of 

events previously discussed. 
 
Coarse grains are fragile as deduced from the intragranular fractures in the pristine material. No or 

little deformation is recorded in the coarse grains, in shot n°106 with 0° angle of attack. In the two other 
shots, there are evidence of little micro fracturing of grains and debonding at their periphery, only located 
towards the rear of the specimens. The oriented character of the brittle failure implies they are produced 
by shearing.  

Shearing is confirmed by looking at the matrix. Matrix shows evidence of severe deformation 
conditions in the three shots. The shot n°173 seems to be quite different from the others.  
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The fine free zones in the matrix for shots n°106 and n°171 are interpreted as zones of maximum 
stress concentration in the material between coarse grains. The specific path character of these zones 
clearly indicates local shearing between coarse grains. The absence of fine in these zones can be 
explained by deformation of the binder and possibly extrusion under pressure (the grains acting as a 
filter). These fine free paths in the matrix could also be due to melting and/or decomposition of the fine 
crystals and mixing with the HTPB binder.  

 
The morphology of the homogeneous pockets in shot n°173, the dentritic features at the edges, their 

FTIR signature, these characteristics independently from each other lead to the evidence that these 
pockets are produced by melting and limited decomposition of the HE - binder material and is installed at 
a liquid stage. The continuity of the pockets with the matrix, the homogeneous texture of the matrix and 
the FTIR signature of the matrix in shot n°173 agree to state that melting has not only taken place at local 
and finally isolated and limited pockets in the material, but has also affected a large part of the matrix, 
thus explaining the lack of fines in the matrix of shot n°173.  

 
Obviously these features occur during deceleration at stage (2) and relate to the cycled 

compressionnal wave. 
 
The stress concentration has been studied by Roessig [13, 14] on PMMA disks and binder interface, 

and has shown that soft binders generate a similar stress state to that of a binderless system, but support 
low shear stresses. Geometries with no binders induce a much greater shear stress within the particles at 
much earlier times. The heat source is likely to be the friction and shearing transfer of the fine crystals 
contacts in the highly deformed HTPB in the matrix. Additional or alternate heat can come from the 
elevation of temperature in HTPB itself due to deformation.  

 
The present observations clearly show other evidence of thermal damages in the shot materials. The 

reactive cracks (widened fractures) observed in some coarse grains imply consumption of material which 
is interpreted as a result of a localized thermal effect. The localization on a fracture implies a mechanical 
damage producing the fracture at an earlier stage.  

 
Most likely these features develop at the same time as shearing in the matrix, during deceleration and 

relate to cycled compression. The mechanism of heat generation is probably shearing transfer in the 
crystals by surface contact and friction along the preexisting fractures. The cavities and concavities 
observed locally in some of the coarse grains as well as the homothetically reduced grains are other 
evidence of thermal decomposition of material. The difference between the two types may either relate to 
the very local conditions or to the nature of the grains (RDX or AP).  

 
The DSC and FTIR data cast some light on the temperature conditions achieved in the pockets and in 

the homogenized matrix in shot n°173. The FTIR signatures show that the AP/HTPB ratio of the melt 
seems to match that of the bulk pristine material, but not the RDX/AP ratio. This suggests RDX may be 
partly decomposed into volatile products and thus may be depleted in the melt. This is consistent with the 
DSC results, showing that RDX decomposes before AP melts as they are not in contact. The temperature 
in the matrix as deduced from the DSC analysis would be between 200°C - 250°C at ambient pressure. 
The real value depends of the pressure and is likely to be shifted at 600 bars mean pressure. An 
independent evidence of high temperature is the exotic band signaled at 2217 cm-1 in the FTIR spectra of 
the melt pocket and the homogeneous matrix in shot n°173. The observed band comes from the thermal 
degradation of the HTPB. The chain breaks and freeing nitrile isocyanate groups which are vibrating in 
that position. This band has been reproduced experimentally, together with the other bands of HTPB, by 
fusing pristine HTPB. 

 



- 695 - 

Damages in the coarse grains localized in the narrow band at the nose of shot n°173 are also clearly 
the result of a thermal mechanism. One hypothesis to explain this front zone is the interface friction heat 
generation, but the presence of the liner is supposed to reduce this boundary friction mechanism. Yet the 
geometry of the zone, its position, the peculiar behavior and the characteristics of the matrix in that zone 
strongly suggest that the thermal event is posterior to the installation of the homogenized (melted) matrix 
and is contact driven with the steel confinement. The heat source can then be the steel itself, this last 
being heated from the outside by friction with the concrete. As it can be seen on a cross section of the 
steel case, the apex of the cone of HE corresponds precisely to the center of the largest mass of steel in the 
whole device. Thermal conductivity and projectile design could thus play a significant role in the late 
thermal loading during and after the concrete target. 

 
Finally, the dramatic influence of the obliquity in shot n°173 results in significant difference in term 

of level of damage compared to shot n°171 at the same speed and the same angle of attack. This suggests 
either much severe conditions or that reactions are taking place over a narrow range of conditions.  

 
 

CONCLUSION 
 
The behavior of HE subjected to severe deceleration is investigated using a micro-scale approach in 

an attempt to identify and to correlate damages and mechanisms involved. For that purpose plastic-
bounded cast-cured HE with AP are recovered after small scale perforation experiments on concrete, then 
polished micro-sections are prepared, studied and characterized through various methods of microanalysis 
: DSC, spatially resolved FTIR and SEM observations. 

 
Results reveal the feasibility and illustrates the performance of the microstructural approach of plastic 

bonded HE with AP. A variety of mechanism and conditions are thus identified, taking place within the 
same event resulting in significant changes during and after the penetration in the concrete. Those include 
mechanical and thermal damages. Most of the damages (and thus stresses) concentrate in the matrix 
phase. There is limited deformation in grains and limited fractures open in the recovered materials. The 
most significant damages are due to reactions. A small population of coarse grains shows evidence of 
local melting and partial decomposition. Fines in the matrix are locally depleted in two of the three shots 
either as result of relative displacements in the sheared binder, or because of melting. Definite evidence of 
large scale melting and pyrolysis phenomena are recorded in one shot resulting in homogenization of the 
matrix and resulting in local millimeter wide pockets where the entire initial texture vanished. Coarse 
grains and matrix are homogenized in these pockets. FTIR signatures of the homogeneous phase are close 
to that of the pristine material with evidence of thermally degraded HTPB. Internal temperature in the 
matrix is deduced from DSC/FTIR signatures reaching up to 200-250°C (ambient pressure). The heat 
source for these melting and limited pyrolysis processes is interpreted as the friction and shearing transfer 
of the fine and coarse crystals contacts in the highly deformed HTPB binder due to non-symmetrical 
multi-cycle compression waves during the perforation phase. Thermal conductivity and projectile design 
could also play a significant role in the late thermal loading at the nose interface as deduced from 
superimposed thermal damages identified at the periphery of the front of the HE samples.  

 
Results demonstrate that the texture as well as the composition of the shot HE may significantly 

departs from that of the pristine material. This leads to the question of performance and security of these 
modified HE. Further investigation will be necessary to address these points. At this stage, it can be said 
that the curved trajectory during penetration has a dramatic effect on the microstructrure. Yet obliquity 
seems to play a crucial role as inferred from the much higher level of reactive damages in the shot with 
high angle of attack and obliquity more than 2 °. 
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Figure 1 : Ouranos simulations of the pressure (spherical part of the stress deviator) - time 

history with an impact velocity of 1080 m/s and 0° angle of attack of the small scale penetrator, 
tracer in the middle of the HE sample on the axis. 
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Photo 1 : Half cut section of the HE recovered after the shot 173. Rear end of the block is 

fragmented and misses. Prominent ortho-axial fractures are developed at the rear of the material. 

 
Photo 2 : Micrograph of the pristine HE with rounded Al grains and angular fine charges in a 

homogeneous HTPB binder. Presence of some intragranular fractures in the coarse grains. No 
fracture and quite no porosity in the matrix and at the interface with grains.  
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Photo 3 : Micrograph of the cone shaped front of shot 171. The overall texture is essentially 

unchanged. Few fractures in and outside grains. No preferred orientation or elongation of grains, 
no fracture in the matrix. One mm long mesofracture in 1 with local reaction within adjacent 

coarse grains localized along fracture (2) or appearing massively in the bulk of the grains (3). Local 
transformation of the matrix into an homogeneous charge free material (4) identical to that found 

in 173 (see photo 8) 
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Photo 4 : Micrograph of the rear part of shot 171 near the periphery (The axis of the projectile 

is vertical and the nose of the projectile toward the top). Increased density of fracture with oriented 
intra and intergranular fractures in coarse grains (arrows) and partial debonding. Some elongation 

and prefered orientation of the coarse grains in the same direction approximately 45° to the axis. 
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Photo 5 : Micrograph of HE recovered from shot n° 173. Al appears in white. Reaction along 

fractures in coarse grain (arrows), peripheral consumption of material around coarse grain (cross), 
reducing the diameter without de-bonding and almost complete depletion of the fine charges in the 

matrix appearing as an homogeneous phase (see also photo 8). 

 
Photo 6 : Micrograph of HE recovered from shot n° 106  showing a cristallographically 

controlled consumption of material resulting in a large geometrical cavity in coarse grain (1), 
fragments of partly decomposed grain (2) and segregation of the fine grains in the matrix 

developing zones locally concentrated and locally depleted with fines (3).  
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Photo 7 : Micrograph of HE recovered from shot n°106 materials showing specific paths in the 

matrix (white arrow and dotted lines)  

 
Photo 8 : Micrograph of HE recovered from shot n°173, showing a severe depletion of the fine 

charges in the matrix appearing as an homogeneous phase (arrow)  



- 702 - 

 

Photo 9 : Micrograph of HE recovered from shot n°173, showing an homogeneous and large 
grain free zone corresponding to a melt pocket 

 
Photo 10 : Micrograph of HE recovered from shot n°173, showing re-crystallization at the edge 

of a melt pocket 
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Photo 11 : Micrograph at the front of HE recovered from shot n° 173, showing partial consumption 

of the coarse crystals (arrow) 

 
Figure 2 : FTIR spectrum, pristine HTPB (1), the melt pocket seen at photo 8 (2), pristine RDX 

and AP (3, 4). Arrow : Nitrile-iso-cyanate band at 2217 cm-1 
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ABSTRACT 

 
Exploding bridgewire initiation characteristics of several high explosives are examined 

experimentally utilizing a standard test detonator assembly.  The explosives selected for this study are 
PETN, CL-20, CP, BNCP, and CLCP.  Two different particle size distributions and morphologies of CL-
20 and PETN are examined.  PETN is designated as the baseline for comparison.  The other four 
explosives possess thermal stability properties far superior to PETN.  The specific performance 
parameters collected include threshold voltage, detonation output (steel dent block), and function time.  In 
addition, the variability in function time at all-fire voltage levels is examined.  Results indicate that CL-20 
and PETN perform similarly.  Specifically, both explosives have comparable threshold voltage levels and 
equivalent function times at all-fire voltage levels (~2.2 µs), as well as minimal function time variability.  
In fact, CL-20 may be more desirable than PETN in some EBW applications, due to its superior thermal 
stability and higher output.  Regardless, CL-20 is an attractive alternative to PETN for EBW detonators.  
The most sensitive explosive to EBW initiation is BNCP, which has a threshold level near 650 volts.  All 
the explosives tested exhibit similar behavior as their respective threshold voltages are approached.  In 
particular, function time increases with decreasing voltage.  This may indicate that the initial pressing 
undergoes a longer transition from deflagration-to-detonation near threshold voltage levels.  Interestingly, 
the magnitude of the difference in function time tends to increase for explosives with lower threshold 
voltages.  Overall, the all-fire function times are very similar for all the explosives tested. 

 
 

OVERVIEW OF EXPLOSIVES 
 
Exploding bridgewire (EBW) detonators 

have been in use since World War II.  In 
general, the high explosive (HE) predominantly 
utilized for initial pressings (IP’s) in EBW’s has 
been PETN, typically of a needle crystal habit 
and pressed to low densities on the bridgewire 
(0.8 to 1.0 g/cm3).  PETN, however, is limited 
by its thermal sensitivity and may be undesirable 
for long-life components.  Thus, evaluation of 
more suitable explosives must be performed for 
certain applications.  This consideration applies 
to short term higher temperature exposure and 
extended long term life components.  The 
candidate replacement explosives evaluated here 
are CL-20, CP, BNCP and CLCP, with PETN 
being used as a reference.  In some cases HMX 
was used as an output charge to augment the 
output of less powerful explosives. 

All of these candidate materials are 
more thermally stable than PETN to varying 
degrees.  Some comparisons are provided in 
Table 1 and 2.  While differential scanning 
calorimetry (DSC) data are available for all 
materials studied, other directly comparative 
data are not available in all cases.  This is 
probably due to these materials having 
dissimilar uses, which may make different 
evaluation techniques more appropriate.  This 
has been particularly true for extended term 
elevated temperature exposure.  One significant 
comparison for PETN and CL-20 is the one-
dimensional-time-to-explosion method (ODTX) 
used at Lawrence Livermore National 
Laboratory.1; 2  A comparison of CL-20 and 
PETN as well as several other explosives is 
provided in a paper by Simpson.3  From this 
work it has been shown that the critical 
temperature for PETN is about 130°C, with the 
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value for CL-20 being 163°C.  Using the same 
data it was estimated that the one hundred 
minute explosion temperatures for PETN and 
CL-20 were 136 and 174°C, respectively.  These 
data are for the confined ODTX mode.  Table 2 
provides additional information regarding the 
test materials. 

As has often been the case with stability 
data for explosives, explicit comparison of 
safety data for various materials is frequently 
difficult.  This is a result of the variety of 
available techniques used to evaluate these 
materials. 

Safety data for the various subject 
explosives of this paper are given in Table 3 
and, while the test methodology is fairly 
consistent, there are some variations in methods.  
It is to be noted that the energetic cobalt 
coordination compounds (BNCP, CP, and 
CLCP) are more impact and friction sensitive 
than the organic explosives, PETN and CL-20, 
but are less sensitive to electrostatic discharge 
(ESD).  This latter characteristic is primarily due 
to the relative inability of the coordination 
compounds to sustain reaction in the unconfined 
state.  The ESD testing is performed under 
essentially unconfined conditions. 

Regarding activity and performance of 
the test materials, they can be categorized into 
two types: a deflagrating group, which includes 
PETN and CL-20 and the deflagration-to-
detonation transition (DDT) group, which 
consists of CP, BNCP and CLCP.  The 
subsequent portions of this paper will clearly 
substantiate this categorization. 

It has been observed through numerous 
studies that PETN and CL-20 do not build to 
detonation nearly as effectively as the energetic 
cobalt coordination compounds CP, BNCP and 
CLCP.  It is postulated this difference is largely 
due to the activating or “trigger” groups in the 
cobalt complexes.  These are the tetrazole 
molecules coordinated to the cobalt atoms.  In 
the case of BNCP, which is the most DDT 
effective complex, there are two 5-nitrotetrazole 
molecules in the molecule acting as trigger 
centers.  With CP and CLCP, each complex 
contains one 5-cyanotetrazole and one 5-
chlorotetrazole, respectively, and they are 
somewhat less DDT effective relative to BNCP.  
PETN and CL-20 do not contain any effective 

trigger groups and thus, undergo DDT more 
slowly.  Chemical structures for all test 
compounds are provided in Figure 1(a-e). 

The detonation velocities for the various 
test materials are compiled in Table 4 for 
comparison.  As can be expected, the explosive 
output of these materials decreases in the order:  
CL-20>PETN>BNCP>CP.  The investigation of 
CLCP has only recently become active, with 
more information, such as detonation velocity, 
forthcoming. 

A summary of the particle 
characteristics of the candidate explosives is 
provided in Table 5.  Note that two types of CL-
20 and PETN were tested.  The first CL-20 
powder is ball-milled with an 11 micron mean 
particle size.  The second CL-20 powder was 
tested “as crystallized”, with a mean particle size 
of between 20 and 30 microns.  The two 
varieties of PETN differ in specific surface area. 
The powders were characterized with respect to 
either particle size distribution by light 
scattering or surface area by the Brunauer-
Emmitt-Teller (BET) method. 

 
TEST DETONATOR DESCRIPTION 

 
Sectioned views of the two test 

detonator configurations are shown in Figure 2, 
denoted Assembly A and Assembly B.  The 
hardware for both configurations is nearly 
identical except for the 0.005 inch closure disk, 
which is replaced by a 0.020 inch cap in 
Assembly B.  The second dissimilarity is in the 
insulator sleeve.  Assembly A contains a PEEK 
sleeve, while the insulator sleeve in Assembly B 
is made from nylon.  The primary functional 
purpose of the insulator sleeve is to prevent 
electrical breakdown between the header pins 
and the charge cavity.  The PEEK and nylon 
provide similar confinement for the explosive 
train.  The configuration disparities produce 
variation only in output dent depth, and do not 
affect function time or threshold.   Both 
detonators are composed of 1 mil diameter 
nickel bridgewires bonded to standard header 
assemblies.  The length of the bridgewire is 
approximately 0.080 inches. 

The explosive column diameter is 0.095 
inches.  The initial pressing (IP) is 0.180 inches 
in length and is pressed directly against the 
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bridgewire to approximately 50% of the 
explosive’s theoretical maximum density 
(TMD).  This produces a length/diameter (L/D) 
ratio of 1.9.  The output pellet (OP) is pressed 
separately into a consolidated pellet, with an 
L/D of 0.53 (length of 0.050 inches).  
Approximately 9.5 mg of HE was used for each 
output pellet, resulting in a nominal density of 
1.6 grams/cm3.  The OP is placed in the charge 
cavity on top of the IP.  The closure disk is then 
welded to the housing for Assembly A units, 
whereas the output cap is bonded to the housing 
with epoxy for Assembly B units.  A summary 
of the seven detonator groups is provided in 
Table 6. 

 
EXPERIMENTAL PROCEDURE 

 
A schematic of the pulse-switch design 

utilized to collect function time and dent depth 
data is shown in Figure 3.  The output end of the 
test detonator is mated flush against the first 
Kapton disk inside the pulse-switch housing.  
The insulating Kapton disks become electrically 
conductive when they are mechanically shocked 
to very high pressures (above 10 GPa4-7).  The 
conductive response of the Kapton is achieved 
as soon as the mechanical shock travels through 
the entire thickness of the Kapton, which occurs 
in less than 10 ns.7 

The detonators are functioned with a 
capacitive discharge unit (CDU) firing set, by 
means of a 0.200 µF capacitor.  The nominal 
bridgewire resistance of the test detonators is 
300 mΩ.  Firing set current and pulse-switch 
voltage are collected during each test.  Data are 
sampled at no less than 2.5 GHz.  Typical 
current and voltage traces are shown in Figure 4.  
Function time is measured from current rise to 
pulse-switch voltage drop, as illustrated in 
Figure 4. 

Each of the seven detonator groups was 
further subdivided into two lots for testing.  
These lots were broken down approximately as 
follows: Neyer8 threshold testing (12 units) and 
all-fire jitter testing (10 units).  The all-fire 
voltage for each detonator group was determined 
based upon the Neyer results.  The 50% fire 
voltage (mean Neyer value) was designated as 
the threshold voltage.  The all-fire voltage was 

established by adding 500V to this threshold 
voltage. 

For each Neyer series, a success, i.e. a 
high order output, was defined as a reaction that 
produced a dent depth exceeding 0.005 inches.  
In most cases pulse-switch data were utilized to 
verify that the explosive column transitioned to 
detonation, but for several tests with BNCP, CP, 
and CLCP an output dent depth exceeding 0.005 
inches was achieved without closing the pulse-
switch.  In all likelihood, the pulse-switch did 
close in these tests; however, the event occurred 
outside the oscilloscope window.  The 
interpretation of such abnormally long function 
times is explained below. 

 
RESULTS AND DISCUSSION 
 

Threshold Testing 
A summary of the threshold (Neyer) 

testing data is provided in Table 7.  BNCP 
clearly has the lowest threshold of all the 
explosives tested.  CL-20 and PETN have 
comparable thresholds, as expected based upon 
their similar sensitivity data.  No major 
difference in threshold was observed for the 
different CL-20 and PETN particle types. 

The threshold testing of the five 
different explosives revealed significantly 
different reaction behavior near threshold 
voltage.  Specifically, two distinct groups 
emerged from this test series.  The first group, 
which will be referred to as the DDT group, 
produced no observable reaction after bridge-
burst at voltages below threshold; however, 
above threshold the reaction always produced a 
detonation output (dent depth exceeding 0.005 
inches).  The second group, which will be 
referred to as the Deflagrating group, 
consistently produced a fast deflagration 
sufficient to consume the entire explosive train 
at voltages below threshold; however, these 
reactions were unable to close the pulse-switch 
or produce a measurable dent, indicating that 
they did not progress to detonation.  Above 
threshold, a high-order detonation was achieved. 

Not surprisingly, the DDT group 
consists of the explosives known to undergo 
rapid transition from deflagration to detonation 
when subjected to low energy stimuli, such as 
hot wires or semi-conductor bridges (SCB’s).  
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Included in this group are CP, BNCP, and 
CLCP.  The deflagrating group consists of 
explosives that require significantly more energy 
or “run-up” distance (i.e. column length) to 
DDT.  This group contains CL-20 and PETN.  
These categorizations are consistent with the 
discussion in the Overview of Explosives 
section above. 

The general behavior of these two 
groups is illustrated qualitatively in Figure 5.  
Deflagration velocity and voltage are plotted as 
a function of column length.  Four distinct 
features are visible for each of the two curves in 
the figure, starting with the Deflagration Limit, 
the point below which a reaction cannot be 
sustained.  This is followed by a region of 
relatively slow velocity build-up.  A region of 
rapid acceleration is next, which develops after 
the elbow on the curve.  This culminates in the 
fourth and final regime: full detonation. 

The two curves in Figure 5 are intended 
to provide a very general comparative depiction 
of the two explosive groups.  The primary 
qualitative differences between the two curves 
are the following: First, the DDT group requires 
significantly less column length to transition 
from a very low order deflagration to a full 
detonation (notice that the threshold voltage 
coincides with the Deflagration Limit on the 
curve).  Second, both groups behave similarly 
once the reaction has propagated to a particular 
level (the bend or elbow in the curve).  From this 
point, the reaction proceeds rapidly to a full 
detonation and requires very little column length 
to accomplish the transition.  This is evidenced 
in the similarity in function times at all-fire 
voltage levels for several of the explosives 
tested.  In fact, all HE’s except CLCP had 
function times that averaged between 2.20 and 
2.55 µs. 

Another characteristic of Figure 5 is that 
it implies the firing set voltage determines the 
initial deflagration velocity of the explosive 
train.  In other words, higher input voltages 
generate higher initial deflagration velocities and 
essentially “jump start” the DDT process.  This 
behavior is similar to trends observed in work 
performed by Fronabarger,9 where different 
energetic materials were found to rapidly 
accelerate the DDT process when they were 
used as IP’s in hot-wire devices with HMX DDT 

columns.  In general, the voltage (or in 
Fronabarger’s work, the IP) governs the initial 
deflagration velocity and from this point, the 
explosive column configuration dictates whether 
or not the reaction will progress to detonation.  
Specifically, for a given column diameter, HE 
density, and input voltage, a detonation will be 
achieved only if there is sufficient column 
length. 

Based on Figure 5, one would expect 
that as threshold is approached for both the DDT 
group and the Deflagrating group, function times 
would tend to increase as a result of the 
increased role of the DDT process.  This is 
because lower input voltages result in lower 
initial deflagration velocities, thereby decreasing 
the average deflagration velocity, which 
naturally causes the function time to increase.  
This behavior is, in fact, observed for each of the 
seven sets of detonators.  Figure 6 verifies this 
phenomenon, where function time is plotted 
versus normalized voltage.  The normalized 
voltage is defined as input voltage divided by 
threshold voltage and therefore, a normalized 
voltage of 1.0 is equal to threshold for each 
explosive.  Figure 6 clearly shows that function 
times for both the Deflagrating group and DDT 
group increase with decreasing voltage.  Also, 
note that the magnitude of the increase in 
function time near threshold is far greater for the 
DDT group when compared to the Deflagrating 
group.  This is consistent with Figure 5, since 
near threshold the explosives in the DDT group 
are initiated with much slower initial 
deflagration velocities, which result in lower 
average velocities and consequently, longer 
function times. 

It appears that near threshold, the 
detonators in the DDT group behave much more 
like low-energy devices, such as hot-wires and 
SCB’s, than EBW’s, and initiation is dominated 
more by thermal energy than explosive shock, 
thereby producing relatively slow initial 
deflagration velocities. 

These data indicate that the threshold 
voltage values for the different explosives can be 
misleading.  In particular, the explosives in the 
DDT group undergo a different process than the 
Deflagrating group to achieve detonation near 
threshold.  CL-20 and PETN clearly require a 
“head-start” to achieve detonation in this test 
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detonator configuration, while their DDT group 
counterparts do not. 

It is likely that the threshold voltage for 
the Deflagrating group could be lowered by 
increasing the explosive column length or raised 
by decreasing it.  This is because changing the 
column length changes the minimum initial 
deflagration velocity required for the IP to run 
up to detonation; a longer column allows for a 
slower initial deflagration velocity while a 
shorter column necessitates a faster initial 
velocity.  In fact, it likely is possible to extend 
the explosive column enough, such that the 
threshold voltage will begin to approach the 
Deflagration Limit, as observed for the DDT 
group in Figure 5. 

Changing column length is likely to 
have an analogous effect on explosives in the 
DDT group; however, because the Deflagration 
Limit and threshold voltage currently coincide 
for the test detonator configuration in Figure 2, 
the threshold voltage for explosives in the DDT 
group cannot be decreased.  On the other hand, 
increasing the threshold voltage could be 
achieved by shortening the explosive column 
length. 

It also should be noted that since the 
detonators in the DDT group behave more like 
low-energy devices than EBW’s near threshold, 
these explosives will likely be sensitive to the 
same design parameters (such as confinement) 
as other low-energy components.  For example, 
if the insulating sleeve in the test detonator was 
made from steel instead of PEEK or nylon, the 
threshold voltage would likely decrease. 

Moreover, data from the threshold 
testing bring into question the criteria that 
should be used to design the explosive train in 
EBW detonators.  For example, does the 
configuration that yields the lowest threshold 
voltage also produce the most reliable and 
consistent detonator when functioned at all-fire 
voltages?  This brings into play such critical 
design parameters as column length, IP density, 
confinement, specific surface area, and column 
diameter. 
 
All-Fire Testing 

The results from all-fire testing are 
summarized in Table 8.  In general, CL-20 and 
PETN performed similarly.  Function times for 

both explosives averaged between 2.20 and 2.37 
µs.  In addition, the 3.5k PETN and the 20-30 
µm CL-20 were two of the three most consistent 
performers, with function time standard 
deviations of 23 and 31 nanoseconds, 
respectively.  PETN and CL-20 also regularly 
produced the largest output dent depths.  CL-20 
was particularly impressive, producing output 
dents that exceeded PETN despite the fact that 
the OP’s were pressed to less than 80% TMD, 
versus 91% TMD for PETN.  This is not overly 
surprising when the deflagration velocities of 
these two explosives are compared (see Table 
4). 

BNCP and CP also are well suited for 
use in EBW detonators.  Function times for 
these explosives were nearly as prompt as their 
PETN and CL-20 counterparts.  In fact, it is 
likely that at higher voltages (such as those used 
to function PETN and CL-20) BNCP and CP 
detonators would function as well as or better 
than the units composed of PETN and CL-20.  
These explosives may also be desirable for 
applications where firing set energy is limited. 

CLCP is a promising new DDT 
explosive.  Although its average all-fire function 
time was over 40% slower than the other 
candidate explosives, this value can undoubtedly 
be improved by optimizing the specific surface 
area and particle size distribution.  Nevertheless, 
CLCP represents an extremely thermally stable 
alternative to PETN for applications where 
function time is not overly critical. 

It is interesting to note that the 20-30 
µm “as crystallized” CL-20 far outperformed the 
11 µm milled CL-20 powder, particularly when 
function time variability is considered.  It is 
difficult at this point to ascertain whether this 
effect is due to particle size or specific surface 
area effects.  Nevertheless, the difference 
indicates that perhaps further improvements in 
performance can be attained by optimizing the 
particle characteristics of CL-20.  This also 
provides confidence that similar optimization of 
CLCP could enhance its performance. 
 

SUMMARY AND FUTURE WORK 
 
CL-20 offers a very attractive alternative 

to PETN for use in EBW detonators.  The 
sensitivity (friction and impact), threshold 



- 712 - 

voltages, function times, and function time 
variability of the two explosives are very 
similar.  In addition, CL-20 offers advantages 
over PETN, such as enhanced thermal stability 
and increased output.  It also should be noted 
that the two types of PETN powder utilized in 
this study were developed specifically for use in 
EBW detonators.  No such attempt has thus far 
been made to optimize CL-20 for use in EBW’s 
and its performance can only be expected to 
improve. 

The most sensitive explosive to EBW 
initiation is BNCP, which has a threshold level 
of about 677 volts—significantly lower than the 
other candidate explosives.  In general, 
explosives in the DDT group are more sensitive 
to EBW initiation than their counterparts in the 
Deflagrating group.  This is not surprising since 
these explosives are more vulnerable to 
accidental means of initiation, such as friction 
and impact. 

Future work will investigate the effect 
of IP density on threshold voltage and function 
time variability.  Detonators will be constructed 
with IP densities ranging from 40-60% TMD.  
Function time variability will be tested at 
identical all-fire voltage levels (2500V), which 
is likely to minimize the voltage dependence of 
function time for the candidate explosives.  In 
addition, flyer velocities for the different 
detonator groups will be measured using a 
velocity interferometry system for any reflector 
(VISAR), in order to provide more accurate 
quantitative data for output comparison.  Finally, 
aging and compatibility data will be collected 
for all the candidate explosives to provide direct 
comparisons with PETN EBW detonators. 
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FIGURES AND TABLES 
 

Table 1: Differential Scanning Calorimetry (DSC) of PETN and candidate explosives (20°C/min)10 
Exotherm (°C) Explosive Melting Point (°C) 

Onset Peak 
PETN 140 171 212 
CL-20 (1) 229 250 

CP (1) 290 338, 355 
BNCP (1) 269 280, 307 
CLCP (1) 297 331 

(1) No well defined melting point. 
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Table 2: Comments on thermal stability of PETN and candidate explosives. 
PETN • Higher temperature stability limited by relatively low melting point of 140°C 

• Vacuum thermal stability:  0.2-0.5 ml/g after 100 hours at 100°C11 
• ODTX (see text) 

CL-20 • Vacuum thermal stability:  0.06 ml/g after 48 hours at 100°C12 
• ODTX (see text) 

CP • Functions after 100 hours (hermetically sealed) at 171°C (340°F)13 
• No appreciable degradation after 15 years at 80°C (bulk powder)14 

BNCP • One year aging at 70°C (sealed ampoule) indicated no change as evaluated in 
accordance with NAVSEAINST 8020.5C which includes impact sensitivity, 
friction sensitivity, hot wire sensitivity and priming ability15 

• Fire extinguisher cartridges subjected to 200°F for 24 days met all test 
requirements16 

• Fire extinguisher cartridges passed 400°F/one hour test, failed 425°F/one hour 
test16 

• Fire extinguisher cartridges passed 325°F/12 hour requirement, failed 
350°F/12 hour requirement16 

CLCP • Functions after 100 hours (hermetically sealed) at 171°C (340°F).  Testing at 
232°C (450°F) and 260°C (500°F) indicated CLCP is slightly superior to CP13 

 

Table 3: Sensitivity characteristics of PETN and candidate explosives 
Explosive Impact Friction Electrostatic Discharge 

PETN 12 cm(2.5 kg, Type 12 
tooling) 
37 cm (2.5 kg Type 12b 
tooling)11 
 

5.86 kg (BAM)17 >0.095J 
(20/20) no-fire18 
0.10 to 0.41J 
depending on test conditions11 

CL-20 9-12 cm (2.5 kg 50%)18 
 

7.65 kg (BAM)17 >0.037J 
(20/20) no-fire18 
0.36J19 

CP 
 

19 cm (2.5 kg, Type 12 
tooling, 50%)20 

<30 psig @ 8ft/s  
180 psig @ 3ft/s 
(ABL Friction)20 
>1000g BAM, small 
scale10 

0.165J fine particle 
0.326J coarse particle20 

BNCP 8.5-9.2 cm 
(2.5 kg, Type 12 tooling) 
50%15 

0.54 kg (Julius Peters 
BAM)17 

>0.187J 
600pf, 25 kV, no intentional 
resistance (load) used.15 

CLCP 45 cm (4/6 fire), 40 cm 
(0/10 fire), 2.2 kg Bureau 
of Mines, brass cups10 

1000g (1/6 fire) BAM 
small scale10 

Not yet characterized 
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Table 4: Detonation velocity of PETN and candidate explosives 
Explosive Detonation Velocity (m/s) 

PETN 7762 @ 1.56 g/cm3 (88% TMD) (4) 
5230 @ 0.89 g/cm3 (50% TMD), Cheetah II 

CL-20 9090 @ 1.79 g/cm3 (88% TMD), Cheetah II 
6065 @ 1.02 g/cm3 (50% TMD) , Cheetah II 

CP 6371 @ 1.72 g/cm3 (87% TMD) (13, 14) 
BNCP 7117 @ 1.79 g/cm3 (88% TMD) (8) 
CLCP Not yet characterized 

 

Table 5: Particle characteristics of PETN and candidate explosives 
Explosive Lot, Type Particle Characteristics 

PETN 3.5k 0.35 m2/g, BET (1) 
PETN 5.0k 0.50 m2/g, BET (1) 
Cl-20 2180333 11.21 µm, mean (2) 
Cl-20 590N-02-0078 26.07 µm, mean (2) 

CP EL82936 0.591, 0.555 m2/g, BET (3) 
BNCP EL1B121 27.79 µm, mean (3) 
CLCP EL1B145 12.11 µm, mean (3) 

(1) Sandia National Laboratories, Albuquerque data 
(2) ATK Thiokol data 
(3) Pacific Scientific Energetic Materials Co. data 

 

Table 6: Summary of explosive column configurations 
Group 

No. 
Configuration Ignition Explosive 

(IP) 
IP Density 

(g/cc) 
Output 

Explosive (OP) 
OP Density 

(g/cc) 
1 (a) CL-20 (11µm) 1.00 CL-20 (11µm) 1.60 
2 (a) CL-20 (20-30µm) 1.00 CL-20 (11µm) 1.60 
3 (a) CP (EL 82936) 1.00 HMX 1.60 
4 (a) BNCP 1.00 BNCP 1.60 
5 (a) CLCP 1.00 HMX 1.60 
6 (a) PETN (3.5k) 1.00 PETN 1.60 
7 (b) PETN (5.0k) 0.90 PETN 1.60 

 

Table 7: Summary of Neyer results 
Group 

No. 
IP Explosive Number of 

Tests 
Neyer Threshold 

(V) 
Standard Deviation 

(V) 
1 CL-20 (11µm) 12 1086 45.4 
2 CL-20 (20-30µm) 12 1052 7.4 
3 CP (EL 82936) 15 818 25.8 
4 BNCP 15 677 105.6 
5 CLCP 9 956 3.6 
6 PETN (3.5k) 12 1198 54.2 
7 PETN (5.0k) 10 1226 14.4 
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Table 8: Summary of all-fire variability testing 
Group 

No. 
IP Explosive All-fire 

Voltage (V) 
Mean Function 

Time (µs) 
Standard 
Deviation 

(µs) 

Mean Dent Depth 
(mils) 

1 CL-20 (11µm) 1586 2.37 0.083 14.1 
2 CL-20 (20-30µm) 1552 2.24 0.031 13.8 
3 CP (EL 82936) 1456 2.48 0.030 11.6 
4 BNCP 1177 2.55 0.042 10.3 
5 CLCP 1456 3.64 0.072 10.4 
6 PETN (3.5k) 1698 2.29 0.023 12.9 
7 PETN (5.0k) 1725 2.20 0.037 7.91(1) 

(1) Dent depth for information only.  Assembly B dents are smaller due to the 0.020” end cap. 
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Figure 1: Chemical structures for test compounds 
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Figure 2: Sectioned views of (a) Configuration A and (b) Configuration B 

 

 

 
Figure 3: Sectioned and exploded view of pulse-switch 

 

 
Figure 4: Typical current and voltage data from a pulse-switch test 
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Figure 5: Qualitative illustration of the deflagration behavior of the DDT group and the 

Deflagrating group 
 
 
 

 
Figure 6: Function time vs. normalized voltage {V/Vt = (input voltage)/(threshold voltage)} for (a) 

the Deflagrating group and (b) the DDT group 
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ABSTRACT 
 

Experiments were conducted in an effort to minimize the ignition delay in laser diode-initiated 
detonators.  The research is part of an ongoing effort by Sandia National Laboratories to develop a fast-
functioning laser-diode initiated deflagration-to-detonation transitioning detonator.  A novel diagnostic 
technique was utilized that allowed for characterization of the ignition process.  A total of seven different 
ignition increment mixtures were investigated, and over fifty experiments were conducted.  The majority 
of the experiments were performed with various forms of BNCP mixed with different dopants. 

Nearly all of the experiments conducted yielded ignition delays of less than two microseconds, 
and several devices demonstrated ignition delays less than one microsecond.  Superior performance was 
demonstrated with ignition increments that contained twenty-micron mean particle size BNCP mixed with 
1% carbon black.  Interestingly, this somewhat “standard” mixture performed as well or better than any of 
the other specially formulated mixtures, as the experiments with the twenty-micron BNCP yielded 
ignition delays as short as the other mixtures, but with more consistent performance. 

The results demonstrate that present-day laser diode and optics technology is capable of 
achieving extremely short ignition delays, which could expand the use of laser diode ignition to 
applications where fast function time is desirable or necessary. 
 
 

INTRODUCTION 
Laser initiation of energetic materials 

has been proposed as an alternative to 
conventional electrical initiation.  In a laser-
initiated component, radiation from a laser is 
delivered directly to the energetic material (EM), 
typically through an optical fiber.  If the incident 
radiation is powerful enough, the EM is heated 
until a self-sustaining reaction is achieved. 

Because the EM is electrically isolated 
from the firing set in most laser-initiated 
components, the devices are inherently immune 
to accidental initiation by electrical means, such 
as electrostatic discharge (ESD), 
electromagnetic interference (EMI), and radio 
frequency (RF).  Thus, in many scenarios, laser-
initiated components offer safety advantages 
over their conventional counterparts, including 
hotwires, semiconductor bridges (SCBs), 
exploding bridgewires (EBWs), and exploding 
foil initiators (EFIs or slappers). 
 

BACKGROUND 
This paper addresses the laser initiation 

of condensed phase high explosives.  When an 
explosive is heated directly by laser radiation, 
four distinctive regions can be defined (see Fig. 
1).1, 2  The first region (Region I), occurs with 
low power densities, where the laser causes the 
explosive to reach a steady-state temperature 
lower than the temperature required for a self-
sustained reaction (hereafter referred to as the 
critical temperature).  Ignition, therefore, is not 
achieved.  This region is called the conduction-
dominated region.  As power density is 
increased, Region II is approached, and the 
critical temperature is reached before the steady-
state temperature, thereby achieving ignition.  
Further increases in power density heat the 
explosive at a higher rate, and therefore less time 
is required to reach the critical temperature.  In 
these cases, less heat is conducted away from the 
ignition region, and the ignition energy is 
therefore lower; thus, Region II is called the 
conduction-affected region.  Region III is 

* Sandia is a multi-program laboratory operated by Sandia 
Corporation, a Lockheed Martin Company, for the United States 
Department of Energy’s National Nuclear Security Administration 
under contract DE-AC04-94AL8500. 



- 744 - 

approached when power density is increased to 
still higher levels.  In Region III, the explosive is 
heated so quickly that there is insufficient time 
for a significant amount of heat to conduct away 
from the ignition region.  Therefore, ignition 
energy is constant in this conduction-unaffected 
region.  Finally, when the power density 
becomes extremely high, the laser light is 
sufficient to ablate the surface of the explosive, 
and the explosive is essentially shock heated 
(Region IV, not shown in Fig. 1). 

Laser initiation of explosives has been 
studied since the 1960’s.3  Much of the work has 
used high-power, Q-switched lasers to shock 
heat the explosive (Region IV).  These 
experiments were largely successful in promptly 
initiating insensitive explosives,3-9 but the large 
and expensive high power lasers used in these 
experiments limited the practical application of 
such laser-initiated devices in ordnance systems. 

The small size and relatively low cost of 
laser diodes seem to make them ideal for use in 
practical laser-initiated devices.  Unfortunately, 
there are some disadvantages associated with 
laser diodes, such as high beam divergence and 
relatively low output power.  As a result, most 
previous studies with laser diodes have been 
conducted with relatively low power densities, 
in the conduction-affected region.10-20  In this 
region, ignition occurs on relatively long time 
scales, typically hundreds of microseconds to 
milliseconds.  The long function times 
associated with these protracted ignition times 
meant that laser diode-initiated devices could 
only be considered for the replacement of slow 
functioning devices, such as pyrotechnic 
actuators and ignitors, and possibly detonators in 
applications with lenient function time 
requirements. 

The present work is focused on using 
the most advanced laser diode and optics 
technology to design a fast functioning laser 
detonator.  Recent advancements in semi-
conductor and optics technology have made it 
possible to achieve power densities higher than 
one megawatt per square centimeter (MW/cm2) 
with laser diodes.  Although power densities of 
this level are insufficient for shock initiation of 
the explosive (Region IV), they are high enough 
to allow for studies well into the conduction-
unaffected region (Region III).  It is expected 

that ignition delay can be reduced to levels 
lower than one microsecond in this region. 
 
Laser-Diode Initiated Detonators 

In Region III, the laser energy heats the 
explosive in a purely thermal manner, meaning 
the explosive deflagrates once ignited.  Thus, the 
explosive must undergo a deflagration-to-
detonation transition (DDT) to achieve 
detonation.  As a result, laser diode-initiated 
detonators must use explosives that readily 
undergo the DDT process. 

CP21 and BNCP22 are two DDT 
explosives commonly used by Sandia National 
Laboratories (SNL).  These two explosives can 
be thought of as a compromise between classical 
primary explosives and secondary explosives.  
They both DDT much more readily than 
classical secondary explosives, such as HMX 
and RDX, but are much less sensitive than 
classical primary explosives, such as lead azide 
and silver styphnate.  Previous work has shown 
that CP and BNCP are readily initiated by laser 
diodes, provided that measures are taken to 
increase the absorptivity of the explosive to the 
spectrum of the laser.1, 2, 10, 14 

Most high-powered laser diodes emit 
light with a wavelength near 800 nm, which is in 
the near infrared (NIR).  Unfortunately, most 
explosives do not naturally absorb NIR light, 
and CP and BNCP are no exception.  Typically, 
the explosives are mixed with a dopant such as 
carbon black so that the laser light is more 
readily absorbed.  This serves to greatly increase 
ignition sensitivity. 

Previous work conducted by the author 
has indicated that BNCP has superior laser 
sensitivity when compared to CP.2  Thus, the 
majority of the experiments presented in this 
paper are conducted with BNCP-based ignition 
increment mixtures. 
 

EXPERIMENTAL SET-UP, 
1st SET OF EXPERIMENTS 

Laser Detonator 
The laser detonator consists of the 

focusing optics assembly and the charge cavity 
assembly.  The focusing optics assemblies, 
which are manufactured by Apollo Instruments, 
Inc., are each comprised of two lenses.  One lens 
serves to collimate the light from the 100-micron 
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core diameter 0.22 numerical aperture (NA) 
fiber optic cable that delivers the laser light, 
while the other focuses the light into a 40-
micron diameter spot.  The spot size is produced 
on an antireflective-coated sapphire window that 
serves as the interface between the focusing 
optics and the charge cavity.  The throughput of 
the focusing optics is over 90%, and thus the 
reduction in spot size serves to increase power 
density by a factor of almost six. 

It was discovered in previous 
experiments that the ignition increment must be 
well confined in order to support a self-
sustaining reaction once ignited.  Previous work1 
that attempted to assemble the focusing optics 
assembly with a pre-loaded charge cavity 
assembly yielded inconsistent data and several 
no-fires.  This inconsistency was attributed to 
small voids that formed between the window 
and the ignition increment upon connection of 
the focusing optics with the charge cavity.  It 
was theorized that these voids could serve to 
quickly drop the pressure build-up from the 
laser-heated ignition increment, causing 
inconsistent ignition delays or even quenching 
of the reaction.  To solve this problem for the 
present work, the ignition increment was pressed 
directly onto the window of the focusing optics. 

The laser detonator is assembled by first 
fastening the charge cavity to the focusing optics 
using epoxy.  Next, the explosive column, which 
is 0.08 inches in diameter, is pressed into the 
charge cavity.  The explosive column is 
comprised of the ignition increment, the DDT 
column, and the output pellet.  The ignition 
increment is pressed directly onto the window of 
the focusing optics, and is 0.04 inches in length, 
which corresponds to a length to diameter (L/D) 
ratio of 0.5.  The DDT explosive is pressed next, 
and consists of CP pressed to a nominal density 
of 1.4 g/cc (optimal for DDT).  The CP is 
pressed in three increments to a total length of 
0.24 inches (3 L/D).  Lastly, a pre-pressed, high-
density HMX output pellet is dropped into the 
explosive column, and a closure disc is laser-
welded to the charge cavity. 

Despite the fact that the present research 
is chiefly concerned with characterizing the 
ignition process, full-up detonators were built in 
order to allow for the simultaneous 
characterization of function time and/or output.  

Unfortunately, it was discovered in early 
experiments that the full-up detonator caused 
unacceptable damage to expensive diagnostic 
hardware.  As a result, the loaded detonators 
were placed in a lathe and the charge cavity was 
shortened, removing two of the three DDT 
increments and the HMX output pellet.  Thus, 
only the ignition increment and one CP DDT 
increment was left.  This served to eliminate the 
unwanted damage to the diagnostic hardware. 
 
Diagnostics 

If one intends to fully understand the 
performance of a laser diode detonator, it is 
critical to characterize the ignition event.  A 
diagnostic method for achieving this was 
developed by the author in Ref. 1.  This same 
diagnostic technique was utilized in the present 
work. 

The experimental set-up used for the 
first set of experiments is shown in Fig. 2.  The 
set-up, which is essentially identical to the one 
used in Refs. 1 and 2, consists of a fiber-coupled 
laser diode, a dual-fiber optic cable assembly, 
the laser detonator, and two photodetectors. 

The laser diode is a model F14-808-1 
fiber-coupled laser diode array that is 
manufactured by Apollo Instruments, Inc.  The 
laser is capable of producing over 18 watts of 
power from a 100-micron core diameter fiber 
optic cable. 

The dual fiber optic cable assembly is 
comprised of the delivery fiber and the 
diagnostic fiber.  The input to the delivery fiber 
is connected to the laser diode fiber using an ST 
barrel connector.  The output of the delivery 
fiber is terminated in an SMA connector that 
connects to the laser detonator.  The input end of 
the diagnostic fiber is terminated in the ferrule 
of the same SMA connector, and is directly 
adjacent to the delivery fiber, as shown in Fig. 2.  
The output end of the diagnostic fiber is coupled 
to one of the photodetectors.  The diagnostic 
fiber serves as a “pick-up” fiber, as it is able to 
pick-up and transmit laser light reflected from 
the surface of the ignition increment, as well as 
light that is produced by the explosive when it 
begins to react.  Thus, the light transmitted by 
the diagnostic fiber to the photodetector 
produces a signal that can be analyzed to 
characterize the ignition process. 
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The second photodetector monitors the 
signal from a 1-mm diameter light pipe that is 
terminated near the output end of the detonator.  
The photodetector is used to measure light 
“break-out” from the CP DDT increment.  This 
measurement is taken in lieu of function time 
measurements, and is sometimes useful when 
analyzing and interpreting the ignition delay 
data. 
 
Laser Characterization 

The Apollo laser is driven by a model 
PCO-6130 laser diode driver manufactured by 
Directed Energy, Incorporated.  This power 
supply is capable of delivering pulses with high 
current (up to 125 A), fast rise time (200 ns or 
less), and pulse widths ranging from 600 ns to 
DC.  The laser was operated exclusively in pulse 
mode (1 ms pulse duration or less) to avoid 
potential thermal damage from continuous wave 
operation (this also eliminated the need to 
actively cool the laser).  Furthermore, relatively 
conservative rise times were used to preclude 
damage from ringing and/or voltage spikes 
associated with the inductance in the laser diode 
circuit. 

Figure 3 shows a current trace from a 
typical pulse generated by the laser diode driver.  
To effectively show the rise time, only the 
leading edge of the pulse is shown.  The current 
increases from 0 A to about 43 A with a rise 
time (10%-90%) of 1.2 µs.  Note that there is 
little-to-no overshoot. 

An energy meter was used to 
characterize the laser output.  The energy 
delivered from the laser fiber by a current pulse 
of known duration (usually 1 ms) was measured.  
The power delivered by the laser could then be 
readily calculated.  Throughput and spot size 
were measured for each focusing optics device 
(this was performed in the same manner as in 
Ref. 1).  Thus, with the power delivered by the 
laser calculated as above, the power density 
delivered to the ignition increment could be 
calculated.  As an example, a typical 1 ms pulse 
generated 16.5 mJ of energy from the delivery 
fiber.  This corresponds to a power of 16.5 W 
(rise time and fall time are essentially negligible 
compared to the relatively long 1 ms pulse).  A 
typical optics device delivered a throughput of 
92% with a spot size of 40 microns (0.004 cm).  

Thus, the power density (PD) delivered to the 
ignition increment is: 

2

2
1.12MW/cm  

)cm 004.0(
4

ms 1
mJ 16.5)92.0(

  PD == π  

Before each experiment, the output 
energy from the delivery fiber was measured 
with the energy meter.  The pre-measured 
throughput and spot size of the particular 
focusing optics assembly were then used to 
calculate the power density delivered to the 
ignition increment of the laser detonator for each 
experiment. 
 

RESULTS AND DISCUSSION 
1st SET OF EXPERIMENTS 

The experiments discussed in this paper 
were conducted in two separate groups, and will 
be addressed separately.  The first set of 
experiments was conducted with four different 
explosive mixtures for a total of 27 experiments. 
 
Ignition Increment Configurations 

The four explosive mixtures used in the 
ignition increments for the first set of 
experiments included 4-micron mean particle 
size BNCP mixed with 1% carbon black (by 
weight), “bubble-dried” BNCP mixed with 1% 
carbon black, bubble-dried BNCP mixed with 
1% carbon nanotubes, and pure KTNBC.  A 
brief description of each explosive mixture 
follows. 

In previous experiments it was found 
that small particle size, in general, led to faster 
ignition times.  Therefore the present work 
focused on using BNCP with small mean 
particle size.  Small particle size was achieved in 
two ways.  The 4-µm mean particle size was 
achieved by ball milling the BNCP for several 
hours.  The bubble-dried BNCP was 
manufactured using a process recently 
developed by SNL.  The process essentially 
involves using a commercial bubble drier to 
produce BNCP comprised of extremely small, 
spherical particles.  Figure 4 shows scanning 
electron micrographs of the two different types 
of BNCP.  Note that ball milling produces 
randomly shaped particles with jagged edges, 
while bubble drying produces uniformly 
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spherical particles.  Also, note that the bubble-
dried BNCP particle size distribution is bimodal.  
Although it is mostly comprised of particles 
with a 1-micron diameter or less, there are 
several particles with a mean diameter of several 
microns.  Accurate particle size characterization 
of the bubble dried BNCP has proven difficult, 
as some of the extremely small particles are 
difficult to detect with standard equipment.  In 
addition, the tendency of the material to form 
agglomerates has complicated particle size 
characterization efforts. 

The ball-milled and the bubble-dried 
BNCP were mixed with 1% carbon black by 
weight, a doping mixture that has proven 
successful in previous work.  In addition, a 
mixture was produced with bubble-dried BNCP 
and 1% carbon nanotubes.  Carbon nanotubes 
have been shown to be broadband absorbers, and 
recent experiments have demonstrated that the 
material is photosensitive in its pure form.23  
Thus, the carbon nanotubes were evaluated as a 
potential energetic dopant. 

The fourth ignition increment material is 
pure KTNBC.  KTNBC is a potassium salt 
explosive developed by John Fronabarger of 
Pacific Scientific Energetic Materials Company.  
Unfortunately, very little information is 
available on KTNBC (even its exact chemical 
composition is unknown), but the material has 
been shown to absorb 800 nm light without the 
addition of dopants.24  Previous work at SNL 
(both published14 and unpublished) has 
investigated the use of KTNBC as an energetic 
dopant in relatively low power-density laser 
diode-ignited devices, with modest results.  For 
the present work, the material was studied in its 
pure state to evaluate its performance as the 
ignition increment in high power density laser 
diode-initiated devices.  Figure 5 shows a 
photograph of pure KTNBC bulk powder.  Even 
with the bright flash of the camera, the material 
is dark purple in color (the material appears dark 
indigo to the naked eye). 

Different pressed densities were 
evaluated for each of the four ignition increment 
explosive mixtures.  For BNCP, previous work2 
indicated that relatively high pressed densities 
produced faster ignition times, so density was 
varied from about 1.55 to 1.75 g/cc.  Since less 

was known about KTNBC, density was varied 
over a broader range, about 1.4 to 1.9 g/cc. 

A problem was encountered when 
pressing the explosive mixtures into the laser 
detonator.  For a handful of devices (serial 
numbers 11, 16-19, and 26), the focusing optics 
assembly was physically compressed during 
pressing.  This had the effect of defocusing the 
device, and caused an increase in the spot size 
delivered to the ignition increment, therefore 
reducing power density.  These devices were 
functioned anyway, but their results should be 
analyzed with caution, since the exact power 
density delivered to the ignition increment is 
unknown. 
 
Baseline No-Fire cases 

It is useful to analyze data from 
experiments where the ignition increment failed 
to ignite, as data from typical no-fires provide 
context for the evaluation of data when the 
ignition increment does ignite.  For the present 
work, none of the experiments resulted in a no-
fire, so no-fire data from previous experiments 
are shown. 

Figure 6 shows data from three separate 
tests, each of which resulted in a no-fire.  The 
current trace in the figure shows the current 
delivered to the laser.  The current waveform 
was identical for all three experiments, and 
therefore a single current waveform is shown to 
represent all three experiments.  The other three 
waveforms show the signal recorded from the 
photodetector used to monitor the output from 
the diagnostic fiber (see Fig. 2).  The general 
shape of the photodetector signal is identical in 
all three experiments.  As the current to the laser 
begins to rise, the signal to the photodetector 
also begins to rise, with a slight, but repeatable, 
delay.  The signal to the photodetector reaches 
its peak at precisely the same time as the laser 
current reaches its peak, as indicated by the 
vertical dashed line.  Thus, the photodetector 
signal is simply showing the increase in laser 
power associated with the increase in laser 
current (power is linearly related to current for 
most laser diode devices).  Once the laser 
current reaches the setting of the laser diode 
driver (approximately 43 A for the present 
work), the current is constant for the remainder 
of the trace; likewise the signal from the 
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photodetector is constant.  For experiments that 
result in the functioning of the device, the signal 
from the photodetector will contrast sharply with 
the no-fire signals shown in Fig. 6. 
 
Results of 1st Set of Experiments 

The data gathered from the 1st set of 
experiments will now be discussed.  First, data 
will be presented for each of the four different 
explosive mixtures and the manner in which 
ignition and output are determined will be 
discussed.  The results from all 27 experiments 
will then be discussed. 

The data from SN 1 are shown in Fig. 7.  
The trace from the photodetector initially looks 
similar to the no-fire data presented in Fig. 6.  
As the laser current increases, the photodetector 
signal begins to rise (after a brief delay), 
reaching a constant level at the same time that 
the laser current reaches its maximum.  Shortly 
after reaching this constant signal level, the 
reaction of the explosive causes the signal to the 
photodetector to rise slightly, after which it 
decreases and then increases again.  The initial 
change in the detector signal (in this case, a 
slight increase) will be referred to as “ignition” 
and the time from the start of the rise in the 
photodetector signal to ignition will be referred 
to as “ignition delay (tign).”  Thus, for the 
purposes of this paper, “ignition” is defined as 
the moment when the reaction of the explosive 
causes a noticeable change in the photodetector 
signal when compared to baseline no-fire data 
(Fig. 6). 

Figure 8 shows the experimental data 
for a device with bubble-dried BNCP mixed 
with 1% carbon black (SN 12).  Note that the 
first notable change to the photodetector signal 
compared to the baseline no-fire data is actually 
a decrease in the signal (the decrease in signal 
strength upon ignition may seem counter-
intuitive to the reader, and will be addressed 
later). After the decrease, however, the signal 
increases dramatically.  The increase in signal 
occurs shortly before the output signal is 
detected, and is a common characteristic of the 
detector signals for all of the experiments 
conducted.  It is thought that the increase is due 
to ignition of the CP DDT increment. 

Figure 9 shows the experimental data 
for a device with bubble-dried BNCP mixed 

with 1% carbon nanotubes (SN 15).  The 
photodetector data are especially interesting for 
SN 15, as the signal implies that the ignition 
increment is igniting before the laser current 
reaches its maximum.  As with the bubble dried 
BNCP mixed with 1% carbon black, the signal 
actually decreases (or at least stops increasing) 
upon ignition. 

The experimental data obtained from a 
device with a KTNBC ignition increment (SN 
22) are plotted in Fig. 10.  As with SN 15, SN 
22 ignites while the laser current is still rising.  
Again, ignition is marked by a decrease in the 
signal to the photodetector.  Also, note that the 
signal from the photodetector is much weaker 
with the KTNBC ignition increment (the 
ordinate is zoomed in by a factor of ten 
compared to the other graphs).  This suggests 
that the KTNBC is more absorptive than the 
other ignition increment mixtures, which 
explains why ignition delay was generally 
shortest for the KTNBC devices. 

It should be stated that the ignition time 
was difficult to identify for some of the KTNBC 
units, for two main reasons.  First of all, the 
signal from the KTNBC was weaker than for the 
other ignition increment mixtures.  Secondly, 
ignition was sometimes difficult to determine 
because the devices ignited while the laser 
current (and therefore the photodiode signal) 
was still increasing.  Thus, it was necessary to 
look for an inflection point on the increasing 
slope of the rising signal, which was sometimes 
difficult, especially with weak signals. 

The data gathered from all 27 
experiments are summarized in Table 1.  The 
four examples described above (Figs. 7-10) 
indicate how ignition delay (tign) and time to 
output (tout) were determined.  Note that SNs 1 
and 2 consisted of full-up detonators, while SNs 
3-27 consisted of ignition increments with only 
1 CP DDT increment.  Thus, for SNs 1 and 2, 
output (tout) was the time required for the 
detonation wave to arrive at the end of the 
output pellet (commonly called function time), 
while for SNs 5-27, output is defined as the time 
required to detect light output from the CP DDT 
increment (initial output measurements for SNs 
3 and 4 failed due to a faulty detector). 

The ignition energy, Eign, is also shown 
in Table 1.  Ignition energy is defined as the 
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amount of laser energy needed to achieve 
ignition, and was determined by multiplying the 
ignition delay by the laser power delivered to the 
device, with an adjustment for rise time.  Note 
that ignition energy is not the energy required by 
the explosive for ignition, as a portion of the 
incident laser energy is reflected.  Also, note that 
the laser pulse width typically used in these 
experiments was 30 µs, which was generally 
much longer than ignition delay.  At this point, it 
is unknown if the laser energy contributes 
significantly to the deflagration process once 
ignition is achieved.  Future experiments will 
address this issue. 

As Table 1 indicates, all 27 of the 
devices functioned, and, in general, ignition 
delays were extremely short, especially when 
compared to previous laser diode ignition (LDI) 
work.  For each type of explosive mixture 
studied, pressed density did not seem to have a 
significant effect on ignition sensitivity, as there 
was no noticeable trend over the densities 
investigated for each mixture. 

The type of explosive mixture used in 
the ignition increment seemed to play a larger 
role in determining ignition sensitivity, although 
it is difficult to make strong conclusions based 
on the limited number of tests conducted.  Of the 
three BNCP mixtures studied, no particular 
mixture appears to be superior for laser ignition, 
although it is arguable that the BNCP mixed 
with 1% carbon nanotubes showed modest 
improved laser sensitivity.  In general, though, it 
appears that any benefit from small particle size 
is offset by a detrimental effect on absorptivity 
for the bubble-dried materials.  Because of the 
increased surface area associated with the 
bubble-dried BNCP, the mixture is much lighter 
in color than the ball-milled BNCP, implying 
that it does not absorb the laser light as 
efficiently.  Indeed, for both mixtures of bubble-
dried BNCP, the increased reflectivity of the 
mixtures led to a stronger signal from the 
diagnostic fiber, which caused the photodetector 
to saturate in four of the twelve experiments.  As 
a result, ignition delay data were not gathered 
for those devices.  It should be noted however, 
that in those cases, the time to output was 
consistent with the other devices, indicating that 
the ignition delays were likely consistent with 
the other devices. 

Of all the experiments conducted with 
ignition increments that contained BNCP, the 
one noticeable outlier was SN 7.  The ignition 
delay measured for SN 7 was 24.3 µs, which is 
an order of magnitude higher than any of the 
other devices.  A possible explanation for this 
abnormally high ignition delay is offered later. 

The KTNBC ignition increments 
generally had the shortest ignition delays.  
Indeed, all of the KTNBC devices yielded 
ignition delays of 1.3 µs or shorter, and the 
shortest ignition delay demonstrated was 750 ns.  
Unfortunately, the KTNBC burned very slowly 
once ignited, and in six of the nine units, the 
KTNBC failed to ignite the CP DDT increment.  
For the three units where the KTNBC did ignite 
the CP, output was detected more than 100 µs 
after ignition, indicating that the KTNBC 
deflagrated at a very low velocity.  Figure 11 
shows the photodetector and output data from 
SN 24.  Approximately 180 µs after the KTNBC 
ignites, the CP DDT increment appears to ignite, 
causing a large increase in the strength of the 
photodetector signal.  Output is detected about 1 
µs later.  This suggests that the KTNBC burns 
with an average velocity of just 5 m/s.  In 
comparison, the CP DDT increment burns with 
an average velocity of about 1000-2000 m/s.  
Obviously, KTNBC in its pure state is not 
suitable for use as the ignition increment in fast-
functioning laser ignited detonators. 
 

EXPERIMENTAL SET-UP 
2nd SET OF EXPERIMENTS 

Diagnostics 
A schematic of the modified 

experimental set-up is shown in Fig. 12.  The 
modified set-up uses the same “pick-up fiber” 
concept as the previous set-up (Fig. 2), but the 
dual fiber assembly is replaced with a seven-
fiber bundle assembly.  The center fiber was 
used as the delivery fiber, while all six of the 
other fibers served as diagnostic fibers.  The 
additional diagnostic fibers served to help solve 
a common problem encountered during previous 
experiments.  Since the reflectivity of the 
ignition increment changed from experiment to 
experiment (due to density changes or changes 
in the type of explosive mixture), it was difficult 
to obtain an optimal signal from the 
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photodetector for all experiments.  If the signal 
was too weak, it was difficult to determine 
ignition delay data.  On the other hand, if the 
signal was too strong, the photodetector would 
saturate, and ignition delay data would be lost 
completely. 

The addition of extra diagnostic fibers 
allowed for the use of detectors with different 
sensitivities.  Thus, for each experiment, the 
chances were greater that at least one 
photodetector would capture useful data.  
Furthermore, in some cases it was possible to 
determine ignition delay more accurately, as 
data from more than one photodetector could be 
utilized. 

A total of five photodetectors were 
utilized in the second set of experiments to 
characterize the ignition process.  Three of the 
photodetectors were 10 MHz detectors of the 
same variety used in the first set of experiments.  
For two of these 10 MHz detectors, the positions 
of the fiber ends with respect to the detector face 
were adjusted from experiment to experiment in 
an attempt to optimize the signal (as in the first 
set of experiments).  For the third 10 MHz 
detector, a Schott colored glass filter was placed 
between the fiber and the detector face.  The 
filter was designed to pass mostly infrared light 
above 850 nm in wavelength, and was 
essentially an inexpensive method to remove the 
laser wavelength from the signal.  The fourth 
detector was a 125 MHz detector, and the 
diagnostic fiber used with it was positioned in a 
manner similar to the two 10 MHz detectors 
described above.  The fifth and final detector 
was a 1 GHz detector with a built-in ST 
connection.  The diagnostic fiber used with it 
was directly connected to the detector for all 
experiments, since saturation of this relatively 
insensitive detector was extremely unlikely.  
Although it was expected that the signal from 
this photodetector would be relatively weak, it 
was hoped that the data gathered from this 
photodetector would allow for the direct 
comparison of the relative reflectivity of the 
various explosive powders. 

The extra diagnostic fibers also allowed 
for the incorporation of additional diagnostic 
techniques.  For example, a spectrometer was 
used in the experiments to capture the spectrum 
emitted from the reacting explosive.  The results 

from the spectroscopy measurements, however, 
are not discussed in this paper. 
 
Ignition Increment Configurations 

Five different explosive mixtures were 
investigated in the second set of experiments.  
The first two mixtures consisted of ball-milled 
four-micron mean particle size BNCP mixed 
with significant percentages of KTNBC.  One 
mixture contained 10% KTNBC, while the other 
contained 20% KTNBC.  The goal with these 
two mixtures was to take advantage of the 
superior laser sensitivity of the KTNBC 
material, while mixing it with an explosive with 
a higher deflagration rate and higher output 
(BNCP). 

The third and fourth mixtures consisted 
of bubble-dried BNCP mixed with 1% carbon 
nanotubes and 1% carbon black, respectively.  
The mixtures were the same used in the first set 
of experiments. 

The fifth and final mixture consisted of 
20-micron mean particle size BNCP mixed with 
1% carbon black.  The main purpose of this 
material was to investigate if the potential 
detrimental effects associated with larger 
particle size could be offset by the potential 
increase in absorptivity due to the decreased 
surface area of the mixture. 

Since pressed density appeared to have a 
negligible affect on the performance of the 
detonators in the first set of experiments, all of 
the ignition increments in the second set of 
experiments were pressed with the same 
pressure, 16 ksi, which corresponds to a pressed 
density of roughly 1.55 g/cc. 

A slight modification was made to the 
charge cavity of the laser detonator to allow for 
explosives to be pressed into the device without 
putting pressure on the focusing optics 
assemblies.  This modification solved the 
problem of compression of the focusing optics 
assembly encountered with the first set of 
experiments. 
 

RESULTS AND DISCUSSION 
2nd SET OF EXPERIMENTS 

Table 2 shows a summary of the results 
from the second set of experiments.  All twenty-
five of the detonators were ignited in less than 2 
µs, with the exception of SN 31 (tign = 4.84 µs), 
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which will be discussed later.  The results of the 
five experiments conducted for each ignition 
increment configuration were averaged to 
calculate the average ignition delay, and more 
importantly, the average ignition energy.  The 
average values, along with standard deviations, 
are also shown in Table 2. 

In general, the three ignition increment 
mixtures containing 4-µm and 20-µm BNCP 
performed very similarly.  The average ignition 
delay and ignition energy for each mixture was 
approximately 1 µs and 5.5 µJ, respectively.  
Furthermore, performance was very consistent, 
as the standard deviation was near 0.1 µs for 
ignition delay and near 0.5 µJ for ignition 
energy.  The two ignition increment mixtures 
containing bubble-dried BNCP did not perform 
as well as the other three mixtures.  The ignition 
delay for both mixtures was about 1.4 µs, an 
increase of 40% compared to the other mixtures, 
while the average ignition energy was 10.0-10.5 
µJ, almost twice as high as for the other BNCP 
mixtures.  In addition, the performance of the 
bubble-dried materials was not nearly as 
consistent as the other materials, as the standard 
deviation of both ignition delay and especially 
ignition energy was much higher. 

As mentioned above, the performance of 
SN 31 was anomalous compared to the other 
four ignition increments containing BNCP 
mixed with 10% KTNBC.  In many cases, 
detailed analysis of test anomalies can provide 
insight into the process being studied, and such 
is the case with the data from SN 31.  These data 
are shown in Fig. 13, and include the laser 
current waveform, along with waveforms from 
the detectors that gathered useful data (in this 
case the 10 MHz, 125 MHz, 1 GHz, and filtered 
10 MHz detectors).  The waveforms from all 
four detectors suggest ignition occurred at the 
same time (marked by the vertical dotted line in 
Fig. 13), approximately 4.8 µs after the signals 
begin to rise.  The shape of the waveform from 
all three unfiltered detectors is very similar, 
aside from differences in amplitude due to the 
different sensitivities of the three detectors.  The 
shape of the filtered 10 MHz detector waveform, 
however, is noticeably different.  First of all, the 
signal from the filtered detector is relatively 
weak, since the filter removes a large portion of 

the spectrum reflected from and emitted by the 
ignition increment (the filtered signal has been 
multiplied by a factor of 15 to enable easier 
comparison to the unfiltered waveforms in Fig. 
13).  The filter transmits less than 1% of the 
laser wavelength, and so the initial signal rise 
and constant signal portion of the waveform (the 
portion before ignition), is very low.  Upon 
ignition, the signal from the filtered detector 
increases, while the signal from all three 
unfiltered detectors decreases.  This apparent 
contradiction provides significant insight into 
the ignition phenomenon. 

When the laser is activated, a portion of 
the laser light is absorbed by the ignition 
increment, while the rest is reflected.  The 
absorbed light heats the explosive, increasing the 
rate of reaction in the explosive.  At some point 
the explosive begins to deflagrate such that the 
combustion process forms hot, ionized gaseous 
products.  This plasma emits light, but also 
absorbs light in nearly black-body fashion.  
Thus, the plasma absorbs nearly 100% of the 
laser light, and there is very little, if any, 
reflected light. 

Meanwhile, the diagnostic fibers are 
picking up light from the ignition increment.  
Initially, the only light detected is from the 
reflected laser light.  Upon plasma formation, 
the only light detected is the light emitted by the 
plasma, since the plasma absorbs nearly all of 
the laser light.  Thus, the signal may increase or 
decrease, depending on whether the intensity of 
the initially reflected laser light that reaches the 
detector is greater or less than the intensity of 
the light emitted by the plasma that reaches the 
detector.  If the intensity of the reflected laser 
light is high, i.e., if the ignition increment is 
highly reflective, the signal is more likely to 
decrease upon ignition.  Conversely, if the 
intensity of the initially reflected laser light is 
low, i.e., if the ignition increment is highly 
absorptive, the signal is more likely to increase 
upon ignition.  Of course, whether the signal 
increases or decreases is also dependant on the 
intensity of the light emitted by the plasma, 
which is dependant on how “vigorously” the 
explosive deflagrates, as well as on how much of 
the explosive is deflagrating. 

For SN 31, the signals from the 
unfiltered detectors decrease upon ignition, 
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while the signal from the filtered detector 
increases upon ignition.  This implies that for the 
unfiltered detectors, the intensity of the initially 
reflected laser light is greater than the intensity 
of the light emitted by the plasma; however, 
when 99% of the reflected laser light is removed 
with the colored glass filter, the intensity of the 
light emitted by the plasma is greater than the 
intensity of the (filtered) initially reflected laser 
light.  This explains why the signals decrease 
with the unfiltered detectors and increase with 
the filtered detector. 

Figure 14 shows the data gathered for 
SN 49, which contains 20-µm mean particle size 
BNCP mixed with 1% carbon black.  Ignition 
occurs about 1 µs after the photodetector signal 
begins to rise.  Since ignition occurs when the 
laser current is still rising, it is marked by an 
inflection point in the increasing slope of the 
photodetector.  Upon ignition, the slope 
increases noticeably.  This implies that the 
intensity of the light emitted by the plasma is 
higher than the initial intensity of the laser light 
reflected by the ignition increment.  
Interestingly, the 20-µm BNCP mixed with 1% 
carbon black was darkest to the naked eye in its 
bulk powder form, which suggests that it 
absorbs the laser light very well.  Furthermore, it 
is known that a deflagration propagates more 
rapidly through a relatively large particle size 
bed (note that tout is shortest for the 20-µm 
BNCP material, the largest particle size 
examined), implying that the intensity of the 
light emitted by the plasma would be brighter 
for the 20-µm material compared to the 4-µm 
material and the bubble-dried material. 

Note that all of the detector signals, 
whether they initially increase or decrease upon 
ignition, show a dramatic increase in signal just 
before output is detected (true for the first and 
second set of experiments).  As mentioned 
previously, this increase occurs when the CP 
DDT increment is ignited.  The CP DDT 
increment is of the optimum particle size and 
density for efficient DDT, so the plasma 
produced by the deflagrating DDT increment is 
likely to be much brighter than the plasma 
produced by the ignition increment, which is 
configured for effective ignition, but not 
necessary effective deflagration. 

Figure 15 shows the data from the 1 
GHz detector for all five of the ignition 
increments containing 4-µm BNCP with 10% 
KTNBC (SNs 28-32).  The absorptivity of the 
ignition increments can be compared by 
comparing the relative signal strength from the 1 
GHz detector.  For SN 31, the signal strength is 
much higher than for the other four units.  This 
implies that the absorptivity of the material is 
lower, which explains why the ignition delay is 
longer and the ignition energy is higher than for 
the other units.  Furthermore, note that the signal 
strength is slightly higher for SNs 28 and 32 
than for SNs 29 and 31, which may explain the 
slightly higher ignition energies. 

Figure 16 shows the data from the 1 
GHz detector for all five of the ignition 
increments containing bubble-dried BNCP with 
1% carbon black.  Three of the units had ignition 
energies near 12 µJ, while the other two had 
ignition energies near 6-7 µJ.  The signal from 
the 1 GHz detector was much stronger for the 
units with 12 µJ ignition energies (SNs 44-46), 
indicating that the reflectivity of the ignition 
increment was higher for these three units.  
Figure 17 shows the same data for the five 
ignition increments containing bubble-dried 
BNCP with 1% carbon nanotubes (SNs 38-42).  
The ignition energy from these five units can 
also be divided into two groups, with three units 
yielding ignition energies near 12.5 µJ and two 
units yielding ignition energies near 6-7 µJ.  The 
three units with ignition energies near 12.5 µJ 
have detector signals that imply relatively high 
reflectivity, as expected; however, one of the 
units with an ignition energy in the 6-7 µJ range 
has an unexpectedly strong 1 GHz detector 
signal. 

The data gathered from the 1 GHz 
detector suggest that identical ignition increment 
configurations can have differences in 
absorptivity significant enough to substantially 
affect ignition delay and ignition energy.  The 
bubble-dried BNCP materials seem especially 
susceptible to large differences in absorptivity, 
even when the same mixture is pressed with the 
same pressure.  This explains the large ignition 
delay and ignition energy standard deviations for 
both bubble-dried BNCP explosive mixtures (it 
likely also explains the results obtained for SN 7 
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in the first set of experiments).  Although the 
exact reason for the variation in absorptivity is 
not known, it is possible that the variation is 
related to uneven mixture of the dopant with the 
bubble-dried BNCP. 

Of the five powders studied in the 
second set of experiments, it appears that the 20-
µm BNCP mixed with 1% carbon black is the 
superior mixture.  The average ignition delay 
(0.99 µs) measured for this material is as short 
as any of the other mixtures (within 
experimental error), and the average ignition 
energy (5.51 µJ) is as low as the other mixtures.  
Performance of this mixture was very consistent, 
as standard deviation for both ignition delay 
(0.08 µs) and ignition energy (0.45 µJ) were 
very low.  Furthermore, the 20-µm BNCP mixed 
with 1% carbon black deflagrates faster than the 
other mixtures, as the time to output is 15% 
shorter than for the next fastest mixture. 
 

CONCLUSION 
Given constant laser power density, the 

results suggest that the dominating factor that 
determines laser diode ignition sensitivity is the 
absorptivity of the ignition increment.  Several 
factors can affect absorptivity, including the type 
of dopant mixed with the ignition explosive, 
particle size, and pressed density. 

Carbon black appears to perform very 
well as a dopant, as it performed as well or 
better than the energetic dopants evaluated, 
including carbon nanotubes and KTNBC.  Over 
the particle size range evaluated (sub-micron to 
twenty micron), the twenty-micron BNCP was 
superior.  Given an equal percentage of dopant, 
the absorptivity of the twenty-micron material 
was highest due to its relatively low specific 
surface area, which simply implies that a given 
percentage of dopant darkens large particle size 
explosive mixtures more effectively than small 
particle size mixtures.  Pressed density did not 
appear to have an effect on ignition sensitivity 
over the density range studied; however, it is 
expected that pressed density would affect 
ignition sensitivity over a broader density range, 
since it is known that pressed density can affect 
absorptivity. 

Overall, the experiments conducted in 
this study have demonstrated that laser diodes 

are capable of igniting explosives with ignition 
delays shorter than one microsecond.  Although 
performance did change from one ignition 
increment mixture to another, even the relatively 
slow mixtures ignited in about two 
microseconds. 

These short ignition delay times make it 
possible to consider using laser diode ignition in 
applications where fast function times are 
desirable or necessary. 
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Figure 1: Firing Energy vs. Power Density curve for typical LDI devices 
 

 
 

Figure 2: Schematic of experimental set-up, 1st set of experiments 
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Figure 3: Graph of typical laser current trace 
 
 

 
 
 
 
 
 
 

Figure 4: SEMs of ball-milled BNCP and bubble-dried BNCP 
 

a) BNCP ball milled to 4-µm 
mean particle size 

b) Bubble-dried BNCP 



- 758 - 

 

 
 
 

Figure 5: Photograph of bulk KTNBC powder 
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Figure 6: Typical no-fire data 
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Figure 7: Data from SN 1, 4-µm BNCP with 1% carbon black 
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Figure 8: Data from SN 12, bubble-dried BNCP with 1% carbon black 
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Figure 9: Data from SN 15, bubble-dried BNCP with 1% carbon nanotubes 
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Figure 10: Data from SN 22, KTNBC 
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Figure 11: Data from SN 24, KTNBC 
 

 
 

Figure 12: Schematic of experimental set-up, 2nd set of experiments 
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Figure 13: Data from SN 31, 4-µm BNCP with 10% KTNBC 
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Figure 14: Data from SN 49, 20-µm BNCP with 1% carbon black 
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Figure 15: 1 GHz Detector Data, 4-µm BNCP with 10% KTNBC (SN’s 28-32) 
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Figure 16: 1 GHz Detector Data, bubble-dried BNCP with 1% carbon black (SN’s 43-47) 
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Figure 17: 1 GHz Detector Data, bubble-dried BNCP with 1% carbon nanotubes 
(SNs 38-42) 
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TABLES 

 
Table 1: Data Summary, 1st Set of Experiments 

 

SN ρ PD tign tout Eign Notes
[-] [g/cc] [W/cm2] [µs] [µs] [µJ] [-]
1 1.56 1.15 1.92 12.27 15.3 tout is function time

2 1.61 1.15 2.12 13.00 17.9 tout is function time

3 1.64 1.11 1.97 - 17.0 tout measurement failed

4 1.67 1.11 2.11 - 19.0 tout measurement failed

5 1.76 1.19 1.85 7.72 16.5
6 1.79 1.20 1.75 8.28 17.1

7 1.54 1.18 24.26 28.81 349.8
8 1.60 1.19 ? 5.90 ? detector saturated
9 1.61 1.34 ? 6.18 ? detector saturated
10 1.63 1.34 1.60 5.82 14.9
11 1.73 ? 1.99 6.10 20.5 compressed optics
12 1.73 1.33 1.99 6.18 20.7

13 1.49 1.33 1.46 7.50 12.7
14 1.55 1.19 2.29 7.00 25.0
15 1.56 1.32 1.10 5.00 6.6
16 1.58 ? ? 6.34 ? comp. optics, detector saturated
17 1.66 ? ? 5.74 ? comp. optics, detector saturated
18 1.73 ? 1.18 4.46 7.1 compressed optics

19 1.39 ? 1.27 184.66 9.8 comp. optics, CP ign.: 183.64 µs

20 1.40 1.31 1.14 162.20 6.8 CP ign.: 148.85 µs

21 1.55 1.30 0.75 - 4.5 CP not ignited
22 1.56 1.18 0.91 - 5.4 CP not ignited
23 1.66 1.27 0.98 - 5.7 CP not ignited
24 1.68 1.27 1.24 181.53 7.2 CP ign.: 180.45 µs

25 1.71 1.26 1.20 - 6.9 CP not ignited
26 1.79 ? 1.25 - 9.4 comp. optics, CP not ignited
27 1.90 1.32 0.90 - 5.4 CP not ignited
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Table 2: Data Summary, 2nd Set of Experiments 

 

SN PD tign tout Eign Notes
[-] [W/cm2] [µs] [µs] [µJ] [-]
28 1.31 1.06 5.95 tout measurement failed
29 1.18 0.96 5.38 tout measurement failed

30 1.16 0.88 5.46 4.87
31 1.39 4.84 62.64 tout measurement failed

32 1.30 1.04 5.48 5.81
0.99* 5.47 5.50*
0.08* 0.01 0.49*

33 1.38 0.92 7.04 5.17
34 1.30 1.16 8.06 6.48
35 1.24 0.88 7.14 4.94
36 1.29 1.00 8.07 5.52
37 1.18 0.86 6.63 4.83

0.96 7.39 5.39
0.12 0.65 0.66

38 1.18 1.46 5.71 11.82
39 1.16 1.14 5.07 6.30
40 1.18 1.51 5.60 12.59
41 1.18 1.28 7.16 tout measurement failed

42 1.29 1.52 4.83 12.61
1.38 5.30 10.09
0.17 0.42 3.10

43 1.19 1.03 5.16 5.81
44 1.18 1.50 4.94 12.45
45 1.32 1.48 5.25 12.30
46 1.36 1.73 5.78 15.60
47 1.29 1.25 5.25 6.94

1.40 5.28 10.62
0.27 0.31 4.11

48 1.16 1.03 4.19 5.69
49 1.23 1.01 4.81 5.62
50 1.17 0.95 4.37 5.30
51 1.16 0.88 4.46 4.86
52 1.29 1.10 4.33 6.08

0.99 4.43 5.51
0.08 0.23 0.45
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ABSTRACT 
 

Efforts towards development of lead azide and lead styphnate replacements that contain no 
environmentally objectionable elements have afforded a new primary explosive, bis(furoxano)nitrophenol 
as its potassium salt (KBFNP, 1).  The material is conveniently prepared from 3,5-dichloroanisole in 45% 
overall yield from a 4-step procedure and can be synthesized on a relatively large scale.  The product is 
isolated as a mixture of two isomeric ring systems, confirmed by high field 1H and 13C NMR and X-Ray 
analysis.  The material exhibits good thermal stability with a DSC response in excess of 200ºC and 
compares well with lead azide and lead styphnate in terms of friction and impact sensitivity.  KBFNP did 
not indicate a tendency to DDT; however, it appears to be a promising lead styphnate alternate.  
Comparison of KBFNP to KDNBF (potassium dinitrobenzofuroxan) reveals that this new material can be 
easily initiated and functions more rapidly and with higher output pressures, so it may find applications in 
actuator or micro propulsion systems. 
 

                      Introduction 
 

Lead azide (LA) and lead styphnate (LS) are 
materials widely used in ordnance as priming 
mixtures for propellants and as detonators for 
secondary explosives.  The U.S. Army requires 
over 1000 lbs/year of lead azide alone for 
various uses (Mil. Spec. MIL-L-46225, 14758, 
3055).  Lead styphnate is used in even greater 
quantities as a primer material in military and 
commercial small caliber ammunition.  These 
compounds release toxic heavy metals into the 
environment during use and disposal and require 
toxic or carcinogenic materials in their 
manufacture.  In addition, lead azide is unstable 
in some munitions applications and, as a result, 
has been limited in use by NAVSEA Instruction 
8020.3A1 (1986).  In 1993, a series of Executive 
Orders2 (EO 12856) were issued to reduce or 
eliminate procurement of hazardous substances 
and chemicals by federal facilities.  These 
included directives to use acquisition programs 
aimed at encouraging new technologies and 
building markets for environmentally friendly 

products.  The EPA is considering using Section 
6 of the Toxic Substances Control Act (TSCA)3 
to regulate sources of lead which they believe 
pose an "unreasonable risk" including 
ammunition.  As a result, the CAD/PAD group 
at the Naval Surface Warfare Center-Indian 
Head (NSWC-IH) established a study to replace 
LA/LS with compounds/compositions not 
containing objectionable elements such as 
mercury, lead or barium.  Pacific Scientific 
Energetic Materials Co. (PSEMC) in Chandler, 
AZ, in conjunction with chemists at NSWC-IH, 
has been involved since 1999 in a program to 
develop existing or new materials which would 
serve as drop in replacements for LA and LS and 
which incorporate no toxic or environmentally 
undesirable elements.4,5  PSEMC has been 
successful in developing a number of 
environmentally benign LS replacements, some 
of which are currently undergoing further testing 
at NSWC-IH.  In addition, a series of LA 
candidates, that initially included KBFNP (1), 
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have been recently developed.  However, our 
latest results indicate that KBFNP will be a 
highly effective LS replacement rather than a 
LA candidate. 

 
Results and Discussion 

 
In conjunction with our efforts to develop 

LA/LS replacements, we considered the well 
known primary material potassium 4,6-dinitro-7-
hydroxy-7-hydrobenzofuroxan, (KDNBF) and 
predicted another material, 7-hydroxy-4,6-
dinitrobenzofuroxan, potassium salt (KDNP)6, 
would be a more thermally stable alternate. 
KDNP is structurally similar to KDNBF but 
contains a phenoxide group compatible with salt 
formation while KDNBF is a typical Jackson-
Meisenheimer adduct.  The thermal 

characteristics of KDNP (exotherm 271ºC peak) 
exceeded those for KDNBF7 (exotherm 217ºC 
peak) as expected.  KDNP is currently being 
considered as a LS replacement in testing at 
NSWC-IH.  In order to potentially increase the 
output of these materials, thereby converting 
KDNP to a potential LA alternate, we 
envisioned construction of a benzodifuroxan 
type structure based on benzotrifuroxan8 (BTF).  
The DDT processes of BTF have been 
investigated9 and have demonstrated outputs 
exceeding those of HMX with minimal function 
times. The synthesis of 
bis(furoxano)nitrophenol, potassium salt (1) is 
shown in Scheme 1 and centered on formation 
of a diazido-trinitro compound containing a 
hydrolyzable group (such as 4 or analogous 
intermediates). 
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Initial attempts at preparation of diazido-
trinitro-chlorobenzene from trichloro-
trinitrobenzene with 2 equivalents of sodium 
azide furnished primarily starting material and 
triazido-trinitrobenzene as evidenced by TLC 
analysis.  It would appear that azide replacement 
of chlorine in trichlorotrinitro-benzene activates 
the remaining chlorine groups toward further 
displacement. 

An alternative procedure was designed 
utilizing commercially available dichloro-
anisole (2).  Exhaustive nitration of this material 
using a mixed acid technique10 afforded the 
trinitro-dichloroanisole (3) in nearly quantitative 
yield and essentially pure by TLC and 1H NMR 
analyses.  As shown in Scheme 1, the trinitro-
dichloroanisole was converted to the trinitro-
diazidoanisole (4) using sodium azide in 
water/dimethyl-carbonate. 
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It was found that the methoxy group is 
readily hydrolyzed to the phenol, so it is 
necessary to minimize the amount of water 
present in any reaction solvents.  For example, 
combining the dimethylcarbonate phase transfer 
solution (containing 4) with propionic acid 
followed by heating to 118ºC for 3.5 hours gave 
only hydrolysis product, with no methyl ether 
observed in the 1H NMR spectrum (propionic 
acid is a preferred solvent for preparation of 
BTF, see ref. 8).   However, isolation of dry 
diazidotrinitro material by flashing the solvent in 
a hood overnight afforded a crystalline residue 
which was dissolved in xylenes and heated at 
118ºC for 2.5 hours to give the desired anisole 
as a solid from chloroform in 25% yield.  A 
more preferable method was to convert the 
dichlorotrinitroanisole (3) to the diazido 
compound in water/dimethylcarbonate via phase 
transfer conditions over 24 hours,  perform 
solvent exchange from dimethyl-carbonate to 
toluene via rotary evaporation  and then to reflux 
the yellow solution for 2-3 hours.  Yields of the 
bis(furoxano) methyl ether (5), which could be 

isolated as a tan precipitate from CHCl3 using 
this procedure, were reproducibly in the 50-75% 
range.  The ease of hydrolysis of this material 
was evidenced by the variation in the shift/area 
of the CH3 peak in the 1H NMR over time, 
particularly in solutions of DMSO-d6 or acetone-
d6 that were wet.  Hydrolysis of the anisole (5) 
was easily accomplished by heating in wet 
acetone at 50ºC for 1 hour.  Formation of the 
potassium salt proceeded smoothly by addition 
of an aqueous solution of potassium carbonate 
(or potassium acetate) to afford 1 in 74% yield 
from 5.  The structure of this material was 
suggested by 1H and 13C NMR and IR spectra, 
however, the 13C NMR spectrum displayed 
nearly twice as many peaks as would be 
expected for the molecule and the IR spectrum 
seemed overly complex. 

Thin-flake, clear red crystals of 1 were 
isolated from 50% IPA/H2O by slow evaporation 
on a warm plate and the crystal structure was 
solved via X-Ray by Dr. Richard Gilardi at NRL.  
The X-Ray crystal density was determined to be 
2.106 g/cc. 

 
Table 1: 
 
 
 
 
 
 
 
 
 
 
 

 
The results of the X-Ray analysis were 

complicated by a disorder resulting from 
superposition of two isomeric ring systems 
which had co-crystallized (Scheme 1).  Each 
individual anion was extracted from the electron 
density map by modeling the image as a sum of 
two parts.  This model gave good geometries for 
the two isomers and agreed very well with the 
X-Ray data.11  While it would be expected that 
one isomer would pack better with K+ and so 
crystallize as a pure material, it is possible that 

both anions could crystallize randomly together.  
A number of potential errors (including twinning 
or mis-assignment of the space group or 
misidentification of the lengths of the unit cell 
axes) were considered and determined not to be 
factors. More recently, the Rb salt was prepared 
and subjected to X-Ray analysis.  In this case, 
there was no evidence of disorder involving two 
forms in this salt.  The analysis identified the 
more symmetrical “trans” structure, with the 
carbonyl para to the nitro group, as the only 

DSC 
(20ºC/minute) 

FRICTION
(grams) WITNESS PLATE TESTING 

SAMPLE 
Onset Peak 

IMPACT 
(J) No 

Fire 
Low 
Fire 

DENSITY
(g/cc) LOADING 

PRESSURE 
(kpsi) 

AVERAGE 
CHARGE 
DENSITY 

(g/cm3) 

AVERAGE 
DENT 
(mils) 

1 203ºC 209ºC 0.009±0.002 20 30 2.11 10 1.626 0.80 
NLS 290ºC 305ºC 0.025±0.001 40 50 3.20 NA NA NA 
LA 332ºC 341ºC - - 10 4.80 10 3.119 37.3 

Friction Data:  Temperature 69ºF, Relative Humidity 28%,  Small BAM Friction Method 
Impact Data:  Temperature 62ºF, Relative Humidity 32%,  Ball Drop Method 
Samples were dried at 65ºC for >2hours and stored in a desiccator until tested 
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isomer present.11  The cesium salt has also been 
prepared and is currently undergoing testing.  In 
addition, the sodium salt has been prepared via 
ion exchange.  This material is very water 
soluble compared to the potassium salt and the 
IR spectrum indicates it may exist as a hydrate.  
NaBFNP explodes at ca. 165°C. 

Scale up of KBFNP was undertaken to afford 
6.2g of 1. Safety and strong ignition testing of 1 
were performed and the results are compared to 
LA as outlined in Table 1.  Since KBFNP did not 
perform as an alternate to lead azide, it has been 
given attention as a replacement for the lead 
styphnates and some limited information has been 
generated.  In a study involving the ignition of 
ZPP (zirconium/potassium perchlorate), 1 was 
evaluated along with KDNBF relative to ignition 
time and time to peak pressure using the closed 
bomb method.  Using thin film bridges and a 
capacitor discharge firing mode, it was determined 
that 1 resulted in slightly faster ignition of ZPP 
and decidedly faster rise times to peak pressure 
than KDNBF.  Currently, additional work is in 
progress regarding ignition and ballistics studies. 

Certain applications of primary explosives 
require long-term thermal stability at 120ºC.  
Initial thermal analysis of KBFNP at 120ºC  via 
TGA showed that the material did not have long-
term thermal stability at this temperature.  An 8.86 
mg sample of KBFNP lost 2.73% by weight after 
1073 minutes at 120ºC and 34.70% after 5400 
minutes.  DSC analysis of the remaining material 
indicated that the KBFNP had degraded and 
exhibited no thermal response corresponding to 
the original material.  However, similar TGA 
analysis at 100ºC indicated that KBFNP has good 
stability for extended periods of time at this lower 
temperature.  TGA analysis of the rubidium salt is 
ongoing.  It is possible that the rubidium salt will 
have improved thermal stability because it exists 
as only one isomer. 
 

Experimental Results 
 

3,5-dichloro-2,4,6-trinitroanisole, 3 
The method of Ott and Benziger10 was 

followed: A nitration mixture was prepared by 
adding 90% HNO3 (36ml) dropwise over 20 
minutes to a beaker containing 94% H2SO4 
(82ml) stirred in an ice bath.  The temperature of 

the mixture was monitored during the addition to 
ensure that the temperature did not exceed 10°C. 
After the HNO3 was added, the reaction mixture 
was allowed to stir for an additional 5 minutes in 
the ice bath (solution temperature 4°C).  3,5-
dichloroanisole (25g, 0.140mol) was then added 
to the nitration mixture in portions as a solid 
over 2 minutes.  The temperature of the mixture 
increased to 50ºC over the addition and afforded 
an orange-brown oily liquid.  The solution 
turned yellowish after continued cooling for 3 
minutes.  The mixture was removed from the ice 
bath and transferred to an oil bath preheated to 
100°C.  The reaction mixture warmed to 100°C 
over ~8 minutes and was maintained at that 
temperature for an additional 15 minutes.  It was 
then removed from the oil bath and cooled to 
ambient temperature.  On cooling, a white 
precipitate formed.  The mixture was quenched 
by pouring into a beaker containing 400ml of 
crushed ice.  The aqueous mixture was stirred 
for 30 minutes and the resulting white 
precipitate was filtered over a #1 Whatman 
filter.  The solid was washed 3 times with water 
and air dried to give 42.21g (0.134mol, 96%) of 
crude material (m.p.  94ºC-95ºC).  
Recrystallization from toluene/hexane afforded 
35.88g of 3 (m.p.  95ºC-97ºC).  1H NMR 
(DMSO-d6): 4.112 ppm.  IR: 3430, 1563, 1545, 
1464, 1399, 1346, 1257, 1043, 946 cm-1.  DSC: 
endotherm - 96ºC, exotherm (peak) - 313ºC. 

 
Bis(furoxano)nitroanisole, 5 

3,5-dichloro-2,4,6-trinitroanisole (3) (6.5g, 
20.63mmol) was dissolved in 65ml of 
dimethylcarbonate in a 250ml round bottom 
flask.  Tetra-n-butylammonium bromide (0.19g, 
0.59mmol) in 19ml of water was added.  NaN3 
(2.8eq., 3.09g) was dissolved in 75ml of H2O 
and was added to the reaction.  The flask was 
stoppered and stirred for 16 hours at ambient 
temperature.  A TLC (50% v/v toluene/heptane) 
of the reaction mixture indicated complete 
formation of the di-azido species (RF 0.46).  The 
lower, organic layer was separated and the 
upper, aqueous layer was extracted 3 times with 
20ml of dimethylcarbonate.  The organics were 
combined and dried over anhydrous magnesium 
sulfate.  The bright yellow mixture was filtered 
over #1 Whatman paper and the volume was 
reduced to ~40ml on the rotary evaporator.  
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Toluene (150ml) was added and the mixture was 
heated to reflux.  The solution became brown 
during reflux and was monitored by TLC 
(toluene), which indicated that all of the di-azido 
material (RF 0.77) was consumed in about 2 
hours.  The brown solution was cooled to 
ambient temperature and stripped to near 
dryness on the rotary evaporator.  Chloroform 
(40ml) was added to the brown residue and the 
flask was stored in the refrigerator overnight.  
The resulting tan precipitate was filtered over #1 
Whatman paper, washed with cold CHCl3 twice 
and  dried in a desiccator to give 4.29g 
(15.95mmol, 78%) of the desired product (5).  
TLC (toluene) RF 0.64.  Compound 5 has mp. 
150-152ºC, dec. 

 
Bis(furoxano)nitrophenol, Potassium Salt, 1 

Bis(furoxano)nitroanisole (2.65g, 9.85 
mmol, 5) was dissolved in 75ml of acetone in a 
250ml round bottom flask.  20ml of H2O were 
added and the mixture was heated in a hot water 
bath at 50ºC.  The clear brown reaction was 
stirred at 50ºC for ~1 hr and then cooled to 
ambient temperature.  The acetone was removed 
on a rotary evaporator and the remaining brown 
solution was transferred to a 150 ml beaker with 
minimum H2O.  Potassium carbonate 
hemihydrate (1.0eq., 1.63g) was dissolved in 
30ml H2O and this solution was added dropwise 
to the nitrophenol solution, resulting in 
effervescence.  After the addition was complete, 
the solution was cooled in an ice bath for ~1 
hour, during which time, a brown precipitate 
formed.  The precipitate was filtered over #1 
Whatman paper, washed twice with minimum 
cold H2O and then air dried overnight to afford 
2.13g (7.27mmol, 74%) KBFNP (1).  13C NMR 
(DMSO-d6): δ 162.09, 161.02, 159.74, 151.84, 
151.43, 150.474, 140.60, 115.19, 110.24, 
106.12, 102.02, 101.51, 99.43, 97.61. IR: 1698, 
1648, 1574, 1549, 1460, 1359, 1277, 1236, 
1217, 1081, 970, 938, 800, 759 cm-1.  DSC: 
onset-203ºC, peak-209ºC. 

 
Bis(furoxano)nitrophenol, Rubidium Salt, 1 

Bis(furoxano)nitroanisole (0.24g, 0.89 
mmol, 5) was dissolved in 25ml of acetone in a 
100ml round bottom flask.  10ml of H2O were 
added and the mixture was heated in a hot water 
bath at 50ºC.  The clear brown reaction was 

stirred at 50ºC for ~1 hr and then cooled to 
ambient temperature.  The acetone was removed 
on a rotary evaporator and the remaining brown 
solution was transferred to a 50ml beaker with 
minimum H2O.  Rubidium hydroxide (1.0eq., 
0.09g) was dissolved in 5ml H2O and this 
solution was added dropwise to the nitrophenol 
solution.  After the addition was complete, the 
solution was cooled in an ice bath for 30 
minutes, during which time, a dark brown 
precipitate formed.  The precipitate was filtered 
over #1 Whatman paper, washed twice with 
minimum cold H2O and then air dried overnight 
to afford 0.20g (0.59mmol, 66%) RbBFNP (1).  
IR: 1698, 1648, 1584, 1524, 1498, 1361, 1286, 
1216, 1082, 971, 929, 781, 757 cm-1.  DSC: 
onset-189ºC, peak-192ºC. 
 

Summary and Conclusions 
 

A concise and efficient synthesis of KBFNP, 
a primary material containing environmentally 
benign elements, has been developed.  The 
structure was confirmed by X-Ray analysis as an 
equal mixture of two isomeric compounds.  The 
material demon-strates friction and impact 
sensitivities in the range of lead azide and lead 
styphnate but does not DDT in strong 
confinement tests.  Currently the material is 
being evaluated as a replacement for lead 
styphnate and hot wire sensitivity and pressure–
time ballistics testing is currently underway.  As 
the potassium salt, 1 is thermally unstable at 
high temperatures (120ºC) over extended 
periods of time.  Ongoing experiments will 
reveal if the rubidium (or cesium) salt 
demonstrate this effect as well.  KBFNP may 
find uses in actuator or unconfined micro-
propulsion applications. 
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ABSTRACT 
 

This paper presents the work progress in design, qualification assessment and performance 
measurement of pyrotechnic initiators ignited by a laser diode (1 W) through an optical fiber, satisfying 
technical specifications for use in space environment. These works deal with an optopyrotechnic igniter 
and an optopyrotechnic detonator, both using a gradient-index cylindrical lens as focussing and tight 
optical interface. The optical igniter conforming to NSI specifications is loaded with a ZPP redox mixture 
and has an 80 mW ignition threshold power. The optical detonator works according a two steps process 
controlled by two specific stages: in the first stage close to the optical interface, the laser diode ignition of 
a fast combustion of pressed micronized HMX starts the propulsion of an internal metallic projectile, 
which, at impact on the pressed explosive of the second stage, triggers an immediate shock detonation 
transition. The impact flatness of the internal projectile is secured to take advantage of shock focussing 
effect at impact. Failures of laser diode ignition of pressed HMX after thermal cycling have been 
observed, so inclusion of a very thin layer of ZPP mixture before the HMX loading assures the ignition 
reliability and allows reducing substantially the working time of the detonator. No transition to detonation 
has been observed for the detonator during fast and slow cook-off tests.  

 
 

Introduction 
To increase significantly the 

functionning safety of pyrotechnic fuzing 
systems aboard launchers and satellites, the 
french space agency CNES started in 1995 a 
long-term joint R&D program in which our ISL 
lab is asked to design and manufacture an 
optopyrotechnic igniter and an optopyrotechnic 
detonator in which the initiation is triggered by a 
laser source through fiber optics. Recognized 
advantages of an optopyrotechnic initiation train 
for space use are firstly the insensitivity to 
electrostatic discharges and electromagnetic 
disturbances or threats. For now, 
electropyrotechnic initiators in use aboard ESA 
space platforms work with electric hot wire 
technology and the electric detonator needs use 
of primary explosive which is well known to 
inevitable transition into detonation when the 
primary explosive decomposition temperature is 
reached. These sensitive electric initiators needs 
the use of shielded electric cables and 
mechanical system of chain interruption; and so, 
the second advantages of an optopyrotechnic 
initiator train is beside safety, a substantial 

saving of the global mass of the pyrotechnic 
fuzing system, specially important aboard 
satellites. 

This paper features the main design 
characteristics and performances of the 
optopyrotechnic igniter and detonator 
developped at ISL to satisfy CNES technical 
specifications: optopyrotechnic initiators should 
be competititive regarding safety, weight, size 
and cost, and moreover should keep priming 
power and mechanical interface of current 
standard electric initiators in use aboard ESA 
space platforms. Complementary informations 
relating to system integration and first validation 
program of the optopyrotechnic igniter under 
space flight conditions are given in a CNES 
companion paper [1]. 

Laser source 
Noticing that space pyrotechnic devices 

used aboard ESA launchers and satellites are 
triggered by electrical hot wire initiators with a 
5 millisecond working time specification, laser 
sources with moderate optical power were 
chosen for the design of an optopyrotechnic train 
satisfying space operational needs: they are size 
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and cost competitive and easier to integrate on 
space platforms. Optopyrotechnic initiators 
describes hereafter were designed to function 
with: 

- A laser diode QCW 1 watt (SDL 
2364L2), which fed by a 1.4 A current for 
10 ms, delivers a rated 1 watt rectangular pulse. 
For a one shot use, this same diode laser fed by a 
2.4 A current delivers a 1.6 watt optical power. 
These laser diodes emit on the near infra-red 
range: the laser diode SDL 2364L2 emits at 830 
nm, is manufactured fibered to a 62.5 µm fiber 
optics and based on semiconductor technology is 
a very compact laser source (< 1 cm3) which 
needs only a low voltage pulsed supply similar 
to the current aboard electric supply used by hot 
wire initiators. 

- A pulsed solid rod laser, free-running 
(non Q-switched) in which an Nd-YAG rod is 
pumped optically by electronic flash-lamps and 
emits a 150-200 µs laser pulse at 1064 nm. Even 
under a compact version with one flash-lamp 
and a small rod, it can deliver a nominal 60 mJ 
pulse whereas the laser diode 1 watt delivers 
only at the most a 10 mJ pulse. The design of a 
laser detonator is therefore more restricting with 
a low energy laser diode. 

For space platforms, laser diodes are the 
only laser sources approved by the CNES. 

Optopyrotechnic Igniter 
The optopyrotechnic igniter (fig.1) and 

the detonator described hereafter (fig.2) have the 
same optical interface: its main component is a 
GRIN (gradient-index) glass rod or SELFOC 
microlens. It is a convenient and economical 
solution due to its large use in various civil 
applications. This optical interface provides two 
functions: 

- It is a tight transparent window with 
high strength to give an adequate confinement of 
the energetic powder. The GRIN rod is soldered 
to the stainless steel initiator body, in an oven 
under vacuum, with an Au-Sn eutectic alloy. 
Experiments in closed bomb established 
mechanical strength and tightness of this optical 
interface to sustain a dynamic pressure of 500 
MPa at 100°C. 

- It focuses the divergent laser beam 
from the 62.5 µm fiber optics: the GRIN rod, 
with a ½ pitch length creates at the energetic 

material entry surface a fiber optics image with a 
1-magnification. So, hereafter, the laser spot is 
62.5 µm.  

A kapton sheet, 70 µm thick, with a 
dichroïc coating, inserted at the optopyrotechnic 
interface, allows to check the optical continuity 
of the overall optopyrotechnic chain from the 
laser source to the energetic material by a 
reflectance measurement of a 1300 nm 
wavelength laser pulse given by a 20 µw laser 
diode, avoiding any risk of chemical 
decomposition onset of the energetic material. 

The optopyrotechnic igniter designed at 
ISL is interchangeable with the electric NASA 
standard initiator: the same external mechanical 
interface, a loading of 124 mg of a micronized 
ZPP pyrotechnic mixture manufactured by 
Société E.Lacroix (France), allowing to deliver a 
pressure pulse of 4.48 ± 0.9 Mpa in 10 cm3 
closed bomb. Decomposition temperature of the 
ZPP composition is close to 400°C measured by 
DSC. The optopyrotechnic igniter passes 
successfully standard DES tests (25 KV) and 
cook-off tests. A small lot fabrication of 
optopyrotechnic igniters permits to check its 
ability to work on the satellite operational 
temperature range (- 160°C, +150°C): the 
median optical power to fire with the laser diode 
the igniter is 80 mW; the all-fire power level 
deduced from Bruceton method (30 trials) is 250 
mW for a level of 99.99 % reliability/ 95 % 
confidence. 

Optopyrotechnic detonator 
Direct initiation of secondary high 

explosives into detonation with a laser beam 
needs plasma formation to build a shock wave, 
that is to say a laser power density in the order 

ZPP

SELFOC (½ pitch)SELFOC (½ pitch)
10 mm

17 mm

 
Fig.1. Optopyrotechnic igniter based on GRIN 

glass rod. 
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Fig.2 Optopyrotechnic two-stage detonator 
based on SDT 

of GW/cm2. With a 1W diode laser and laser 
spot diameter of 62.5 µm, power density is at 
best of tens of kW/cm2 which can only heat the 
secondary explosives and initiate combustion. 
The design of a laser detonator triggered with 
such laser sources implies the control of a two 
step process: first, initiation of a fast combustion 
by the laser beam and then, a further process of 
transition to detonation. The first designs of such 
laser detonator described in the literature [2, 3, 
and 7] are based on DDT. In our first approach, 
this DDT technique has been adopted and made 
it possible an ISL DDT two stage detonator 
loaded with HMX to function [4], but, to 
promote the DDT process in the 2nd stage, it was 
necessary to use large HMX particle size (200 
µm) and low loading density (1.2 g/cm3). 
Consequently, it appears more promising to 
make the 2nd stage function with a SDT process. 
This two stage laser detonator based on SDT 
(fig.2) proceeds as follows: in the first stage, the 
laser beam heats the secondary explosive and 
triggers a fast combustion; the high pressure of 
combustion gas propels through a short barrel a 
small internal metallic projectile at high 
velocity. At the end of the launching tube, the 
internal metallic projectile impacts the 2nd stage 
H.E charge, where, if the impact velocity is 
enough, a SDT occurs immediately within 1 µs 
close to the H.E. impact surface. The expected 
benefits with this design compared to the DDT 
one is: loading of the 2nd stage with fine particle 
size at a high loading density which enables to 
have shorter and more reproducible overall 
working time for the laser diode detonator. 

Fig. 2 presents the cross-section view of 
the two stage optopyrotechnic detonator based 
on SDT. The optical interface is the same as in 
the previous igniter. The 1st stage is loaded with 
a fine granular HMX lot M3 manufactured by 
SNPE with a median particle size of 2.5 µm at a 
density of 1.65 g/cm3. HMX is mixed with 
1% wt carbon black. The 2nd stage is loaded with 
a lot of granular RDX (0-100 µm) manufactured 
by SNPE at a density of 1.6 g/cm3.  

It should be noted that the internal 
projectile diameter enables to impact 
simultaneously on the 2nd stage HE core and its 
stainless steel outer confinement. Previous basic 
studies [5, 6] have established that this impact 
geometry can strengthen 3 times the shock wave 
pressure. This known effect is due to the high 
impedance mismatch between constitutive 
materials. This effect leads to decrease 
substantially the threshold SDT impact velocity 
for the internal metallic projectile. But, guided 
internal projectile are required to avoid an 
important impact tilt which prevents from 
having the benefit of this focusing effect. This 
requirement has been checked experimentally 
and with hydrocode. The 1st stage design has 
been validated by x-ray flashes and laser 
Doppler velocimetry, so that the internal 
metallic projectile velocity is greater than 
700 m/s at a 3 mm flight distance, RDX SDT 
threshold velocity being equal to 480 m/s. 

Ignition failure after thermal cycling 
For space use, operational temperature 

range for the detonator is within -90°C and 
+110°C. During laser diode ignition tests of the 
optical detonator described above, after the 
following thermal cycling: 5 hours in an oven at 
100°C and next return to ambient temperature 
(20 °C), no ignition of the laser detonator has 
been systematically observed, even at maximum 
laser diode power (1 watt). Similar difficulties 
seem to be observed recently by other research 
workers [7]. In our case, very likely, the 
observed event is due to the very important 
thermal expansion coefficient of HMX 
compared to those of other body materials: this 
mismatch involves a detachment of the in situ 
pressed HMX pellet from the optical interface. 
So, it occurs at this interface an air gap, which 
has been diagnosed with optical microscopy 

 
Fig. 2: Optopyrotechnic two-stage 

detonator based on SDT 
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through the GRIN rod. Fig. 3 shows a sequence 
of grey scale pictures recorded with an optical 
microscope: a): before HMX loading; b) after 
HMX in situ compression; c) after thermal 
cycling; d) after laser diode ignition trial. The 
important brightness difference between b) and 
c) is due to the important change of refractive 
index at the explosive- GRIN rod interface after 
the occurrence of an air gap which increases the 
reflectance, thus the brightness. On d) picture, 
after laser diode irradiation, an onset of 
decomposition reaction is observed quickly 
quenched at the laser spot periphery. 

Two further kinds of tests were achieved 
to confirm this analysis: 

- If, after thermal cycling of the 1st 
detonator stage, the HMX charge is pressed 
again so that the HMX charge and the optical 
interface is again in contact without any air gap, 
in these conditions even after a thermal cycling, 
the 1st stage is initiated by the laser diode with a 
400 mW power. 

- First stages of detonator have been 
loaded intentionally with an 80 µm air gap at the 
HMX-GRIN rod interface. These 1st stages of 
detonators were not subjected to thermal 
cycling, even with a maximum 1 watt power, 
laser diode ignition failed. With an 80 µm air 
gap, the laser spot at the HMX entrance surface 
increases from 62.5 µm to 220 µm due to the 

fiber numerical aperture. Threshold optical 
power in HMX laser diode ignition is known to 
increase with laser spot size [8]. Table 1 reports 
on threshold laser diode power measured at ISL 
according to laser spot diameter and pressed 
HMX loading density. Threshold optical power 
increases, when laser spot diameter increases or 
laser loading density decreases. First of all, 
results of table 1 prove that, with a 1 watt power, 
laser diode ignition of the 1st stage should have 
been observed despite a 220 µm laser spot 
caused by the 80 µm air gap. Another effect is 
underlying. 

All these results lead one to believe that 
the least air gap or void [9] at the pressed HMX-
glass rod interface is prejudicial by modifying 
the kinetics of the HMX decomposition and 
promote the reaction quench. A parallel can be 
drawn with the observed advantageous effect of 
pressure [10] on threshold laser energy for 
nitramines.  

Table 1: Laser diode ignition threshold power 
of pressed HMX (1%wt Carbon Black) 
versus laser spot size and HE density 

Fiber optic
Ø (µm) 

HMX  
(g/cm3) 

Threshold 
power 
(mW) 

62.5 1.68 60 

200 1.65 170 

62.5 1.45 142 

200 1.48 210 

 To get around this difficulty never 
observed with the optopyrotechnic igniter loaded 
with the ZPP redox mixture, a thin layer of this 
pyrotechnics (15 mg) is inserted between the 
GRIN rod output and the HMX charge in the 1st 
stage (fig.2). This redox mixture has the 

 
Fig.3: optical microscope observations 

through optical interface during thermal 
cycling sequence from Borne L. (ISL). 
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advantages of absorption in near infra-red and 
faster decomposition kinetics. Thanks to this 
thin ZPP layer, laser diode ignition reliability is 
assured after thermal cycling.  

Optopyrotechnic detonator performance 
Taking into account only SDT process, 

2nd stage length could be reduced to some 
millimeters, but its effective length (fig. 2) is 
imposed by the compatibility to mechanical 
interface of pyromechanisms aboard space 
platforms.  

Detonator priming power is proved by 
X-ray flashes measurement of the shape and 
velocity of the 250 µm thick stainless steel 
closure disk of the 2nd stage. Flyer velocity is 
within 2500 – 2600 m/s, identical to the velocity 
measured with the ESA standard electric hot 
wire detonator. 

Fig. 4 presents the overall working time 
of this optopyrotechnic detonator whose 1st stage 
is loaded with ZPP pill and HMX charge against 
the laser diode optical power. This experimental 
laser diode ignition curve:  

- First, gives an estimation of the 
threshold initiation power, in principle, identical 
to the median 80 mW determined statistically for 

the ZPP based optopyrotechnic igniter, 
previously described. 

- Then, points out a 110 µs overall 
working time with a 750 mW laser diode power. 
This working time is much shorter than those 
commonly observed close to 1- 2 ms with laser 
detonator initiated by a 1 watt laser diode. 

Slow and fast cook-off test have been 
passed successfully: no transition to detonation 
is observed. In the fast cook-off test where the 
detonator is put for several minutes in fuel fire 
flames at 800°C, it could be feared that such a 
detonator normally triggered by a laser heating, 
detonates inevitably during this standard safety 
test. Detonator geometry and choice of energetic 
materials with distinct decomposition 
temperature enables to pass these tests without 
detonation transition. 

For other applications, solid laser Nd-
YAG (free-running) remains an attractive laser 
source, which can deliver easily a power density 
hundred times greater than a 1 watt laser diode. 
Some initiation tests with 1st stages of detonator 
loaded only with the HMX – 1% wt carbon 
black charge without the ZPP pill gives a 45 µs 
working time for a power density of the laser 
pulse of 2 MW/cm2. Complementary work have 
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Fig.4: Optopyrotechnic detonator: Overall working time versus laser diode power. 
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to be done to check if the hard point of the 
thermal cycling does not exist anymore with 
these higher energy fluences.  

Summary and future work 
Above presented works point out 

characteristics and performances of an 
optopyrotechnic igniter and an optopyrotechnic 
detonator designed to satisfy space technical 
specifications. Laser diode ignition failures with 
an HMX charge have been observed after 
thermal cycling. The proposed solution is to 
insert a small ZPP pill at the optopyrotechnic 
interface to assure the laser diode ignition 
reliability. Overall working time of the 
optopyrotechnical detonator has been notably 
decreased (110 µs) compared with prior works. 
Future work deals with completion of detonator 
qualification tests under environment conditions. 
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ABSTRACT 
 
In recent years several problems with the M819 smoke mortar round have been reported, including the 
evolution of phosphine, a toxic gas.  A laboratory scale study has ensued to replace the red phosphorus 
currently used in these devices with a microencapsulated variety of red phosphorus, as these materials 
have been demonstrated to yield reduced levels of phosphine [1, 2].  Five different microencapsulated red 
phosphorus materials were tested in the M819 smoke formulation and evaluated for both their 
performance as an obscurant, and their phosphine evolution characteristics.  The obscurant performance 
of these materials was evaluated by measuring the height of the flame at prescribed times during the 
function-testing of 12-gram cylindrical pellets of smoke composition.  The temporal flame profiles for the 
reformulated compositions were compared to those for compositions with standard red phosphorus from 
two different manufacturers.  Several of the microencapsulated grades of red phosphorus performed 
comparably to the standard materials.  Phosphine generation experiments were conducted using samples 
of loose composition contained in canning jars, measuring the phosphine levels using a Draeger Chip 
Measurement System.  Containing and measuring the phosphine proved to be quite challenging.  The 
methodology for these measurements is still under development. 
 
 
Background 
 

The M819 81 mm Smoke Mortar Round 
contains wedges of red phosphorus smoke 
composition, which are ejected from the mortar 
tube using propellant.  The hardware 
components of this device have been subject to 
corrosion problems, which have been attributed 
to acidic by-products of the oxidation of 
phosphorus.  The by-products, which include 
phosphorous acids, as well as phosphine, are 
readily generated when red phosphorus is 
exposed to oxygen and moisture, which is 
common in normal storage conditions.  
Phosphine is a highly toxic gas, which poses an 
exposure hazard to personnel.  In the U.S., the 
exposure threshold limit value is 0.3 ppm, with a 
lethal concentration of 1000 ppm. [3] Inhibiting 
the formation of these problematic by-products 
is of great interest. 

In attempts to reduce or eliminate the 
evolution of phosphine from the M819 smoke 
composition, recent advances in red phosphorus 
technology have been utilized.  

Microencapsulation has been used as a means of 
stabilizing red phosphorus.  This technique has 
been used to physically protect the phosphorus 
particle surfaces so that moisture and oxygen 
may not contact the phosphorus, thus curbing 
oxidation. 

In this study, 5 different 
microencapsulated grades of red phosphorus 
were substituted for material that met United 
States military procurement standard MIL-DTL-
211 in the M819 composition, shown in Table 1.  
Two different red phosphorus materials that met 
the military specification were used as baselines: 
one provided by Clariant GmbH, one provided 
by Italmatch Chemicals S.p.A.  The material 
properties for the red phosphorus used in these 
studies are given in Table 2. 

There were two primary objectives to be 
met in this study.  The first was to reduce the 
quantity of phosphine evolved from the 
composition.  Studies by both manufacturers 
have indicated that the microencapsulated grades 
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of red phosphorus generate less phosphine than 
other grades.  Therefore, it should follow that 
smoke compositions with microencapsulated red 
phosphorus should generate less phosphine than 
the current smoke compositions.   

The second objective was to produce a 
new composition that meets the performance 
characteristics of the existing M819 smoke 
composition.  It was anticipated that 
microencapsulated red phosphorus would 
perform differently than the standard material.  
Previous studies at Crane on Marine Location 
Markers indicated that different grades of red 

phosphorus performed differently in terms of 
ignition and burn rates in those devices. [4] 
 
Table 1.  M819 Mortar Smoke Composition 

 
 
 
 
 
 
 
 

 
Table 2.  Red Phosphorus Properties 

 
Designator Particle Size % Red 

Phosphorus 
Stabilized Microencapsulated Dust 

Suppressed 
HB 251 

 
 > 97.0 No No 0.8 – 1.5 % 

HB 300 20% > 48 
microns 

50% > 24 
microns 

> 97.0 Yes Yes 0.3 – 1.7 % 

HB 700 < 25% > 45 
microns 

< 3% > 100 
microns 

< 0.1 % > 400 
microns 

> 94.0 Yes Yes 0.3 – 1.7 % 

HB 801 < 3% > 100 
microns 

< 0.1 % > 400 
microns 

> 94.0 Yes Yes No 

Italmatch 
MIL-DTL-

211F 

  No No Yes 

94 GF 15 – 25 
microns 

> 95 1 – 2 % 2 – 3 % 0.8 % max. 

95 AF 15 – 25 
microns 

> 94 2 – 3 % 3 – 4 % No 

 
Methods 

 
Batches of up to 50 grams of 

composition, as given in Table 1, were hand-
mixed in a stainless steel beaker using a metal 
spatula.  Acetone was added to thin the epoxy so 
that it might be more evenly distributed and to 
facilitate mixing.  The acetone was evaporated 

from the compositions using fume hood exhaust 
until the beaker no longer felt cold from the 
evaporation of acetone and acetone vapors were 
not evident.  For burn testing, composition was 
weighed in 12-gram increments and pressed 
using  ¾” diameter stainless steel press tooling.  
Pressing parameters were derived from the 
military specification and drawing package for 

Ingredient Percentage 
(by weight)

Red Phosphorus 78.7 
Sodium Nitrate 13.9 
Epon 828 3.7 
Versamid 140 3.7 
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the production of wedges (12,000 psi).  Loose 
composition was used for phosphine evolution 
measurements.  The samples were cured in a 
drying oven for a minimum of 48 hours at 140 
oF prior to testing.   
 
Burn Tests 
 

In the production of M819 smoke 
composition wedges, several criteria are used as 
quality checks on lots of composition.  These 
criteria include that the wedge be ignited by an 
open flame within 4 seconds; that the wedge is 
entirely involved, and a smoke cloud is 
produced within 30 seconds; that the wedge 
burns without flare-ups or discontinuities for at 
least 4 minutes; and that the smoke is heaviest at 
first, then nearly gone after 5 minutes.  These 
requirements are applied to an approximately 
40-gram wedge.   

For our experiments, 12-gram 
cylindrical pellets were tested.  They were 
ignited via direct contact with a flame.  The time 
for ignition of the pellets was recorded.  To 
quantify the amount of smoke generated, the 
height of the flame above the pellet was 
measured at 30-second intervals.  This flame 
height appeared to correlate directly with the 
quantity of smoke produced. 
 
Phosphine Measurements 
 

The Draeger Chip Measurement System 
(CMS) was selected for measuring phosphine 
generated by M819 smoke composition variants.  
Loose composition was contained in pint-sized 
(474 mL) glass canning jars.  During the course 
of this study, several different variations on the 
sample container were used.  Further details are 
given in the results section.   
 
Results 
 
Burn Tests 
 

The ignition time for the samples did not 
appear to vary by sample type, but by what type 
of lighter was used and by how much wind there 
was when the sample was being lit.  Initially a 
butane “stick” lighter was used.  For the final 

test series a “benzomatic” torch was used.  With 
this torch, ignition times were well under 4 
seconds for all of the pellets, meeting the 
ignition time criteria for the composition.  The 
times from ignition until full involvement of the 
pellets were not measured, but were much less 
than the 30 seconds required.  The pellets all 
burned in excess of 4 minutes, with the smoke 
being heaviest at first, then nearly gone toward 
the end of the burn.  All of the compositions 
except one burned without discontinuities or 
flare-ups.  The 94 GF pellets had spalling of 
small chunks of composition during the first 
approximately 45 seconds of the burn.  
Therefore, all of the compositions except 94 GF 
met the production composition acceptance 
requirements. 

In light of the success of 4 of the 5 
grades of microencapsulated red phosphorus, 
further analysis was done to determine which 
grade of material had the best smoke output.  
This was based on the height of the flame above 
the pellet during functioning.  The average flame 
height for each of the compositions is plotted for 
the burn time of 30 to 120 seconds in Figure 1.  
There were two control compositions used in 
this study, Clariant’s HB 251 and Italmatch’s 
MIL-DTL-211F material (I-211 in Figure 1).  
These are both non-microencapsulated red 
phosphorus materials that meet the military 
specification for the M819 smoke composition, 
both of which have been used in the production 
of this device. 

Examining the profiles for the control 
compositions, it is apparent from the flame 
heights that they generate smoke at different 
rates.  These compositions have the highest 
flames two minutes into the burn.  The Clariant 
control (HB 251) has its maximum recorded 
height at 60 seconds, which falls off rapidly.  
The Italmatch control (I-211) was also measured 
highest at 60 seconds, but this height is nearly 
maintained until after 90 seconds.  The 
performance requirements for production lots of 
M819 smoke composition do not indicate which 
profile is preferable. 

The 94 GF composition, that exhibited 
spalling early in the burn, had a high flame 
height at 30 seconds, which rapidly declined by 
60 seconds.  The HB 300 composition exhibited 
a similar trend.  The other compositions had  
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Figure 1.  Average Flame Height vs. Time for Compositions 
 
 
profiles similar in shape to the HB 251 
composition.  The HB 700 and HB 801 
compositions had nearly identical profiles, 
particularly early on. 

Because all the microencapsulated 
compositions except 94 GF met the production 
performance requirements, none can be 
eliminated as a potential replacement for the 
current M819 composition on this basis.  Based 
on flame profiles, HB 300, being similar to 94 
GF, could be eliminated due to its rapid decline 
in flame and smoke.  But this material did meet 
current production performance requirements for 
M819 smoke composition. 
 
Phosphine measurements 
 

The measurement of phosphine has 
proven to be challenging.  The instrument 
chosen to do these measurements was the 
Draeger Chip Measurement System (CMS).  A 
series of chips may be used to detect anywhere 
from 0.1 to 5000 ppm of phosphine.  There are 
several characteristics of this device that posed 
difficulties in this study.  First, the proper chip 
must be selected in order to get readings that are 

in-range.  Second, the measurement can take as 
long as 10 minutes, depending on the gas 
concentration.  This is a continuous 
measurement, so relatively large volumes of 
sample gas are required to attain results.   

The method chosen for phosphine 
measurements was based in part on a study 
performed by the U.S. Army in 1989. [5] For 
sample containers, this study used canning jars 
whose lids had been modified to include a 
septum, through which gas samples could be 
withdrawn using a syringe.  Other containers 
with septa were considered, but because of the 
relatively large volume of sample needed to 
attain a reading using the Draeger CMS, canning 
jars were chosen.  A septum cap from a 2 mL 
glass vial was epoxied into a hole that had been 
punched in the top of the metal canning jar lid.  
To test the integrity of the epoxy seal, the jar 
loaded with a sample of composition was placed 
inside a second larger container (a metal powder 
tank) Phosphine was measured inside the 
powder tank, which indicated that the epoxy seal 
between the lid and the septum cap was 
inadequate to contain phosphine.   
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As an alternative septum, 1/16”-thick 
Teflon gasket material, was inserted under the 
metal lid with a punched hole.  It was assumed 
that this material would also help improve the 
seal between the metal lid and the rim of the 
glass jar.  Several series of measurements were 
made using this jar configuration.  Remote 
measurement accessories for the Draeger CMS, 
which had been modified by adding a needle for 
puncturing the septum was used to collect data.  
Quantities of samples, ranging from 4 to 50 
grams, had been conditioned at ambient, 
subambient, and elevated temperatures, with and 
without added humidity.  Samples were 
contained for varying lengths of time, ranging 
from 24 hours to 27 days.  The results of these 
initial measurements were inconsistent and very 
often made little sense. 

Seal integrity tests, as described above 
were performed, which indicated that phosphine 
was able to permeate the Teflon gasket, so the 
gas was not truly contained.  Another problem, 
which could be attributed to a combination of 
the leakage and chip range, was that many of the 
measurements were out of the range of the 
lowest concentration chip.  With so many 
readings out of range, it was difficult to compare 
the results from the different phosphorus types. 

Data has subsequently been collected 
using canning jars whose lids have not been 
modified.  Seal integrity tests on this 
configuration showed a reduced degree of 
phosphine leakage.  However, in order to 
measure the gas the jar must be now be opened, 
since there is no septum.  In the relatively short 
time interval between opening the jar and 
placement of the Draeger CMS upon the jar, 
some quantity of sample can escape, introducing 
an unknown margin of error to the 
measurements.  Limited data has been collected 
using this configuration.  While the 
measurements for identical samples were 
consistent, some of the trends observed were not 
what was expected.  Confidence in this method 
for phosphine measurement is very low. 

Different measurement methods are 
currently being investigated.  Measurements 
using gas chromatography are currently in 
progress, which requires very small quantities of 
sample gas.  Also, two different electrochemical 
sensors have been procured for use in future 

testing.  These sensors should also significantly 
reduce the sampling time and sample volume 
required.  Also, these devices will eliminate 
guessing which chip to use to obtain an in-range 
measurement.  The issue of phosphine 
containment is also under investigation.  Several 
different containers are being considered.  
However, preliminary tests have indicated that 
standard septum materials do not contain 
phosphine. 
 
Conclusions 
 

Microencapsulated red phosphorus 
materials from Clariant and Italmatch have been 
tested for both performance and phosphine 
evolution in the M819 smoke composition.  In 
terms of performance, all microencapsulated 
materials except the Italmatch 94 GF material 
met burn specifications for the composition.  
Differences in the temporal flame height were 
observed between the two standard materials, 
which raises questions about which, if any, 
profile is the most desirable in terms of smoke 
generation. 

Phosphine measurements were plagued 
with difficulties and yielded inconsistent and 
questionable results.  At this point, drawing any 
conclusions about phosphine generation, other 
than that it is very difficult to reliably contain 
phosphine and make such measurements, is not 
prudent.  Work is ongoing to look at different 
methods of measuring phosphine, including gas 
chromatography and electrochemical sensors. 
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ABSTRACT 
 
Although red phosphorus has been produced on a commercial basis for 50 years now, it recently came 
back into the focus of research. Red phosphorus produces one of the most efficient obscuration smokes, 
effective in the visible as well as in the IR region of the spectrum. 
However, red phosphorus can chemically degrade to phosphorous acids and phosphine which leads to 
corrosion and a reduced shelf life of the ammunition. These shortcomings of red phosphorus have been 
overcome: The military could profit from the latest product developments, if the military specifications 
allowed introduction of new red phosphorus grades. 
This paper summarizes the parameters influencing degradation of red phosphorus, methods of phosphine 
reduction during processing of red phosphorus as well as what can be done by the red phosphorus manu-
facturer. It is shown how stabilization and micro encapsulation techniques improve shelf life and how 
work place hazards related to red phosphorus can be reduced. 
 
 
Introduction 

Red Phosphorus is produced from white phos-
phorus by thermal conversion. While white 
phosphorus is self igniting, toxic and low melt-
ing, red phosphorus is much more stable, non 
toxic and not spontaneously flammable. Due to 
these handling advantages red phosphorus is 
now used instead of white phosphorus in a lot of 
chemical and pyrotechnic applications. 
Further applications of red phosphorus are the 
striking surfaces of safety matches and various 
flame retardant applications especially for elec-
tronic and electrical uses. 
 
In the last years research had to deal with a reac-
tion of red phosphorus exposed to air. 
 

 
 
This formula represents a very slow decomposi-
tion of red phosphorus with humidity and oxy-
gen to phosphine and various phosphorous acids. 
Phosphine gas is not only toxic and of bad, gar-
lic-like smell but can also lead to corrosion of 
electrical contacts. Therefore it was important to 

clearly point out the factors influencing phos-
phine emission of red phosphorus. 
 
Results 

Over the past years, Clariant has developed a 
lot of different techniques to reduce phosphine 
emission of red phosphorus. First to mention is 
the stabilization which means precipitation of 
metal oxides and hydroxides on the surface of 
the red phosphorus particles. These “stabilizers” 
neutralize occurring phosphorous acids and sta-
bilize the pH value. Most importantly, 
phosphine emission is dramatically reduced. 
Another important step forward was the usage of 
micro-encapsulation techniques. This means 
precipitation of thermoset resins on the surface 
of the red phosphorus. So, a physical barrier for 
oxygen and humidity is created, and phosphine 
cannot be released through this barrier. 
The combination of these two techniques has 
lead to the latest products in the Clariant portfo-
lio of red phosphorus products, HB 700 and HB 
801. 
Red phosphorus which corresponds to the cur-
rent military specification US Mil P 211 F is 
called HB 251. A comparison of phosphine 
emission of these grades is shown in the follow-
ing graph. 
 

 + H2O/O2 
  

Px 

PH3 

H3PO2 
H3PO3  
H3PO4 
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Phosphine emission of different  
types of red phosphorus  
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But also some processing and storage parame-
ters strongly influence phosphine emission. 
Temperature is one of the most important fac-
tors. Higher temperatures dramatically enhance 
the phosphine formation, even of the highly 
stabilized and microencapsulated materials. 
 
HB 801 40°C 70°C 90°C 
PH3 formation  
in µg/g*d 

10 42 120 

 
Another key factor is humidity. Red phosphorus 
should always be processed and stored at low 
humidity levels to ensure that the personnel han-
dling red phosphorus is not exposed to high 
levels of phosphine. 

Phosphine emission versus  
relative humidity  

(at 90°C, given as µg PH3/g*d) 
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Several other parameters have proven to be of 
less importance regarding stability of red phos-
phorus. Particle size for example is not as deci-
sive as one might think because of the higher 
surface of finer RP materials. Also solvent 
treatment of RP during production of ammuni-
tion pieces has nearly no influence on the stabil-
ity of the composition if drying is done under 
gentle conditions. 
It is more important to avoid extreme pH values, 
as they enhance again phosphine emission! 
 
Conclusion 

Clariant already has in its portfolio a variety of 
RP grades ensuring low phosphine emission 
from pyrotechnic articles. Together with some 
aspects which have to be taken into account 
during production and storage, shelf life of the 
ammunition is extended to a several years with-
out risking malfunction of the ammunition. 
Red phosphorus as the most efficient screening 
and signaling smoke can now reveal its full po-
tential in pyrotechnic applications. 
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ABSTRACT 
 
In recent years there has been a growing awareness and concern over potential problems associated with 
phosphine generation from military red phosphorus pyrotechnic smoke devices.  In this paper results of a 
phosphine measurement program are described that address both the magazine storage environment and 
the individual packaged shipping container configuration for the M819 81mm mortar device.  This study 
includes an assessment of the health hazards associated with handling these materials based on the 
phosphine measurement results. 
 

INTRODUCTION 
 
Red phosphorus-based pyrotechnics have been the emphasis of considerable attention in recent years.  For 
example, one can cite the fourteen papers in a special red phosphorus session in the 27th International 
Pyrotechnics Seminar.1 Another example of the interest in red phosphorus pyrotechnics is the formation 
of an international technology development program under the auspices of the The Technology 
Coordination Program (TTCP) 2.  The TTCP KTA on Red Phosphorus Pyrotechnics was formed because 
of concerns about problems and risks associated with the procurement, processing and use of red 
phosphorus in military pyrotechnic applications.  An overview of the outcome of KTA on Red 
Pyrotechnics is the subject of another paper in this Seminar.3  
 
One issue associated with red phosphorus pyrotechnics that has received considerable attention is 
phosphine generation.  In the presence of moist air red phosphorus can react to produce phosphine (PH3), 
a chemically reactive and toxic gas, and corrosive phosphorus acids, e.g., 8 
 

3.5 P4 + 21 H2O + 11.27 O2   →  5.2 H3PO4 + 7.1 H3PO3 + 0.65 H3PO2 +  PH3 
 
Phosphine is toxic by inhalation causing considerable damage to the lungs.  The toxic effects of 
phosphine vary by concentration and duration of exposure.  In the US, exposure limits to toxic materials 
in the workplace environment are under the domain of a federal agency, the Occupational Safety and 
Health Administration (OSHA) and, similar to other countries, OSHA specifies certain permissible 
exposure limits.  For phosphine, the TWA (Time Weighted Average) for fifteen minutes, or STEL  (Short 
Term Exposure Limit) is 1 part per million (ppm), and the TWA for an 8-hour shift-forty hour workweek 
is 0.3 ppm.   
 
Additional advisory information is available from NIOSH (National Institute for Occupational Safety and 
Health) which advises an IDLH (Immediately Dangerous to Life and Health) value of 50 ppm.  
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A number of studies have been published addressing corrosion and phosphine generation problems with 
the M819 cartridge used in a US 81 mm mortar round.4,5,6    In this paper,  we report the results of a 
phosphine measurement assessment program on the  M819 cartridge.  The goal of this effort was to assess 
personnel phosphine exposure issues associated with operations in a magazine environment and 
operations involving the handling/processing of the rounds, i.e., removing the rounds from their storage 
containers.   
 

EXPERIMENTAL 
 
STORAGE MAGAZINE MONITORING   
 
Two different commercially available Drager Instrument Company portable phosphine monitoring 
instruments were used in this study: (a) the Drager Pac III equipped with a XS EC PH3 HC-68 09 535 
phosphine sensor and (b) the Drager Chip Management System (CMS), which depending on the choice of 
the chip used, covers ranges from 0.1 to 5000 ppm. 
 
Three different storage magazine configurations were evaluated in this survey.   
 

• The first configuration, located at Crane Division Naval Surface Warfare Center (NSWC Crane), 
represents a typical ventilated storage configuration.  The building had approximate dimensions 
of 15.2 meter x 30.5 meter and the concrete structure had vents in the door and vents in the roof 
(which were approximately 0.3 meter in diameter).  A significant fraction of the material 
(approximately 1500 rounds) stored in this structure at the time of the measurements was M819 
rounds.  In addition, the magazine had not been entered for over a month prior to the time of the 
monitoring survey.  Phosphine measurements were made outside the door prior to its opening, 
just after it’s opening, and then at four different locations inside the structure where pallets of the 
M819 rounds were located.  Measurements were made at various heights from floor level to a 
couple of meters above floor level.   

 
• The second storage configuration evaluated in this study was a magazine located at a US Army 

training facility, Camp Atterbury, in southern Indiana.  The magazine was a typical training range 
supply magazine that was ventilated and contained only a small quantity of rounds.  This storage 
facility was approximately 75 square meters in size with both its door and roof ventilated.  Only 
eight to ten M819 rounds were present in this magazine.  The Drager PAC III instrument was 
used to monitor phosphine levels both outside and inside the magazine. 

 
• The third configuration was a test and evaluation operating building where rounds from storage 

are brought to perform inspection and surveillance testing to assure that the shelf life/storage time 
of the munition has not been exceeded. The items are stored in this test and evaluation facility for 
a relative short period of time. The phosphine measurement survey was performed after a number 
of M819 rounds had been brought into the surveillance building. 

 
The fourth building structure configuration evaluated was a production operating building where 
rounds from storage were brought for the expressed purpose of measuring accumulated phosphine in 
the packaging.  The items were stored at this building to allow the rounds to come to room 
temperature, the metal bands removed, the containers unpacked and the phosphine measured. 
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STORAGE CONTAINER MONITORING 
 
The M819 81 mm red phosphorus rounds, primarily dependent on when they were manufactured, are 
stored in two different configurations.  In the original storage configuration, individual rounds are placed 
in fiber tubes and three fiber tubes are stored in a wooden box.  In the more recent storage configuration 
the wooden box has been replaced with a sealed metal box.  Both the wooden and the metal box storage 
configurations exist in the inventory in a palletized configuration: i.e., thirty wooden boxes per pallet and 
twenty-one metal boxes per pallet.  The fiber tubes in which the individual rounds are placed, are 
moisture resistant, but are not gas-tight. 
 
In this sampling survey, pallets from nine different production lots stored in the wooden box 
configuration and pallets from six different production lots stored in the metal box configuration were 
transported to an operations building.  These pallets were allowed to remain at the operating building 
ambient temperature for a minimum of forty-eight hours before proceeding with the measurements. 
 
The pallets were disassembled by removing the metal banding, and individual storage boxes were moved 
to a table where the boxes were opened.  Each of the three fiber tubes containing the individual rounds 
were removed from the box and placed on the table.  Some of the fiber tubes were opened and the 
munition exposed.  In some cases, the fiber tube was opened in a plastic bag.   
 
The operators and personnel conducting monitoring operations wore a full facepiece respiration (3M 
Company Model FR–M40 with a FR-64 cartridge).  Along with providing direct readings when opening 
containers, the CMS and PAC III indicators were used to monitor breathing zones so safety precautions 
could be taken when the limits of the protective equipment were approached. 
 
Three different types of phosphine samples were collected and/or measured during this evaluation:  (a) 
item samples, that is measurements near the storage container, fiber tube and munition during each of the 
above operational steps associated with removing the munition from its storage container configuration,  
(b) area samples in the operating building randomly during the test to see what levels of phosphine were 
being build up as a result of opening a number of containers, and  (c) time-averaged personnel exposure 
samples to assess the phosphine levels that operators were encountering over the test environment. 
 
The Drager PAC III and CMS instruments, described in the previous section, were used for the item, area 
and operator breathing zone measurements.  For the personnel exposure measurements, samples were 
collected in accordance with OSHA Method Number1003.7 The operators wore personal sampling pumps 
where workplace air was drawn through 37-mm filter cassettes containing a glass fiber filter and a 
mercuric chloride-treated filter to capture any phosphine in the air sample over specific time periods.  
Each operator wore two of the ambient air monitoring devices where the sampling pumps were calibrated 
to within ± 5% of the OSHA Method 1003 recommended flow rate.  One device was used to collect 
samples over approximately 15-minute time intervals to evaluate Short Term Exposure Limits (STEL) 
and the second device collected a sample over the entire time that the operators were in workplace 
environment during one day of the testing program to provide the TWA. The collected samples were 
preserved and sent to a US OSHA laboratory for chemical analysis.  
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RESULTS 
 
STORAGE MAGAZINE MONITORING  
 
Navy Ventilated Storage Facility.  The results obtained are summarized in Table 1. Phosphine was not 
detected at any location in the long-term storage facility.  These results indicate that for ventilated storage 
facilities there is no phosphine accumulation from the storage of the 81 mm smoke rounds.   
 
Range Ready Supply Magazine.  The Drager PAC III instrument was used to make phosphine 
measurements in the Camp Atterbury storage magazine where measurements were taken at the door 
before and after opening and locations inside the magazine where the 81 mm Smoke Cartridges were 
being stored.  In all cases no phosphine was detected. 
 
Surveillance Test Facility.  Phosphine measurements were taken with the Drager PAC III instrument 
when one lot was unpackaged and inspected for age-related deterioration.  Ten metal containers and two 
fiber tubes from each metal container were opened.  A small amount of phosphine was found when two 
fiber tubes were opened but this  
dissipated quickly in less than three seconds.  No phosphine was detected when opening the metal 
container. 
 
 
Table 1.  Summary of Phosphine Monitoring Results from ventilated Navy Storage Magazine 
 

Sample 
Measurement 

Location 

Instrument Quantity of 
Rounds at 
Location 

PH3 Detected 
(ppm) 

Comments 

Outside Door 
Vents Before 
Door Opened 

Drager PAC III 
 

Drager CMS 
 

0 0 Samples taken at 
various heights 

Door After 
Opened 

Drager PAC III 0 0 Samples taken at 
various heights 

Storage Location 
#1 

Drager CMS 14 <0.1 ppm Samples taken at 
waist level or 
container lid 

Storage Location 
#2 

Drager CMS 1164 <0.1 ppm Samples taken at 
waist level or 
container lid 

Storage Location 
#3 

Drager CMS 35 <0.1 ppm Samples taken at 
waist level or 
container lid 

Storage Location 
#4 

Drager CMS 566 <0.1 ppm Samples taken at 
waist level or 
container lid 

 
 
Production Operating Building.  The results of this phase of the investigation are given in next section. 



- 509 - 

STORAGE CONTAINER MONITORING 
 
Phosphine Measurements Near Storage Container Lid.  The results of the phosphine measurements 
taken near the storage container lid when opening the storage container are summarized in Table 2 for the 
metal box configuration and Table 3 for the wooden box configuration.  In both tables, the first column 
lists a lot number, the second column the year the devices were manufactured and therefore an indication 
how long they have been in the storage environment, the third column lists the number of containers from 
each lot that were opened and the last two columns give the phosphine values obtained using the Drager 
PIII and CMS instruments, respectively.  
 
Metal Storage Container Configuration.  For units stored in the sealed metal containers, we sampled 
containers from six different lots manufactured in three different years.  Four different containers were 
sampled from five of the six lots.  Operators were instructed to open containers slowly and move from the 
area when high levels of phosphine were noted on the Pac III.  Random samples of the area and breathing 
zones were taken with the CMS system. 
 
 
Table 2 .  Phosphine Results Opening Metal Storage Container 

 
Lot Number Year Manufactured Storage Container 

Number 
Phosphine Level on 

Opening Storage 
Container (ppm) 

 
     PIII           CMS    

1 2001 1 4 2 
  2 6 2 
  3 9  
  4 9  

2 2000 1 178  
  2 312  
  3 12  
  4 7  

3 1999 1 8  
  2 7  
  3 10 22.5 
  4 86 72.5 

4 1999 1 7  
  2 12  

5 1999 1 2  
  2 3  
  3 11  
  4 0  

6 1999 1 10 1.2 
  2 13  
  3 9 <20 
  4 11 5 
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Phosphine levels as high as 312 ppm were observed inside the metal boxes. These levels show that 
hazards can exist when opening containers; especially, in a confined, closed space.  Area samples indicate 
that the gas diffuses rapidly as distance from the container increases.   
 
Wooden Storage Container Configuration.  For units stored in the wooden box configuration, we 
sampled nine different lots manufactured in five different years going back as far as 1991 which indicates 
that some of these assets had been in storage well over a decade.  We made measurements opening as 
many as four different storage 
containers from one lot.  From Table 3 it is apparent that in the wooden box storage configuration, 
phosphine is not being retained, i.e., any phosphine being generated apparently is diffusing over time 
through the fiber tubes and wooden boxes.  These results indicate that opening wooden boxes, in contrast 
to the metal storage container, do not result in operator exposure issues. 
 
Table 3.  Phosphine Results Opening Wood Storage Container 

 
Lot Number Year Manufactured Storage  

Container  
Number 

Phosphine Level on 
Opening Storage 

Container 
(ppm) 

 
     PIII           CMS    

7 1998 1 0  
  2 0  

8 1998 1 0  
  2 0  

9 1995 1 0  
  2 0  

10 1993 1 0  
  2 0  

11 1993 1 0  
  2 0  

12 1993 1 0  
  2 0  

13 1991 1 0  
  2 0  

14 1991 1 0  
  2 1  

15 1991 1 0  
  2 0  

 
 
Phosphine Measurements Near Fiber Tubes.  The results of the phosphine measurements taken when 
removing the fiber tube lid are summarized in Table 4.  These are tubes that had been stored in the metal 
box configuration.  Table 5 is for fiber tubes that had been stored in the wooden box configuration.  In 
both tables, the first column lists a lot number, the second column the year the devices were manufactured 
and therefore an indication how long they have been in the storage environment, the third column lists the 
storage container number from which the fiber tube was removed, the fourth column gives the fiber tube 
number removed from the specific storage container, and the last two columns give the phosphine values 
obtained using the Drager PIII and CMS instruments, respectively, measured when the fiber tubes were 
opened. 
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Table 4.  Phosphine Results Opening Fiber Tubes from Metal Storage Container 

 
Lot  

Number 
Year  

Manufactured 
Storage 

Container 
Number 

Fiber 
Tube 

Number 

Phosphine Level 
on Opening 
Fiber Tube 

(ppm) 
 

      PIII           CMS    
1 2001 1 1 1  
   2  <2.3 
  2 1 0  
   2  2.6 
  3 1 0  
  4 2 0  

2 2000 1 1 15  
   2 53  
  2 1 61  
  3 1 0  

3 1999 1 1 0  
  2 1 0  
  3 1 1  
  4 1  9.6 
  5 1 4  
  6 1  <2.5 

4 1999 1 1 0  
  2 1 0  

5 1999 1 1 0  
  2 1 2  
   2 3  
  3 1 1  
   2 1  
  4 1 1  
   2 5  

6 1999 1 1 0  
   2  <1.0 
  2 1 0  
   2  <1.0 
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Table 5.  Phosphine Results Opening Fiber Tubes from Wood Storage Container 
 

Lot Number Year 
Manufactured 

Storage 
Container 
Number 

Fiber 
Tube  

Number 

Phosphine Level 
on Opening 
Fiber Tube 

(ppm) 
        PIII            CMS    

7 1998 1 1 1  
   2 6  
  2 1 8  
   2 5  

8 1998 1 1 0  
   2 1  
  2 1 8  
   2 5  
   3 4  

9 1995 1 1 3  
   2 0  
  2 1 2  
   2 2  

10 1993 1 1 4  
   2 3  
  2 1 3  
   2 0  

11 1993 1 1 0  
   2 0  
  2 1 0  
   2 0  

12 1992 1 1 0  
   2 0  
  2 1 0  
   2 0  

13 1991 1 1 3  
   2 2  
  2 1 3  
   2 2  

14 1991 1 1 0  
   2 1  
  2 1 0  
   2 0  

15 1991 1 1 0  
   2 0  
  2 1 0  
   2 0  

 
Comparing the results in Tables 4 and 5, it is apparent that the level of phosphine, with the exception of 
fiber tubes taken from two different containers of lot 2, is 10 ppm or less regardless of whether the fiber 
tube had been stored in a metal or wood container.  It is noted that the 15, 53, and 61 ppm fiber tube 
phosphine level values were for lot 2 and it exhibited high phosphine values on opening metal storage 
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containers as described earlier in Table 2.  Phosphine levels approaching 50 ppm suggest that 
instantaneous exposure concerns are present and require mitigation control.   
 
Phosphine Measurements Inside Fiber Tubes.  A limited number of experiments were carried out 
where it was attempted to measure the phosphine level inside the fiber tubes.  The approach taken to do 
this was to place the fiber tube inside a bag, insert the Drager CMS sensor probe, and open the tube.  The 
intent was to control diffusion out of the fiber tube in a similar fashion for each measurement by having 
the fiber tube isolated inside a relatively small volume bag.  Also we chose to do these measurements on 
lots where significant phosphine levels were encountered when opening the storage containers.  The 
results of this set of tests are summarized in Table 6.   
 
Table 6.  Phosphine Results for Measurements Inside Fiber Tubes.   
 

Lot 
Number 

Container 
Type 

Container 
Number 

Fiber 
Tube 

Number 

Phosphine 
Level 
Box 

(ppm) 

Phosphine 
Level 

Outside 
Tube 
(ppm) 

Phosphine 
Level 
Inside 
Tube 
(ppm) 

1 Metal 1  2   
   2  <2.3  
   3   <0.1 
  2  2 2.6  
   2  2.6  
   3   <2.5 

2 Metal 1  178   
   2  53  
   3   53 
  2 1 312 61  
   2   106 

3 Metal 3  22.5   
  4 1  9.6  
  4 2   18.8 
  5  72.5   
   1  <2.5  
  5    30.5 

8 Wood 2  3   
  2 2   4 

 
 
Although this data was taken to determine the amount of phosphine in a fiber tube, it is useful to compare 
it with the fiber data from the same box, and the box itself.  These are of the same magnitude and suggest 
that the phosphine moves slowly and the concentration at the tube mouth or on opening the metal 
container is a rough indicator of the total volume of phosphine present. 
 
Direct correlation is not present between the readings, however, because different fiber tubes were 
sampled and the bag provides a larger volume that affects the concentration.  Also, the bagged round was 
placed on its side when measured, rather than upright. 
 
Operator Exposure Measurements.  The chemical analysis results of the eighteen  operator breathing 
zone exposure samples collected during the first day of the testing of operations to simulate the unpacking 
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and handling of the M819 rounds are given in Tables 7 and 8.  These indicate that during the phosphine 
monitoring, operators were not exposed to hazards associated with breathing toxic phosphine.  
 
Table 7 indicates the airborne concentration experienced when the two operator’s breathing zone was 
continuously sampled for a 15-minute period and allows direct comparison with Short Term Exposure 
Limits.  Table 8 reports data that was taken over a much longer period to predict exposures of 8 hours or 
greater. 
 
Table 7.  Summary of Time-Weighted Phosphine Measurement Results for STEL Determination 
 
Sample 
Number 

CLOCK 
Time 

Total Time 
Sample 

Collected 
(minutes) 

Operator 
A 

Operator 
B 

Measured 
Phosphine 

Concentration 
(mg) 

S-03 0914-0929 15 Yes  NDa 

S-04 0914-0929 15  Yes ND 
S-05 0953-1008 15 Yes  ND 
S-06 0953-1008 15  Yes ND 
S-07 1103-1118 15 Yes  ND 
S-08 1103-1118 15  Yes ND 
S-09 1140-1155 15 Yes  ND 
S-10 1140-1155 15  Yes ND 
S-11 1303-1318 15 Yes  ND 
S-12 1303-1318 15  Yes ND 
S-13 1327-1342 15 Yes  ND 
S-14 1327-1342 15  Yes ND 
S-15 1408-1423 15 Yes  ND 
S-16 1408-1423 15  Yes ND 
S-17 1514-1529 15 Yes  ND 
S-18 1514-1529 15  Yes ND 

a    ND = Not Detected or below the established limits of detection of 10 micrograms for OSHA 
Method Number 1003. 
 
 
Table 8.  Summary of Time-Weighted Phosphine Measurement Results for PEL Determination 
 
Sample 
Number 

CLOCK 
    Time 

Total Time Sample 
Collected 
(minutes) 

Operator 
A 

Operator 
B 

Measured 
Phosphine 

Concentration 
(mg) 

S-01  260  Yes NDa 

S-02  265 Yes  ND 
aND = Not Detected or below the established limits of detection of 10 micrograms for OSHA 
Method Number 1003. 
 
Since no phosphine was found in either case, exposures in the breathing zone were less than 32 ppb and it 
is clear that long term limits imposed by any regulatory authority (e.g. OSHA, Navy, etc) are not 
exceeded.  All samples included the highest exposure potential time periods (opening containers and fiber 
tubes). 
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Area Samples.  During the two days that the testing was done to evaluate the phosphine being released 
on opening the 81 mm mortar storage containers, random measurements were made of the phosphine 
levels in the air in the operating building.  The measurements were made using the Drager PIII and CMS 
instruments.  None of these samples indicated the presence of phosphine levels above the lower detectable 
limits of the instruments being used.   
 
 

DISCUSSION AND CONCLUSIONS  
 
The results of this study allow one to draw a number of conclusions.  
 

• The results have validated earlier reported concerns about releasing phosphine from storage 
containers of the M819 device.  Concentrations exceeding the IDLH values may be encountered 
that near the mouth of the container when opening the metal storage containers and fiber tubes.  
Although this is true, area and breathing zone readings were low.  This suggests that 
administrative controls, including appropriate warnings and restrictions, may be adequate to 
control the problem.   

 
• Three different ventilated storage facility environments were evaluated and no level of detectable 

quantity of phosphine was found.  This suggests that it is safe for operating personnel to handle 
the packaged units in ventilated areas.  This study did not evaluate phosphine in non-ventilated 
environments.  Until such an evaluation has been done, it is appropriate to take measures to 
protect from potential hazards in confined space environment. 

 
• The metal box storage configuration box allows phosphine to accumulate and prevents it from 

escaping from the packaging.  When the metal can is opened there is a release of phosphine into 
the air that can produce momentary exceeding exposure values if personnel are poorly positioned 
and improperly equipped.   

 
• Phosphine was found when the metal container was opened and indicates that phosphine can 

move from inside the fiber tube.  It is obvious that the wooden storage container offers no barrier 
to the phosphine, but the steel container does retain phosphine.  This results in more phosphine 
being present and released when the metal container is opened. The metal container presents the 
more dangerous phosphine hazard of the two packing arrangements. 

 
FUTURE PLANS 

 
Plans are underway to rework some existing lots in storage inventory by adding a gas-adsorbing module 
in storage container (fiber tube).  This module is designed to adsorb any phosphine generated in the 
round, and allows the rounds to be used for training without danger of phosphine exposure. 
 
To expand the phosphine database described in this paper, the operators performing the rework will be 
equipped with data loggers, gas masks and other breathing zone apparatus.  The use of data loggers offers 
an advantage over the measurement techniques used in the current study in that instantaneous readings 
will be available to assess immediate impact on operators.  This will provide a greater sample on which to 
assess the exposure and mitigate the hazard.  
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ABSTRACT 
 

Infrared decoys have been used in the U. S. Army, U. S. Navy, and U.S. Air Force since the late 
1960’s.  In-service U.S. infrared (IR) decoy flares utilize Magnesium, Teflon, and Viton (MTV) or 
Magnesium, Teflon, Hycar (MTH) compositions.  These flares continue to be important 
countermeasures for protection of helicopters and fixed wing aircraft against heat seeking missiles.  
Current manufacturing processes for production of MTV/MTH flares have resulted in many incidents 
since the 1960’s.  Electrostatic discharge (ESD) is considered to be one of the leading causes for many of 
these incidents.   
 

As a result of these incidents, CAAA and NSWC Crane decided to conduct an ESD investigation.  
The goal of the investigation was to evaluate the electrostatic hazards associated with the current 
processing steps being used to manufacture MTV-based flares.  Static charge accumulation and 
dissipation measurements have been made on inert-simulant flare grain surfaces, operator gloves and 
other plastic parts.  The measurements have been done under three relative humidity ranges (low, medium 
and high).  The study has also evaluated the effectiveness of using commercially available Air Ionizers as 
a static charge control measure as well as the impact of the choice of glove material worn by the operator.  
This paper will present the objectives, approach, results, and conclusions of the ESD evaluation. 
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EXECUTIVE SUMMARY 
 
A commercially available Electrostatic Field 
Meter instrument has been used to evaluate 
individual operations associated with 
manufacturing magnesium/ Teflon®/Viton® 
flare devices.  Static charge accumulation 
and dissipation measurements have been 
made on inert-simulant flare composition, 
consolidated grains/planks, operator gloves 
and other components.  The results of this 
static mapping evaluation are reported.  The 
measurements have been made under low, 
medium and high humidity environments.  
The study also evaluated the effectiveness of 
using commercially available air ionization 
equipment, similar to that used in the 
electronics industry, as a static charge 
control measure as well as the impact of the 
choice of glove material worn by operating 
personnel. 
 
The results of the study suggest that most of 
the manufacturing operational steps do not 
result in a significant charge accumulation 
unless manual operator handling of 
consolidated grains and/or planks are 
involved.  To make this conclusion general 
would require additional evaluation of some 
operations beyond what was done in this 
investigation.  The results of the study have 
demonstrated that the technique chosen for 
performing certain operations can be a 
control mechanism to avoid generating 
unwanted static charges.  
 
Manual handling can result in accumulated 
charges on flare grain and plank surfaces as 
well as the operator (gloves) well above the 
ranges required under worst-case conditions 
to generate discharge energies in excess of 
minimum ignition energies of flammable 
materials that could be present in the 
manufacturing environment (solvents being 
used, fuel dusts and scrap MTV material). 
 
Evaluation of the dissipation of static charge 
from grain/plank surfaces and operator  
(gloves) has resulted in some interesting 
observations.  It has been shown that the 
grain/plank dissipation process can require 

relatively long periods of time.  The choice 
of glove material used can determine the 
operator dissipation time, i.e., static 
dissipative gloves encourage the dissipation 
process.  Using commercially available air 
ionization equipment is a very effective and 
efficient method for dissipating accumulated 
static charges.  Humidity can be a control 
method to encourage the dissipation process; 
however, the results of this study have 
shown that soak time requirements for a 
body to reach equilibrium when moved to a 
different humidity environment can be long.  
This suggests that the humid air dissipation 
mechanism is complex.   
 
PURPOSE 
 
The purpose of this investigation is to 
evaluate the potential safety impact of static 
electricity on safety during the various 
processing steps associated with the 
production of Magnesium/Teflon®/Viton® 
(MTV) flare devices.   
 
BACKGROUND 
  
The accumulation of static electricity is 
associated with many industrial processes.  
The impact of static electricity in the 
chemical processing industry is related to it 
serving as an ignition source in the presence 
of flammable materials if the charge buildup 
exceeds minimum quantities that result in a 
discharge.  That is, a hazardous situation 
exists if the energy associated with the 
electrostatic discharge (ESD) exceeds the 
minimum ignition energy of flammable 
materials present (Ref. 1). 
 
There are two common mechanisms that can 
result in a static charge being generated.  A 
static charge can occur when two different 
materials come into contact and separate 
(when at least one of the two materials is a 
non-conductor).  A second mechanism for 
accumulation of static charge is induction, 
which occurs when a conducting surface 
becomes exposed to an electric field that is 
generated by charge accumulation on a 
second body.   
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There are a number of concepts that are 
important to keep in mind when evaluating 
processes that can result in static charge 
accumulation: 
 

• In the first mechanism for charge 
accumulation involving contact, separation, 
and movement of materials, the surfaces of 
both materials become charged but with 
opposite polarities. 

 
• Charge accumulation itself does not 

automatically lead to a hazardous situation.  
The magnitude or amount of charge 
accumulation is the critical factor, which in 
most situations is counterbalanced by 
concurrent charge dissipation processes.  
The accumulation verses dissipation 
balancing act becomes tilted toward 
increasing accumulation when the resistivity 
(inherent resistance of material to allow a 
charge to flow to electrical ground) of a non-
conducting material exceeds 108 ohms.   

 
• The charge accumulation process 

can reach a value where it generates an 
electric field that exceeds the dielectric 
strength of air (i.e., 3 MV/m), which results 
in discharge.  An ESD event can release all 
or part of the energy stored in the charge 
accumulation.   

 
• The ESD represents a hazardous 

ignition source if the energy associated with 
the discharge exceeds the Minimum Ignition 
Energy (MIE) of a flammable material 
present in the environment where the 
discharge is released.  Also the flammable 
material must be present in a concentration 
that falls in its explosive limits and the 
oxygen concentration has to be >10 %.  The 
range of observed MIE for the various types 
of flammable materials is summarized in 
Table 1 (Ref. 2). 
 

 
 
 
 

Table 1.  Flammable Material Range of 
Observed Minimum Ignition Energy 
Flammable 

Material 
Minimum Ignition 

Energy 
(MIE) Range 

mJ 
Gas/Vapor 0.2 - 3.0 

Sensitive Dust 1.0 - 10 
Dust >10 

 
In practice static discharges are classified 
into different types depending on the 
material and environment where the 
discharge occurs: 
 

 Spark Discharges - Discharges from 
Isolated Conductors 

 Brush Discharges – Discharges from 
Insulating Materials 

 Cone Discharges – Discharges from 
Bulk Insulated Material Transfers 

 
Table 2 provides a summary of observed 
energy ranges for the various types of 
discharge mechanisms (Ref. 3). 
 

Table 2.  Summary of Observed Static 
Discharge Class Energy Ranges 

Static Discharge 
Class 

Energy Range 
mJ 

Spark Unlimited 
Brush 1 – 10 

Propagating 
Brush 

100 – 1000 

Bulking Brush 
or Cone 

≈20 

   
Discharges for Isolated Conductors.  An 
isolated conductor refers to a situation where 
a conductive material/body has been isolated 
from electrical ground.  ESD events from 
isolated conductors are the most common 
cause of flammable environment ignitions in 
industry.  The most commonly analyzed 
example of an isolated conductor would 
probably be the human body insulated from 
ground or earth via insulating shoes and/or 
insulating floor.  It is noteworthy that the 
use of non-conductive plastic-type materials 
in industrial equipment and operations has 
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increased the frequency of isolated 
conductors being present in industrial 
operations.  Also, it should be emphasized 
that the induction mechanism can be an 
equally effective mechanism for 
accumulating charge on an isolated 
conductor. 
 
Because we are dealing with charge 
accumulation on a conductive material, it is 
possible to compute the magnitude of the 
energies generated.  For conductors, the 
following relationship between energy, E, 
voltage, V, and capacitance, C,  exists: 
 

E  = ½C V2               (1) 
 
where the units are joules, farads and volts, 
respectively.  A range of capacitance values 
has been measured for the human body, i.e., 
150-500 picofarads (pf) (Ref. 1-2).  Table 3 
shows the range of spark discharge energy 
levels possible for a selected range of 
accumulated charges on an isolated human 
conductor covering the measured range of 
150-500 picofarads for the human body. 
 
The significance of these spark discharge 
energy values becomes clear when they are 
compared to the known minimum ignition 
energies of flammable materials which 
could be present during the various 
processing steps associated with the 
manufacturing of MTV-based flares: 
flammable solvent vapors, MTV particles, 
and flammable dust clouds.   
 
The minimum ignition energy for the two 
flammable solvents used in MTV processing 
are 1.15 mJ for acetone and 0.24 mJ for 
hexane (Ref. 1). 
 
Unconsolidated MTV electrostatic 
sensitivities have been recorded over a wide 
range with low values in the 10 mJ or less 
range (Ref. 4).  MTV scrap material in the 
form of small pieces of ravelings/flashings 
from pressing, cutting, machining or slurry 
operations might be expected to have 
ignition energies in the low end of the 

measured range in contrast to higher ignition 
values for consolidated MTV.   
 
There are a limited number of MTV 
processing operations where dust clouds 
could be generated.  (a) addition of the 
Teflon® in the early stages of the 
composition mixing operation has the 
potential to generate a dust cloud which can 
have an accumulated charge on it.  (b) 
addition of powdered magnesium in the 
early stages of the composition mixing 
operation has the potential to generate a dust 
cloud.  Electrostatic sensitivities for 
magnesium powder have been reported as 
low as 100 mJ (Ref. 5).  (c) transfer of the 
powdered MTV to the extrusion press might 
have the potential to generate a dust cloud.   
 
The spark discharge energy levels listed in 
Table 3 are sufficiently high enough to be an 
ignition source for flammable dust clouds.  
However, there are no reported minimum 
ignition values for Teflon® and MTV dust 
clouds and the magnesium 100mJ value is in 
the upper limit of the Table 3 energy levels. 
 
The bottom line conclusion from the data 
given in Table 3 is that in the worst-case 
situation, spark discharges from an isolated 
human (conductor) that has an accumulated 
charge of 1000 volts could ignite hexane and 
a spark discharge from a human that has 
accumulated a charge of 3000 volts could 
ignite acetone vapors.  Spark discharges 
from an isolated human that has 
accumulated charges greater than 6000 volts 
potentially have enough energy to ignite 
MTV sensitive dust-like scrap material.   
 
The results of these calculations provide a 
basis (worst-case perspective) for evaluating 
the potential ESD hazards associated with 
the various operations and processes in the 
production of MTV-based flares. 
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Table 3.  Computed Spark Discharge Energy as a Function of Human 
Accumulated Static Charge Value 

Spark Discharge Energy (mJ) 
If Capacitance (pf) Equals 

Accumulated 
Charge (V) 

150 200 300 500 
1000 0.075 0.1 0.15 0.25 
2000 0.3 0.4 0.6 1 
3000 0.675 0.9 1.35 2.25 
4000 1.2 1.6 2.4 4 
6000 2.7 3.6 5.4 9 
8000 4.8 6.4 9.6 16 
10000 7.5 10 15 25 
12000 10.8 14.4 21.6 36 
14000 14.7 19.6 29.4 49 
16000 19.2 25.6 38.4 64 
18000 24.3 32.4 48.6 81 
20000 30 40 60 100 

     
Discharges from Insulating Materials.  If 
charges are accumulated on the surface of a 
non-conducting material, a brush discharge 
can occur under the right set of 
circumstances when a grounded conductor 
electrode approaches the surface. The 
configuration of insulative material will 
determine the type of brush discharge 
possible: brush, propagating brush and 
bulking brush or cone.   
 

(a) Brush Discharge- large body 
configured so single layer of single polarity 
charge can accumulate on surface of 
insulative body.  That is, the induced field 
around the insulator surface will concentrate 
on the surface of the electrode, and if the 
field strength exceeds the dielectric strength 
of air at the electrode, a brush discharge will 
occur.  Because we are dealing with an 
induced field from an insulative surface 
interacting with a conductive electrode, 
there are no simple mathematical 
relationships analogous to equation (1) 
above for the isolated conductor spark 
discharge case that allow us to calculate 
energy levels.  The discharge energy will 

depend on a number of factors including the 
size and shape of the electrode.  The 
measured energies associated with brush 
discharges are in the 1-10 mJ range (Ref. 3).  
That is, the range of brush discharge energy 
values is sufficient to ignite many 
flammable gas or solvent vapor 
atmospheres, but may not be enough to be 
an ignition source for most dust clouds.   

 
From this description it can be 

concluded that a brush discharge is possible 
in theory if an accumulated charge exists on 
a non-conductive MTV plank or grain. 

 
(b) Propagating Brush Discharge – 

large body configured (e.g., sheet) so that 
accumulated charge forms a double layer of 
opposite polarity.  The discharge energy 
level situation changes when conditions 
exist for where a propagating brush 
discharge can occur.  In contrast to the 
single layer surface charge on a non-
conductive surface found in the brush 
discharge mechanism, if the non-conductive 
material configuration (e.g., sheet) is such 
that a double layer charge on opposite 
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surfaces can develop, then the discharge 
mechanism can take a different path.  Here 
we are, in effect, looking at a mechanism 
similar to capacitor dielectric breakdown or 
electrical short circuit where all the 
accumulated energy is released 
instantaneously in a focused manner.  
Propagating brush discharges occur when 
the double lay charge is exposed to 
grounded objects.   

 
( ) Bulking Brush or Cone Discharge – 

small body configured (e.g., powder or 
pellet form) being transferred to or from 
grounded container (e.g., silo).  Feeding 
charged insulative particles into a grounded 
vessel results in an accumulation of charge 
on the heap of material being generated 
which can build-up until the field strength 
exceeds the breakdown threshold of air 
resulting in a discharge which is directed 
toward the conductive walls of the 
container.  Cone discharges have been 
observed during the filling and emptying 
operations involving insulator polymeric 
granular material.  This phenomenon is 
more likely to happen with course particles 
than fine powders and there appears to be 
some minimum container size required.  The 
energy of cone discharges is sufficient to 
ignite flammable gases or vapors and maybe 
some sensitive dusts.  Cone discharges may 
be an issue when adding Teflon® to the 
mixer bowl in a flammable solvent 
environment.   
 
EXPERIMENTAL EVALUATION 
 
Based on the background provided by the 
above-abbreviated summary of the potential 
impact of static electricity as an ignition 
source during industrial operations, a static 
charge measurement program was carried 
out to assess the major processing steps 
involved in the manufacturing of MTV 
flares.  The measurement program was 
performed in phases.  The first phase was 
directed at obtaining a static profile of the 
various operations to identify potential 
problem areas.  The subsequent phases were 

carried out to gain a better understanding of 
the potential problem areas. 
 
 A Monroe Instruments Company Model 
282 Electrostatic Field Meter was used to 
measure the electrostatic charge 
accumulated on material at various 
processing steps.  For safety reasons, an 
inert composition, where potassium sulfate 
was used as a substitute for the magnesium  
ingredient in the MTV composition, was 
used in all these tests. It should be noted that 
after completing this study, additional 
measurements have been made on actual 
MTV composition and the results for the live 
(energetic) material are in agreement with 
those reported here for the inert simulant 
material.   
 
STATIC MAPPING EXPERIMENTS 
 
The following provides a summary of the 
static measurement tests conducted at the 
various operational stages.  The 
measurements were directed toward 
measuring an accumulated charge on the 
inert MTV simulant material in the form that 
it exists at each processing operation (loose 
composition, plank and grain), as well as on 
other materials and equipment.  It should be 
noted that this investigation is not all-
inclusive in the sense that not all possible 
operational steps were evaluated.  That is, 
some operational steps and some variants of 
operational steps were not addressed at all.  
Also, in other cases only parts of an 
operational step were addressed.  The choice 
of what has been evaluated was based on 
convenience and availability of the 
operations being carried-out at the time of 
this study.  In this study measurements were 
made on operations being carried out in four 
different operating buildings: Crane Army 
Ammunition Activity (CAAA) Buildings 
where MJU-32/B production was ongoing 
and NSWC Crane buildings where MJU-
53/B prototype production was ongoing.  It 
should be noted that these buildings either 
have conductive floors or bonded metal 
plates on the floors where required. 
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The following provides a description of 
these tests and the results obtained.  An 
effort is made to indicate where the 
measurement effort was not complete or did 
not address aspects of various operational 
steps.  
 
1. Mixing MTV Composition Step:  The 
mixing operational step involves a number 
of operational steps that could result in the 
accumulation of charge build-up.  They 
include the addition of ingredients to the 
mixer which: (1) results in potential charge 
build-up on the non-conductor Teflon® in a 
powder/granular form in an environment of 
flammable solvent materials, (2) various 
mixing steps which use flammable acetone 
(a conductive solvent) for mixing and (3) the 
use of flammable non-conductive hexane 
solvent as the precipitating agent 
(precipitates the Viton® binder out of 
solution).  Both solvents are pumped into 
and out of the mixer and the blending cycle 
involves a number of steps where the 
ingredients are being rapidly moved within 
the mixer to achieve the blending/mixing of 
the three composition ingredients.  A wet 
solvent-dampened MTV composition is the 
product of the mixing cycle.   
 
In this evaluation, static measurements were 
made in a CAAA Building, which has 
grounded floors and has T&H control.  The 
building relative humidity at the time of the 
measurements was in the 40-45 % range.  
The measurements made in these tests only 
focused on the wet or solvent-dampened 
inert MTV-simulant composition at the end 
of the blending process.  That is, no attempt 
was made to use the Field Meter instrument 
to measure any accumulated charge that 
might have been built-up during the addition 
of the ingredients to the mixer or the acetone 
and hexane solvents used during the various 
blending and/or wash/precipitation cycles.  
It was recognized that the Field Meter 
Instrumentation would not be effective for 
these measurements and accordingly these 
measurements were considered beyond the 
scope of this study. 
 

The measurement results indicate there was 
no charge accumulated on the solvent-
dampened MTV-simulant at the end of the 
mixing operational step.  Moreover, 
handling the  solvent-damped  MTV  by 
operators wearing butyl rubber gloves did 
not result in any measurable charge being 
built-up on the loose damp-MTV 
composition. 
 
Conclusions:  There is no measurable static 
electric charge build-up on the loose damp-
MTV-simulant composition, which is the 
final product of this operation.  Note: the 
potential for generating static electricity 
problems during the various mixing and 
transfer steps was not addressed in these 
tests.  These need to be evaluated in a 
separate future study. 
 
2. Air Drying MTV Composition: This 
ambient temperature operation involves the 
use of a ventilated workstation where air is 
used to aid the evaporation of a significant 
fraction of the hexane/acetone solvents that 
exist in the damp MTV composition product 
of the mixing operational step.  During this 
initial drying operation, operators wearing 
butyl rubber gloves manually break-up any 
lumps that form during the solvent 
evaporation process. 
 
Static measurements were made in a 
building where the ventilated workstation 
has a commercially available Air Ionizer 
installed to remove any accumulated charge 
on the MTV composition.  The results 
obtained indicate that no measurable static 
charge was being generated on the semi-dry 
loose MTV-simulant powder during this 
operation. 
 
Conclusions: There is no measurable static 
electric charge build-up on the loose air-
dried MTV-simulant composition being 
processed during this operational step.  The 
results obtained in these tests suggest that 
the value-added by having an Air Ionizer at 
this operation needs to be reviewed. 
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3. Oven Drying MTV Composition:  This 
operation, performed in an oven maintained 
at an elevated temperature, is done to 
remove the remaining residual acetone 
and/or hexane that might be in the loose 
powdered MTV composition that comes out 
of the air drying operational step.  Trays 
containing up to six pounds of the air-dried 
MTV composition are manually transferred 
to racks in an oven, left in the oven 
environment for a specified amount of time 
and then manually transferred out of the 
oven. 
 
Static charge measurements were made at 
various times after the composition had been 
placed in the drying oven.  Only at the end 
of the drying cycle was it possible to detect 
an accumulated charge on the powdered 
MTV-simulant composition and only then 
when an operator, wearing butyl rubber 
gloves, manually handled the loose 
powdered MTV composition.  
 
Conclusions:  The drying process itself does 
not result in a static charge accumulation on 
the MTV-simulant composition.  Also the 
MTV-simulant composition in the loose 
granulated form has to be “dry” before 
normal manual handling can cause 
accumulation of a static charge on the 
powdered MTV.  
 
0. Plank Extrusion Step:  In this 
operational step, loose composition is 
extruded at a selected elevated temperature 
from a press to form a consolidated plank 
that is approximately 1-meter in length.  
This batch process starts by adding an 
approximate three-pound increment charge 
of the dry MTV powder to a hopper and the 
output of the cycle is a consolidated plank 
which is cut-off. 
 
Static measurements were made as the inert 
plank was being extruded through the die.  
The only time that an electric charge 
accumulation was detected on the plank 
surface was during the cutting operation that 
is performed at the end of the extrusion 
cycle to separate and remove the extruded 

plank from the extrusion press.  The 
accumulated charge on the plank after the 
cutting operation was measured to be in the 
100-volt range. 
 
Conclusions: The extrusion pressing 
operation itself does not result in the 
accumulation of a significant level of static 
charge on the inert-simulant planks.  The 
cutting operation step at the end of extrusion 
process does impart some charge on the 
plank surface.   
 
0. Plank Normalization Step: Static 
measurements were made on planks after 
they had been in the normalization process 
at ambient temperature for a period 
approaching 24-hours.  Normalization refers 
to the processes that occur over time where 
stresses in the planks that resulted during the 
extrusion are allowed to return to a state of 
physical equilibrium (i.e., stresses are 
relieved).   
 
The results obtained indicate that there was 
no accumulated charge on the planks at the 
end of the normalization process.  However, 
it was found that it was possible to build-up 
an accumulated charge in the 15000 to 
20000 volt range on the surface of the 
planks if operators wearing butyl rubber 
gloves manually rubbed the grains.  
 
Conclusions: The normalization process 
itself does not result in static charge 
accumulation on the inert-simulant plank 
surfaces.  In contrast, manual handling by 
operators wearing gloves can result in a 
significant static charge accumulating on the 
plank surfaces.   
 
0. Plank Cutting Operational Step:  In the 
cutting operational step, the approximately 
1-meter long plank is cut into 7-grains.  The 
cutting operation can be carried-out using 
various approaches.  For example, this 
operation is carried-out remotely using a 
chop saw technique by CAAA.  In contrast 
at the time of this study, the cutting 
operation at NSWC Crane is carried-out 
remotely utilizing a band saw technique. 
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CAAA Chop Saw Approach static 
measurement results were obtained on 
sawing MJU-32/B inert planks on a day 
where the relative humidity in the building 
was in the 20 – 25 % range.  The results are 
summarized in the following: 
 

• Static meter measurements were 
taken on inert grains and scrap material 
formed from the sawing operation while 
these materials were still located in the 
cutting fixture after completion of the 
sawing cycle.  The observed voltage reading 
from all eight grains were observed to be in 
the 200-300 volt range. 

 
• Static measurements taken on inert 

grains after they had been rubbed by the 
short PBI®  thermal protection glove 
resulted in reading of approximately 2000 
volt. 

 
• Static measurements taken on inert 

grains after they had been rubbed by the 
long Covex® thermal protection glove 
resulted in reading of approximately 4000 
volt. 

 
• Time measurements were made to 

see how long the pieces of scrap material 
formed from the cutting operation adhered 
to the back aluminum wall of the enclosure.  
The scrap material was thrown back against 
the wall during the cutting operation, and 
had apparently adhered to the wall through 
“static cling”.  This material maintained on 
the wall for two to three minutes before it 
started falling off. 
 
It was obvious that measurement problems 
were encountered using the Monroe 
Instruments Field Meter in making 
measurements in the Chop Saw Operation.  
This instrument apparently cannot focus 
sharply enough to separate the equipment 
metal background from the plank/grain 
surfaces.  The observation that static charge 
was building up during the operation was 
apparent from the ravelings clinging to the 
metal wall for an extended period of time. 

 
NSWC Crane Band Saw Approach static 
measurement results were obtained while 
sawing inert MJU-53/B simulant planks on a 
day where the humidity was in the 48-50 % 
RH range.  The operator wore the KSR 
glove (Ansell-Edmont Model # 22-515 
which is a vinyl-coated interlock knit lined 
design) to provide protection from saw blade 
cuts. Theses results are summarized as 
follows:  
 

• Removing plank from storage 
container resulted in a 7000-volt charge on 
the plank. 

 
• After sawing cycle:  

#1  Grain:   1000 volts 
Shavings:    100 volts 
Glove:         0 volts 
#2 Grain:  1400 volts 
Shavings:    100 volts 
Glove:         30 volts 

 
• Plank removed from sawing fixture 

after above 2 grains were cut, measured 
8000 volts. 

 
Conclusions:  The sawing operation appears 
to result in a charge accumulation on the 
inert-simulant flare/grain surfaces.   
 
For the Chop Saw Approach problems were 
encountered using the Monroe Instruments 
Field Meter in making measurements in the 
Chop Saw Operation.  The observation that 
static charge was building up during the 
operation was apparent from the ravelings 
clinging to the metal wall for extended 
period of time. 
 
For the Band Saw Technique it was possible 
to make measurements successfully.  Charge 
accumulation on the inert-simulant flare 
grain surfaces in the 1000-1500 volt range 
were observed.  In contrast to the grain 
surfaces, no significant charge accumulated 
on the KSR gloves worn by the operator.   
Additional measurement effort beyond that 
done for this study is merited to quantify the 
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description of the charge accumulation 
process. 
 
0. Grain Machining Operation Step:  The 
purpose of this remote operation is to 
machine a groove and hole in one end of a 
grain.  The groove is where the slurry 
composition is applied (in a subsequent 
operation) and the hole is used to locate and 
hold the igniter in place.  The measurements 
were made on the same day as the cutting 
operation measurements described above, 
with a building relative humidity of 20-23%.  
The following is a summary of the results 
obtained: 
 

• Rubbing inert grains to remove 
flashing resulted in the following charge 
accumulation results on grain surfaces: 400, 
500, 500, and 400 volts. 

 
• Measurement on the plexiglass 

shield: 2000 volt. 
 
• Static measurements on grains still 

in the fixture after the machining operation 
were in the 80-90 volt range (may have been 
low because of the grounded metal 
background surrounding the grain). 

 
• Static measurements on the 

scrap/ravelings formed by the machining 
operation fell in the 500-600 volt range.   

 
• Static measurements on inert grains 

after being removed from fixture: 500, 700, 
600, 700, 1000, 700, 1400, 500. 

 
• Static measurement on Plexiglas 

shield after being rubbed by operator 
wearing long glove made from the Covex® 
thermal protection material: 6000 volt.   
 
Conclusions: Measurement problems were 
again encountered because of the 
overwhelming metal background suggesting 
that the results are somewhat questionable.  
Additional investigation needs to be done 
before drawing definitive conclusions that 
the machining operation does not result in 

charge accumulation on the inert-simulant 
flare grain surfaces.   
 
0. Grain Transporting on Conveyor Belt:  
In the CAAA production line, the grains are 
transported via a conveyor between the 
Grain Machining Operation and the Slurry 
Application stations.  The conveyor belt is 
made of conductive material and the 
conveyor is grounded.  The grains are 
positioned on an aluminum tray during this 
transport  operation.  Static measurements 
were made on inert-simulant grain surfaces 
at the end of the transport route and it was 
found that a charge accumulation in the 150-
200 volt range occurred. 
 
Conclusions:  These results suggest that for 
the condition of a conductive conveyer belt 
and grounded conveyor, the movement of 
grains on the conveyor system does not 
appear to generate a significant charge on 
the grain surfaces. 
  
0. Slurry Application Operation Step:  The 
purpose of this operation is to apply a slurry 
of MTV ignition composition to a groove in 
the end of the grain.   
 
At the time of the measurements, the slurry 
operation being carried out in CAAA was 
being done in a shielded ventilated 
workstation where the starter composition 
slurried in acetone was manually applied 
from a plastic squeeze bottle.  The operator 
wore a thermal protection glove constructed 
from Covex® material under a solvent 
exposure protection glove constructed from 
butyl rubber.   
 
These measurements were made on the same 
day as the measurements from the cutting 
and machining operations, when the 
building relative humidity was in the low 
20-25 % range.  It also should be noted that 
the measurements were not made on butyl 
rubber over Covex® thermal- protection 
glove combination described above but on a 
butyl rubber over a shorter thermal 
protection glove made from PBI material.  
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The following is a summary of the results 
obtained. 
 

• Measurements on inert-simulant 
grains being handled by ungrounded 
operator wearing butyl rubber gloves over 
short PBI thermal protection gloves:  3000, 
2500, 2000 volts.  

 
• Measurements on inert-simulant 

grains being handled by operator wearing 
conductive shoes and short PBI gloves 
standing on grounded mat: 2000, 2000, 
1500, 2500 volts. 

 
•  Measurements on inert-simulant 

grains being handled by operator wearing 
conductive shoes but standing on defective 
(ungrounded) grounding plate and operator 
wearing short PBI gloves: 2800, 7000, 2000, 
3500, 4000 volts. 

 
• Measurement of bled-off time on 

inert grain that had been handled to build-up 
charge is shown in Table 4. 

 
• Rubbing corner of flare inert grain:  

3000, 7000 volts. 
 
• Plexiglas shield on workstation after 

turning on ventilation system: charge built-
up to 1000 volts and after three additional 
minutes bled-off to 0 volts (initial charge 
build up was probably due to particles inside 
the hood floating around before being 
sucked into the ventilation duct). 

 
• Measurements with operator setting 

on ungrounded-chair handling inert-simulant 
grain in ventilated workstation:  2000, 2500 
volts. 

 
• Measurements with operator 

moving around and sitting on ungrounded-
chair and touching painted workstation rail: 
250 volt. 

 
• Measurements with operator 

moving around and sitting on ungrounded-

chair and not touching painted workstation 
rail: 1500, 1500 volt. 

 
• Charge on ungrounded-chair itself 

after someone sat in it and moved around: 
1000 volt.  
 
Conclusions: The following is a summary 
of the conclusions from these results. 
 

( ) The absolute values cover a wide 
range because of the qualitative nature of 
simulating manual handling of the grains by 
rubbing the inert-simulant grain surfaces.  
Charge accumulation values were dependent 
on the extent of handling.  Therefore the 
absolute values are considered not to be as 
important as the magnitudes in terms of the 
ranges required to generate spark discharges. 

 
( ) The bottom-line from the results 

obtained here is that a significant electric 
charge can be built-up on the surface of the 
inert flare grains and that this charge can 
take a relatively long time to bleed-off in air  
(i.e., minutes not seconds).   

 
( ) The magnitude of the accumulated 

charges, if somehow translated into a spark 
discharge, can exceed that required to ignite 
acetone if it exists in its explosive limits 
concentration range.  
 
It should be noted that based, in part, on the 
conclusions reached in these measurements, 
the slurry application operational process 
being used was totally re-designed.  That is, 
the ventilated enclosure where the grains 
were moved into and out of so that the slurry 
application could be done was changed in 
the following ways:   (a) a commercially 
available Air Ionizer static control device 
was located at a position so that any charge 
on grain surfaces was removed just prior to 
grain being transferred into the ventilated 
enclosure, (b) the process was changed so 
that the manual handling of the grains, 
which is the major source of charge 
accumulation, was minimized; (c) the 
number of grains allowed in the ventilated 
enclosure was reduced to a minimum 
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number, (d) the process was changed so that 
operations involving acetone were not 
allowed to take place when grains were 
inside the ventilated enclosure (i.e., 
segregation of potential ignition source and 
flammable environment). 
 
It is noted that measurements were not made 
in this investigation on the new Slurry 
Application Operation Process or on the 
NSWC Crane Slurry Application Process.  
 
0. Oven Slurry Drying Operation Step:  
After the ignition slurry is applied to the 
grain ends, the grains are placed on trays 
and the trays are placed in an oven 
maintained at a selected elevated 
temperature to dry the slurry by evaporating 
away any acetone solvent remaining in the 
slurry.  In the CAAA operation, an Air 
Ionizer static control device is positioned so 
that it bleeds-off any accumulated charge on 
grain surfaces just prior to when the loaded 
trays are moved to the oven. 
 
No measurements were made on the CAAA 
Oven Slurry Drying operation because of the 
use of the Air Ionizer static control device to 
remove accumulated charge that may result 
from the manual loading of the grains into 
the oven tray.   
 
An evaluation of the NSWC Crane 
operation, where an air ionizer control 
technology is not employed to remove 
accumulated charges resulting from the 
loading of grains into the oven tray, was not 
evaluated in this study.   
 
0. Attach Igniter Assembly to Grain:  In 
this operational step an arbor press is used to 
assemble the igniter assembly on the end of 
the grain that contains the ignition slurry.  
The igniter assembly, prepared in a separate 
step consists of  igniter housing, ignition 
pellets, spring, slider and spacer. 
 
Limited measurements were made on the 
CAAA operation because an Air Ionizer 
static control device is used to control the 

charge being built-up during the manual 
handling of the parts during the operation. 
 
Measurements were made in the NSWC 
Crane Operation where air ionizer static 
control technology was not being used.  The 
results obtained shown in Table 5 below 
indicate that the type of operator glove being 
used has a significant impact on the 
magnitude of the charge accumulation on 
the inert-simulant grain surface: 
 
Static measurements were made after the 
assembly operation had been completed and 
accumulated charge values of 250 and 140 
volts were observed on the plastic portion of 
the igniter assembly that was attached to the 
inert grain. 
 
Conclusions: The following is a summary 
of the conclusions drawn from these results. 
 

( ) Static charge of significant 
magnitudes can be generated on the inert-
simulant grain surface during this 
operational step.  The magnitude of this 
accumulated charge is dependent on the type 
of glove worn by the operator with the least 
amount when the operator does not wear 
gloves. 

 
( ) Size of the observed charges are 

consistent with earlier observations 
associated with handling of the inert-
simulant flare grains, the magnitude depends 
on the extent of handling. 

 
( ) Use of the nitrile static dissipative 

glove material does not decrease the 
magnitude of accumulated charge on the 
inert-simulant grain surfaces.  No attempt 
was made in these measurements to measure 
the charge accumulation on the operator 
wearing the gloves.  This will be addressed 
later, where it will be shown that the use of 
static dissipative gloves aids in bleeding off 
the equal but opposite polarity charge on the 
operator. 
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Table 4.  Bled-off Time On Charged Inert Grain 
Time, 

sec 
0 5 10 15 20 25 30 40 50 55 

Volts 3000 2500 1800 1800 1200 500 400 400 360 350 
 

 
 

Table 5.  Summary of MJU-53/B Grain Charge Accumulation Results During 
Igniter Assembly Operation 

Operator Glove Type or 
Name 

Glove Model 
Number/Description 

Charge Accumulation 
(Volts) 

None  200 
KSR  Ansell-Edmont # 22-515 

/Vinyl-Coated interlock-knit 
lined 

900, 100, 400 

5-mil White Nitrile Ansell-Edmont # 93-112 
/100% Nitrile 

700, 2000 

5-mil Blue Nitrile Safety Zone #  
GNPR-LG-IU 
/100% Nitrile  

5500, 7000, 6000 

Inspector  Part # 4411 
/100% Cotton 

600 

15-mil White Nytek Ansell-Edmont # 49-115 
/100% Nitrile 

5000 

   
0. Aluminum Foil Wrap Operation Step:  
In this operational step an adhesive-backed 
aluminum foil is wrapped around the grain 
assembly using a vacuum fixture to aid the 
wrapping operation. 
 
Measurements were made on this 
operational step in the MJU-32/B CAAA 
line on the same day as the other operational 
steps were evaluated, i.e., when the building 
relative humidity was in the low 20-25 % 
range.  The following provides a summary 
of the results obtained in these 
measurements: 
 

• Charge build-up on the inert-
simulant grain surface as a result of handling 
inert grains was observed to be dependent 
on which combination of thermal protection 
glove and solvent protection glove was used.  
It was easy to build-up charges in excess of 
5000 volts. 

 
• Charge build-up on the inert grain 

surface as a result of handling grains 

wearing only the thermal protection gloves 
was in the 100-300 volt range and this 
charge bled off rapidly (seconds). 

 
• Charge build-up on the butyl rubber 

gloves was observed in the 5000-volt range 
when the operator was not grounded. 

 
• Charge in the 5000-volt range on 

inert grains bled-off rapidly when placed in 
the ionized air stream. 

 
Similar measurements were made in the 
NSWC Crane facility in a 48% RH 
environment where the foil wrapping 
operation was being completed on inert-
simulant MJU-53/B grain assemblies.  In the 
tests, the operators did not wear gloves and 
the measured accumulated charges were in 
the 0-400 volt range.  The approximate order 
of magnitude difference in accumulated 
charge values obtained in the NSWC Crane 
and CAAA operations may be explained by 
contributions from a number of factors 
including: (1) the difference in humidity 
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levels in the two building environments, and 
(2) the choice of glove combination, if any, 
being worn by the operator.  
 
Conclusions: Similar to other operational 
steps which involve handling of the grains, 
the main conclusion is that normal manual 
handling of inert-simulant grains results in a 
significant static charge accumulation on the 
grain surface and that the type of gloves 
being worn is a contributing factor to the 
magnitude of the static charge.  
 
0. Flare Case Loading Operation:  In this 
operational step the grain assembly is 
inserted into the aluminum flare case. 
 
Measurements were made during this 
operational step in both the CAAA and 
NSWC Crane lines without seeing any 
evidence of charge accumulation as a result 
of the operational steps. 
 
0. End Cap Assembly:  In this operational 
step the end cap constructed from plastic 
material is inserted into the end of the flare 
case containing the grain assembly. 
 
Measurements made on the plastic end caps 
indicated that handling the end caps resulted 
in charge accumulation on the surface of the 
end caps.  The magnitude of the values 
ranged from 400 to 1000 volts depending on 
the extent of handling.  
 
Measurements made during the end cap 
insertion process did not detect the 
occurrence of charge accumulation. 
 

EFFECT OF OPERATOR HANDLING 
GRAINS   
 
The most significant finding in the results of 
the mapping experiments is that significant 
charge accumulation on inert-simulant flare 
grain surfaces results when the grains are 
handled by operators during various 
production operational steps.  Another 
significant finding was the dependency of 
the magnitude of the accumulated charge on 
the glove type being worn by the operator.  
In this section, additional experimental 
measurements, done to further characterize 
these charge accumulation processes, will be 
described.  
 
0. Effect of Glove Material Used by 
Operators.  A series of experiments were 
performed to address the contribution being 
made by the gloves and operator grounding 
variables. The tests were carried out in a 
building when the relative humidity was in 
the 38-40 % range.  The operator grounding 
variable was controlled by having an 
operator wearing conductive shoes either 
stand on a grounded metal floor plate or not 
stand on the grounded metal floor plate.  
Measurements were made on four different 
inert grains and two different inert planks. 
An Air Ionizer static control device was 
used to null any static charge on the grain 
and plank surface at the beginning of each 
test.  The results obtained in this series of 
measurements are summarized in Table 6.  
The results are listed as the range of values 
observed from the measurements. 
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Table 6.  Static Charge Accumulation on Grain/Plank Surface After Handling 
Glove Combination 
Used 

Operator Grounded 
(Volts) 

Operator Not 
Grounded 
(Volts) 

None Grain: 0-150  
Plank: 200-4000 

Grain: 0-450  
Plank: 1200-4000 

Cotton Inspector Gloves Grain: 80-2000  
Plank: 3600-8500 

Grain: 30-3300  
Plank: 2000-10000 

Butyl Rubber Gloves Grain: 6000-10000  
Plank: 8000->20000 

Grain: 7000-9000  
Plank: 10000-14500 

Latex Gloves Grain: 8700-11000 
Plank: 19000->20000 

Grain:9100-1100  
Plank: 9500->20000 

Covex® Gloves Grain: 5000-10000  
Plank: 19000->20000 

Grain: 4500-7500 
Plank: 16000->20000 

PBI Gloves Grain: 750-6000  
Plank: 13500-15500 

Grain: 500-3000  
Plank: 13500-19500 

Butyl Rubber over Covex® Grain: 8000-11000  
Plank: 15000->20000 

Grain: 7000-10000  
Plank: 14000->20000 

Butyl Rubber over PBI Grain: 9500-14000  
Plank: >20000 

Grain: 11500-14500 
Plank: 19500->20000 

   
Conclusions:  The following conclusions 
can be reached with respect to magnitude of 
the accumulated charge on grain or plank 
surfaces: 
 

(a) Normal handling of inert flare 
grains/planks (e.g., rubbing the surface) 
results in a static charge accumulation on the 
grain/plank surface.  The magnitude of the 
accumulated static charge depends on the 
amount of handling, the surface area of the 
non-conductor grain, and the type of gloves 
worn by the operator. 

 
(b) For a particular glove combination, 

the operator being grounded does not have 
an impact on the magnitude of static charge 
accumulated on the inert-simulant grain or 
plank surface. 

 
(c) The magnitude and possibly the 

ease of generating a charge are dependent on 
the surface area of the insulator body.  That 
is, it appears to be easier to build-up a 
charge on the plank with more surface area 
than for the grain with less surface area.  
That is, the plank is long enough to cut into 
six or seven grains.  
 

(d) Wearing no gloves is better than 
wearing gloves. 

 
(e) Cotton Inspector Gloves are better 

than the other glove types tested. 
 
(f) The non-conductive butyl rubber 

and latex rubber gloves build-up significant 
levels of charge on the inert-simulant 
grain/plank surfaces. Qualitatively these 
gloves appeared to build-up charges more 
efficiently than the other glove types. 

 
(g) The thermal protection Covex® and 

PBI gloves result in charge build-up levels 
similar to the solvent exposure protection 
rubber gloves but may have required more 
handling to do so. 

 
(h) Wearing a solvent exposure 

protection glove over a thermal protection 
glove does not appear to make the static 
build-up on the inert-simulant grain/plank 
worse than wearing only one glove type. 
 
2. Effect of Static Dissipative Gloves.  A 
series of static measurements were 
completed to evaluate static charge build-up 
on grain surfaces as a result of normal 
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handling operations where operators were 
wearing gloves made from static dissipative 
materials. These measurements were made 
in the NSWC Crane line on MJU-53/B inert 
grains.  The NSWC Crane building is a 
T&H controlled facility that has conductive 
flooring.  The building relative humidity 
during these measurements was in the 45-50 
% range.   
 
Measurements were made on three different 
gloves manufactured from nitrile.  Two of 

the gloves are marketed as having static 
dissipative properties.  Static measurements 
were also made on a heavy thick glove, 
referred to locally as the phosphorus glove, 
commonly used to handle warm objects.  It 
should be noted that for the first time in this 
study, measurement effort was directed 
toward detecting charge accumulations on 
the gloves worn by the operators.  The 
results obtained are summarized in Table 7. 
 

 
Table 7.  Effect of Static Dissipative Gloves on Charge Accumulation on  

Grain/Plank and Glove Surfaces 
OPERATOR GLOVE COMBINATION 

USED 
CHARGE ACCUMULATION  
AFTER HANDLING (volt)  

GROUNDED None #    Grain            Plank     Glove  
 1     200               1600         N/A 

GROUNDED Cotton Inspector Gloves #    Grain            Plank    Glove 
 1     600              13000         0 
 2                         13500       40 

GROUNDED Ansell-Edmont Company Static 
Dissipative Nitrile 5-mil Gloves  
(#93-112)  

 #    Grain           Plank    Glove 
 1     700              15000        20 
 2    2000             16000        30 

GROUNDED Ansell-Edmont Company 
“Phosphorus” Gloves (#22-515) 

 #    Grain           Plank    Glove 
 1     900               9000         30 
7  100 
7  400 

GROUNDED Safety Zone Company 
Nitrile Glove (#GNPR-LG-IU) 

#    Grain            Plank   Glove 
 1    5500              8000       20 
1 7000              2500       20  
1 6000 

GROUNDED Ansell-Edmont Company  
Static Dissipative Nitrile 
15-mil Glove (#49-115) 

#    Grain            Plank    Glove 
 1    5000              4500        60 
 2                         12000       60  
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Conclusions: The following conclusions can 
be drawn from the results: 
 

(a) Use of the static dissipative solvent 
exposure protection gloves does not have a 
noteworthy effect on the magnitude of the 
static charge accumulated on the inert-
simulant flare/plank surface. 

 
(b) Use of the static dissipative gloves 

may have some affect on maintaining a 
charge on the gloves.  That is, the fact that 
the measured charge on the gloves was 
always orders of magnitude lower than that 
measured on the inert-simulant grain/plank 
surface suggests that the charge on the 
gloves may bleed-off rapidly through the 
skin of the grounded operator or surrounding 
air. 
 
3. Combined Effect of Static Dissipative 
Gloves and Operator Grounding Status. An 
additional series of experiments was 
performed to gain additional understanding 
of the potential role being played by the 
static dissipative solvent protection gloves.  
This series of tests were carried out in the 
CAAA facility where operator grounding is 
provided by bonded metal plates on the 
floor.  The building relative humidity during 
these tests was 40-45%.  Static 
measurements were performed on both the 
inert-simulant grain/plank and the operator 
gloves.  The results of this series of tests are 
summarized in Table 8.  It should be noted 
that in this series of measurements the 
polarity of charge measured was noted. 
 
Conclusions:  The following conclusions 
can be drawn from these results: 
 

(a) In all cases, with the one exception 
when the Safety Zone Company # GNPR-
LG-IU Nitrile gloves were being worn, the 
accumulated charge on the grain had a 
negative polarity.  There is no apparent 
explanation why this particular glove could 
have caused different behavior suggesting 
that the polarity of charge may have been 
recorded incorrectly. 

 
(b) The polarity of the accumulated 

charge generated on the gloves is dependent 
on the glove type.  That is, if the glove is 
made from a non-conductive material (butyl 
rubber or latex) the accumulated charge on 
the glove is opposite polarity of the charge 
generated on the grain.  In contrast, if the 
glove is made of static dissipative material  
(nitrile), the accumulative charge on the 
glove is of same polarity as that generated 
on the flare grain surface.  The polarity 
difference with glove material may be 
significant and merits additional study 
beyond the scope of this investigation. 

 
(c) The fact that the magnitude of the 

measured accumulated charge on the 
operator glove was orders of magnitude 
lower than on the inert-simulant grain is 
explainable by the difference in the charge 
dissipation rates from the two bodies.  That 
is, the inert insulator grain would be 
expected to have a lower dissipation rate 
than the conductive operator.  This 
observation serves to highlight the potential 
significant role of a human isolated 
conductor.  

 
(d) The static dissipative gloves may be 

aiding the rate of bled-off of charge 
accumulated on the gloves.  That is, the 
order of magnitude lower values measured 
on the static dissipative gloves compared to 
the non-conductive gloves may have been 
caused by the charge on the static dissipative 
gloves already having bled-off by the time 
that the measurements could be made. 

 
(e) These results, which show for the 

first time in this study, accumulated charges 
on the   non-conductive gloves in the 1000 
to 1500 volt range. This magnitude is 
significant in that it is close to charge levels 
required to develop spark discharge energy 
levels large enough to ignite solvent vapors.  
Other subsequent measurements indicated 
that it was possible to have charges in the 
5000-7000 volt range on butyl rubber 
gloves. 
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Table 8.  Effect of Glove Combination and Operator Grounding on Charge 
Accumulation on Grain/Plank  and Glove Surfaces 

Glove Combination Used Operator Grounded  
(volts) 

Operator Not Grounded 
(volts) 
 

Cotton Inspector  
Gloves 

#    Grain     Glove  
 1   -500       -20 
 2   -150       -10 
 3   -300       -10 
 4   -  90       -10 

#    Grain     Glove  
 1   -150       -20 
 2   -  70       -10 
 3   -240       -10 
 4   -  70       -10 

Butyl Rubber Gloves #    Grain     Glove  
 1   -8500      +400 
 2   -8500      +700 
 3   -10000    +800 
 4   -7500      +800 

#    Grain     Glove         Plank        Glove 
 1   -7000      +700      <-20000       +400  
 2   -8000       +450     <-20000       +400 
 3   -8000       +450 
 4   -10000     +600 

Latex Gloves  #    Grain     Glove         Plank        Glove 
 1                                 <-20000      +1000  
 2                                 <-20000       +400 
 3                                 <-20000       +1000 
 4                                   -16000       +1100 
 5                                   -16000       +1500 

Best Manufacturing Co. 
Natural Rubber Flock-Lined 
15-mil Glove (#VML-09) 

 #    Grain     Glove         Plank        Glove   
 1                                  <-20000       +30         

Ansell-Edmont  
Company Static 
Dissipative Nitrile 5-mil 
Glove (#93-112) 

#    Grain     Glove  
 1   -5000      -50 
 2   -8000      -50 
 3   -8500      -50 
 4   -8000      -50 

#    Grain     Glove  
 1   -8400      -50 
 2   -10000    -50 
 3   -17000    -50 
 4   -12500     -50 

Ansell-Edmont 
Company Static 
Dissipative Nitrile 
15-mil Glove (#49-115) 

#    Grain     Glove  
 1   -11000    -20 
 2   -11000    -20 
 3   -10000    -20 
 4   -8500      -20 

#    Grain     Glove  
 1   -7500      -20 
 2   -7000      -20 
 3   -9500      -20 
 4   -9500      -20 

Ansell-Edmont Company 
“Phosphorus”  Glove (#22-
515) 

#    Grain     Glove  
 1   -8000      -20 
 2   -5000      -20 
 3   -8000      -20 
 4   -9000      -20 

#    Grain     Glove  
 1   -13000    -20 
 2   -9000      -20 
 3   -8000      -30 
 4   -6000      -20 

Safety Zone Company 
Static Dissipative Nitrile 
Glove (#GNPR-LG-IU) 

#    Grain     Glove  
 1   +12000      0 
 2   +12000      0 
 3   +12500      0 
 4   +10000      0 

#    Grain     Glove  
 1   +11000      0 
 2   +13000      0 
 3   +14000      0 
 4   +15000      0 

Cotton Inspector Glove worn 
over  
Butyl Rubber Glove 

#    Grain     Glove  
 1   -8500      +100 
 2   -7000      +200 
 3   -6000      +150 
 4   -7000      +300 

#    Grain     Glove  
 1   -7000      +200 
 2   -8000      +400 
 3   -8000      +450 
 4   -10000    +600 
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GRAIN CHARGE DISSIPATION 
 
As earlier indicated in Table 4, the time 
required for the dissipation of accumulated 
charge on the inert-simulant flare grain 
surfaces was found to be in minutes, not 
seconds.  The results of additional testing 
leads one to conclude that the actual time 
required is dependent on a number of 
variables: (a) operator grounding status 
when handling the inert-simulant grain, (b) 
glove type being worn by operator when 
handling the inert grain,  (c) relative 
humidity of the environment, and (d) use of 
air ionization to maximize the dissipation 
rate.  The observed results can best be 
described in terms of two extremes.  The 
best-case results indicate that the grain-
accumulated charge dissipates over time 
periods lasting a few seconds.  In contrast 
the observed worst case extreme suggests 
that grains in some cases require minutes for 
charge dissipation process to be completed. 
 
EFFECT OF RELATIVE HUMIDITY  
 
The measurement results given so far in this 
report have been measured at two humidity 
levels:   (a) low range of 20-23% RH and (b) 
moderate range of 40-45% RH.  Additional 
measurements performed at a high humidity 
level (i.e., >60%) lead to a somewhat 
surprising observation.  That is, there is a 
finite soak time required for grains taken out 
of a low humidity storage environment to 
reach equilibrium when placed into a higher 
humidity environment.  Grains taken from a 
desiccated storage box environment close to 
0% RH and placed in the >60% RH 
environment required soak times well in 
excess of an hour to start behaving as if they 
were in the high humidity environment.  
That is, handling the inert-simulant grains 
during this soak time i.e. while the grains 
transitioned to higher humidity environment 
resulted in charge accumulation. 
 
CONCLUSIONS AND DISCUSSION 
 
The goal of this experimental evaluation was 
to evaluate the electrostatic hazards 

associated with the current processing steps 
being used to manufacture MTV-based 
flares.  Static charge accumulation and 
dissipation measurements have been made 
on inert-simulant flare plank/grain surfaces, 
operator gloves and other plastic parts.  The 
inert simulant composition used potassium 
sulfate as a substitute for magnesium in the 
MTV composition to make the material non-
energetic or inert.  After completing this 
study, additional measurements have been 
made on actual MTV composition and the 
results for the live (energetic) material are in 
agreement with those reported here for the 
inert simulant material.  
 
The measurements have been done under 
three relative humidity ranges (low, medium 
and high).  The study also evaluated the 
effectiveness of using commercially 
available air ionizers as a static charge 
control measure as well as the impact of 
glove material worn by the operator.   
 
The initial phase of the study attempted to 
make measurements to survey static hazards 
associated with each one of the individual 
processing steps.  The results of this survey 
can be discussed in terms of the summary 
provided in Table 9.  The results of the 
survey suggest that most processes do not 
result in charge accumulation unless manual 
handling of inert-simulant flare planks is 
involved in the process.  However, this 
conclusion needs to be qualified in the 
following ways:  (a) some processes such as 
the mixing, plank cutting and machining 
need to be evaluated more thoroughly than 
has been done in this study to validate this 
general conclusion, (b) differences between 
various technologies suggest that static 
hazards should be the determining factor 
used to make a choice on the process 
technique or method to employ (e.g., band 
saw may represent an improvement over 
chop sawing technology), and (c) all 
processes need to evaluated, and re-designed 
if required, to minimize operator handling of 
planks and grains.   
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Table 9.  Results of Static Survey of MTV Flare Manufacturing Process Steps 
Process Step Material State 

Evaluated 
Process Static Issue  Material Handling 

Static Issue 
Mixing Composition Did Not Address No 
Air Dry Composition No No 
Oven Dry Composition No Static charge (500 – 

1000 volt) only when 
dry. 

Extrusion Plank No Plank Cutting:  500 
volt 

Normalization Plank No Up to 20,000 volt 
Plank Cutting Grain Yes, but dependent 

on technology used 
Up to 2000 volt 

Machining Grain Unknown, 
could not measure 
accurately 

Up to 1500 volt 

Conveyor Grain Yes  150-200 volt 
Ignition Slurry 
Application 

Grain No, if process 
designed to minimize 
grain handling & 
control  vapor 
concentration  

3000 – 7000 volt 

Oven Slurry Drying Grain Did not Measure  
Connect Igniter 
Assembly to Grain 

Grain No 100-7000 volt 

Igniter Pellet  Grain No 2000 – 3000 volt 
Aluminum Foil Grain No 2000- 3000 volt 
Flare Case Loading Grain No  
    
The most significant result of this static 
hazards survey is the fact that manual 
operator handling of inert-simulant planks 
and grains is by far the major source that 
results in significant charge accumulation on 
the inert plank/grain surfaces.  The 
magnitude of the accumulated charges is 
more than sufficient, if somehow translated 
into a static discharge, to exceed minimum 
energies to serve as an ignition source for 
the flammable materials that could be 
present during the various processing steps 
(hexane, acetone and MTV dust and 
ravelings).   
 
The magnitude of the accumulated charge 
generated on the inert-simulant grain 
surfaces depends on a number of factors.  
The factors include:  (a) amount of handling 
done to the inert grain, (b) if gloves are worn 
by the operator when handling the grain, (c) 

the type of gloves worn by the operator 
when handling the inert grains, (d) the 
relative humidity level, and (e) if air 
ionization control is used.  In addition the 
results of the measurements done leave one 
with the feeling that there are also grain-to-
grain and operator-to-operator variation 
variables playing in the statistical range of 
experimental values being measured, i.e., 
absolute values are not as important as the 
order of magnitude. 
 
The effect of relative humidity on static 
charge accumulation observed in this 
investigation supports the conclusion that it 
is risky business to design a static control 
program solely on the use of relative 
humidity (Ref. 1).  Most of the 
measurements in this study were made under 
low humidity conditions (<40%) where it 
was relative easy to accumulate a static 
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charge.  The results obtained in the medium 
40-50 % RH range leaves you with the 
realization that it is still feasible to 
accumulate a charge, whereas it was 
observed to be very difficult to accumulate a 
charge in a high (>60%) humidity 
environment. This overall picture leaves you 
with the feeling that if humidity is going to 
used as an effective control measure, then 
you need to be operating in the high 
humidity range, which in most cases is not 
compatible with processing pyrotechnic 
materials where the reaction between the 
pyrotechnic fuels and moisture needs to be 
avoided.  The bottom line is that you have to 
determine the trade-off between static 
control and chemical compatibility.  If this 
trade-off analysis results in leaning toward 
operating in the higher humidity 
environment, then the results of this study 
suggest that you need to factor in the time 
lag required for planks/grains to reach 
equilibrium after being introduced into a 
different humidity environment.  The bottom 
line from this analysis is that using relative 
humidity as a static control method is not 
necessarily straight forward unless you can 
operate in high humidity range and therefore 
it should not be considered the only control 
measure.   
 
The results of this investigation have 
highlighted the importance of static control 
measures and where these can be applied 
effectively and efficiently.  That is, a major 
outcome of the study was an appreciation 
for how effective Air Ionizers can be used to 
eliminate or remove charge accumulated 
after plank/grain surfaces.  This strongly 
suggests that proper location of an Air 
Ionizer prior to starting a new operation is a 
effective static control approach; that is, 
remove accumulated static charges just prior 
to starting operations.  Examples of where 
this control technique can be applied include 
machining, slurry application, and slurry 
oven drying, connecting Igniter Assembly to 

Grain, Igniter Pellet.  It also was shown that 
there are other operations (e.g., air drying) 
where the use of an Air Ionizer  does not 
buy you any  benefit or control. 
 
Another interesting result of the study is the 
impact that operator gloves have on static 
charge accumulation and dissipation 
processes.  Here again this information 
becomes an area where an engineering 
trade-off analysis is required.  The need for 
use of gloves in a process can be driven by 
various requirements: (a) thermal protection 
for handling materials that are at elevated 
temperatures, (b) exposure protection when 
processing toxic materials, and (c) personnel 
protection in case of an inadvertent ignition.  
The results of this study have shown that the 
choice of glove material affects static charge 
accumulation and dissipation processes.  
That is, use of gloves in general encourages 
the occurrence of charge accumulation on 
the plank/grain and operator.  The choice of 
the glove material has an impact on the 
charge dissipation process for the equal and 
opposite polarity charge developed on 
operator with the best situation possible 
being gloves manufactured from static 
dissipative materials (e.g., nitrile).  The 
trade-off analysis then becomes one of 
weighing benefits and risks for: (i) the glove 
types being used for those processes where 
gloves are required by regulation or (ii) 
whether gloves should be used at all for 
processes where that is an option.  
Consideration should be given to the risks 
associated with the loss of dexterity that 
goes along with wearing gloves and how 
this loss could contribute the probability that 
a mishap occurs.  Similar to the risk benefit 
analysis discussed earlier for using humidity 
as a static control without causing chemical 
incompatibility problems, the choice of use 
of gloves has to done on an individual case-
by-by case.  That is, one solution does not fit 
all situations. 
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ABSTRACT 
 

The thermal properties of the energetic material 2,4,6,8,10,12-hexanitrohexaazaisowurtzitane (CL-20) 
were investigated by DSC, TGA, ARC, HFC and simultaneous TG-DTA-FTIR-MS. 

A DSC heating rate study was performed and the results show the possibility of a multi-step thermal 
decomposition of CL-20. The enthalpies of reaction and onset temperatures were determined for various 
heating rates. The kinetic parameters were found by means of the ASTM E698 method and were verified 
by ageing experiments. A model free kinetic (MFK) analysis was also performed on these DSC results.   

TGA experiments were conducted to investigate the effects of various heating rates on the mass loss 
of CL-20 and its onset temperature.  The TGA results were also analyzed using MFK and ASTM E1641 
methods. 

ARC measurements were performed to investigate the thermal stability of CL-20.  The thermal 
behaviour of CL-20 at various pressures of argon was also studied by heat flow calorimetry (HFC). 

The gaseous products of the decomposition of CL-20 were determined by TG-DTA-FTIR-MS 
experiments in air and in helium.  The effect of various heating rates (2, 5 and 10 °C min-1) on the 
decomposition of CL-20 and its thermal stability at different isothermal temperatures (190, 195, 200 and 
205 °C) were also studied. 

 
 

1. Introduction 
According to the literature, 2,4,6,8,10,12 

- hexanitrohexaazaisowurtzitane  (CL-20) is 
expected to increase the performance parameters 
of specific impulse, ballistics and detonation 
velocity. Thus, it could possibly replace various 
explosive compounds such as RDX and HMX 
(1, 2). 

Compared to other nitramines, CL-20 
has six N-NO2 groups in its polycyclic structure 
(RDX and HMX have three and four N-NO2 
groups, respectively), resulting in an increase in 
both density and heat of formation (3). There are 
four different polymorphs (α, β, ε, γ) of CL-20; 
the ε-phase has the highest stability at ambient 
temperature (1). When heated to high 
temperatures in the DSC, two major conversions 
occur in CL-20: a solid-solid phase transition 
from ε → γ polymorphs (T < 164 °C), and the 
thermal decomposition of the γ polymorph (T > 
210 °C) (3). 

CL-20 displays interesting behaviour 
during its decomposition.  From other studies 
(4), it has been determined that CL-20 follows 
an autocatalytic behaviour. As discussed by a 

few researchers (3, 4), the decomposition of CL-
20 at various heating rates also shows a multi-
step decomposition process. Some of the 
gaseous products from the decomposition (CO2, 
N2O, NO2, NO, CO, HCN) were previously 
observed by FTIR (3).   

Our laboratory has been particularly 
interested in the thermal decomposition of CL-
20. This paper includes a detailed study of the 
following: kinetic parameters by DSC, thermal 
decomposition and mass loss by TGA, thermal 
behaviour and identification of evolved gases by 
simultaneous TG-DTA-FTIR-MS, thermal 
decomposition by HFC, and thermal stability by 
ARC. 

 
2. Experimental 

The CL-20 tested was supplied by ATK 
Thiokol Propulsion and was certified to be > 95 
% ε-phase using FTIR. The chemical purity 
provided by the manufacturers was found to be 
99.9 % CL-20. 

A TA Instruments 2910 DSC was used 
for studying the thermal properties of CL-20. 
The samples were placed in aluminum pans with 
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laser-drilled pinhole (75 µm) lids. The latter 
were used in this study, because the use of both 
hermetic pans and glass ampoules gave 
unsatisfactory results due to the very energetic 
behaviour of CL-20. Dry, oxygen-free nitrogen 
was used to purge the DSC at 50 mL min-1. In 
order to derive kinetic information (5) for CL-
20, samples were heated from 30 to 300 °C 
using heating rates, β, from 1 to 10 °C min-1. 
Sample sizes of about 0.2 mg of CL-20 were 
employed. Temperature and heat flow 
calibrations were performed prior to the 
experiments according to ASTM E967 (6) and 
ASTM E968 (7), respectively. 

A TA Instruments 2950 TG instrument 
was used to measure the mass loss of the sample 
during a heating rate study (ASTM E1641 (8) 
with β =0.5 to 10 °C min-1). About 1.0 mg was 
placed in a platinum pan, in a flow of dry 
nitrogen (100 mL min-1, split 60:40 between the 
furnace and the balance). The temperature was 
calibrated using the Curie point magnetic 
method with SRM nickel (9). A mass calibration 
was also performed according to ASTM method 
E2040 (10). 

TG-DTA-FTIR-MS experiments were 
carried out using a TA Instruments simultaneous 
TG-DTA 2960 module coupled to a Bomem 
MB100 FTIR Spectrometer and a Balzers 
Thermostar GSD300 quadrupole Mass 
Spectrometer. This system has already been 
described in detail elsewhere (11). Experiments 
were conducted in helium and air at a purge rate 
of 50 mL min-1. Approximately 5 mg of sample 
and reference material (platinum foil) were 
placed in separate alumina pans.  Both 
isothermal and heating rate studies were 
conducted. For isothermal runs, the samples 
were heated rapidly (20 °C min-1) to the desired 
temperature (190, 195, 200 and 205 °C) and 
maintained isothermally for several hours. For 
the heating rate studies, CL-20 was heated from 
30 to 300 °C at 2, 5 or 10 °C min-1. Calibration 
of the TG mass, DTA baseline and temperature 
calibrations (indium and aluminum) were 
conducted prior to the experiments (6). 

The thermal decomposition of CL-20 at 
ambient and elevated pressure of argon (0.1 and 
7.0 MPa) was studied by heat flow calorimetry 
(HFC), using a modified Setaram C-80 
instrument (12). About 50 mg of CL-20 were 

contained in an alumina liner and heated from 
room temperature to 300 °C at a rate of 0.3 °C 
min-1. An equivalent mass of sapphire was 
contained in another liner and placed into the 
reference cavity of the calorimeter. The system 
was leak tested prior to each run. It was also 
calibrated for temperature and heat flow (12).  

Accelerating Rate Calorimetry (ARC) 
experiments, using a Thermal Hazard 
Technology instrument, were conducted to 
evaluate the thermal stability of CL-20. Samples 
of about 0.25 g were placed in a spherical 
titanium vessel with a volume of 10 cm3. Prior 
to each experiment, a high-pressure leak test was 
carried out at about 4.1 MPa.  The ARC 
experiments were conducted at ambient pressure 
of argon. The standard “heat-wait-search” 
procedure, ASTM 1981-98 (13), with 5 °C 
increments was used for these measurements 
These ARC experiments were started at 50 °C 
and stopped automatically when the self-heating 
rate of the sample exceeded 5 °C min-1. 

 
3. Results 
3.1 Differential Scanning Calorimetry (DSC) 

Figure 1 illustrates the thermal 
behaviour of CL-20 in nitrogen when heated in a 
pinhole pan from 30 to 300 °C at a heating rate 
of 5 °C min-1. At about 160 °C, solid-solid phase 
transitions were detected, as shown by the 
endothermic peak structure, followed by the 
thermal decomposition of CL-20 starting around 
210 °C. 

Fig. 1 Thermal behaviour of CL-20: 0.193 mg, 5 
°C min-1, pinhole pan, in nitrogen 
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CL-20 was also tested in closed systems 
using glass ampoules and hermetic aluminum 
pans. Figure 2 shows that the DSC was unable to 
control the temperature when using a glass 
ampoule: the self-heating rate of the sample, due 
to the decomposition of CL-20, is greater than 
the DSC heating rate (β = 5 °C min-1). Similar 
results were obtained with hermetic aluminum 
pans. Some of the hermetic aluminum pans and 
glass ampoules exploded when 0.5 mg of CL-20 
was heated at 5 and 10 °C min-1. 

Fig.  2 Thermal behaviour of CL-20 in a glass 
ampoule, ~0.141 mg, 5 °C min-1 

 
The ASTM method E698 (5) was used 

to determine the Arrhenius parameters for the 
thermal decomposition of CL-20. In order to 
calculate the pre-exponential factor (Z), it was 
assumed that the decomposition followed first-
order kinetics. From the DSC curves in Figure 3, 
complex exothermic peaks were observed at 
elevated temperatures. These thermal curves 
suggest two reaction zones: one with a relatively 
lower rate and a second with relatively higher 
rate. Earlier studies (4) suggest that the 
decomposition of CL-20 proceeds by an 
autocatalytic process. 

CL-20 loses 90 ± 3 % of its mass when 
heated to 300 °C in a pinhole pan. The 
enthalpies of decomposition of CL-20 at 
different heating rates were determined by 
integrating the area under the exothermic peaks 
of Figure 3, assuming a linear baseline. The 
average enthalpy of decomposition of CL-20 is 
2.9 ± 0.3 kJ g-1. This value is in agreement with 
that obtained in a similar study (3).  

Fig. 3 Effect of β on the thermal decomposition 
of ~0.2 mg CL-20 
 
A plot of ∆H against β (Figure 4) shows 

the dependency of ∆H on β: as β increases, ∆H 
decreases and the mass loss increases. More 
gaseous products may be produced at a higher 
heating rate, which may result in a lower ∆H 
and/or a heat loss due to the production of gases. 

Fig. 4 Dependency of enthalpy of decomposition 
and mass loss on the heating rate 
 
Figure 5 shows the plot of ln(β Tc

-2) 
against 1/Tc, where Tc is the corrected peak 
temperature (5) and the slope equals –Ea/R.  The 
activation energy, Ea = 207 ± 18 kJ mol-1, was 
obtained from the slope of the graph while the 
log of the pre-exponential factor, ln(Z/min-1) = 
47.7 ± 0.2, was obtained from the usual 
expression from ASTM E698: 







=

RT
E

RT
EZ exp2β  

To complete the ASTM E698 study, 
isothermal tests were performed on CL-20.   
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Fig. 5 Kinetic study on the thermal 
decomposition of CL-20 by DSC 
 
Assuming a first-order reaction, the 

temperature for a one hour half-life was 
calculated as T½ = 204 ± 1 °C. CL-20 samples of 
about 0.2 mg were therefore thermally aged at 
T½ for 60 minutes. A mass loss of 54 ± 10 % was 
observed after the isothermal test.  The samples 
were then cooled to room temperature, weighed 
and reheated to 300 ºC using β = 5 ºC min-1, and 
a purge gas flow of 50 mL min-1 N2. The overall 
average enthalpy of decomposition of the aged 
sample was ∆Haged = 1.5 ± 0.3 kJ g-1, compared 
to that obtained with the unaged sample, ∆Hunaged 
= 3.0 ± 0.2 kJ g-1 for β = 5 °C min-1.  Since 
∆Haged = ½ ∆Hunaged, it is concluded that the 
values of the Arrhenius parameters determined 
by the ASTM E698 method adequately model 
the overall kinetics of the decomposition 
process, even though a multi-step process is 
clearly evidenced in Figure 3. 

The software IsoKin (14) was used to 
perform a model-free kinetic analysis on the 
results from the DSC heating rate study (β = 1, 
2, 5 and 10 °C min-1).  The equations and the 
procedure used for the analysis are described in 
detail elsewhere (15).  Figure 6 shows the 
resulting dependency of activation energy, Ea, 
on the extent of reaction, α.  The first stage (0.0 
< α < 0.4) shows a constant Ea of 192 ± 7 kJ 
mol-1.  This observation suggests that the rate-
limiting step is unchanged over most of the 
initial decomposition.  For 0.4 ≤ α ≤ 0.8, Ea 
varies between about 205 kJ mol-1 and 265 kJ 
mol-1.  These results are within the 95 % 
confidence limits and agree with those obtained 
from the ASTM E698 method. 

Fig. 6 Dependency of the activation energy, Ea, 
on the extent of conversion, α 

 
The curve in Figure 6 also shows an increase of 
the activation energy for 0.4 ≤ α ≤ 0.55 
suggesting the occurrence of parallel reactions 
(16).  Then, as α increases from 0.55 to 0.80, the 
activation energy decreases.  The graph suggests 
a complex reaction for thermal decomposition 
for 0.4 ≤ α ≤ 0.8, similar to that seen in the DSC 
heating rate curves. 

 
3.2 Thermogravimetric Analysis (TGA) 

Figure 7 compares the DSC and the 
TGA curves for β = 5 °C min-1.  The DSC peak 
is complex and likely indicates a multi-step 
decomposition, as discussed earlier.  This is also 
evidenced by the multi-step mass loss on the 
TGA curve and its derivative with respect to 
temperature. 

For β = 5 °C min-1, the decomposition 
occurs at a lower onset temperature (T ≈ 200 °C) 
in the TGA than in the DSC (T ≈ 215 °C). About 
30 % mass loss is noted in the TGA before the 
exothermic behaviour of the DSC even begins. 
Some experiments were conducted using 0.2 mg 
and 1.0 mg of CL-20 and the results show that 
the sample size only has a small effect (~ 5 °C 
difference) on the onset temperature of 
decomposition. However, they also show that 
the different experimental conditions have a 
large effect on the thermal curves.  In TGA, the 
sample is contained in an open pan and exposed 
to a purge gas that rapidly removes gaseous 
decomposition products. This process appears to 
accelerate the onset temperature of 
decomposition and the mass loss of CL-20. This 

103 K/Tc

1.92 1.94 1.96 1.98 2.00 2.02

-ln
( β

 T
c-2

/K
-1

m
in

-1
)

9.5

10.5

11.5

12.5

13.5

95 % Confidence Limits

Ea = 207 ± 18 kJ mol-1

ln(Z/min-1) = 47.7 ± 0.2

α

0.0 0.2 0.4 0.6 0.8 1.0

E a
/k

J 
m

ol
-1

50

100

150

200

250

300

350

Interval = 50
95 % confidence limits



- 33 -  

fact therefore suggests that the process may not 
be simply autocatalytic. However, as will be 
seen in Section 3.3, when the experiments are 

performed under simultaneous conditions, the 
onset of mass loss and exothermic heat flow is 
observed to occur at the same temperature.

 

Fig. 7 Study of thermal decomposition of CL-20 by TGA and DSC (0.2 mg, β = 5 °C min-1) 
 
The TGA results for various heating 

rates are shown in Figure 8, which also 
illustrates the multi-step thermal decomposition 
of CL-20. An average mass loss of 82 ± 5 % was 
recorded after the experiments. It is also seen 
that the mass loss increases as the heating rate 
decreases since slower heating rates give more 
time for decomposition to occur. 

Fig. 8 Thermal decomposition and mass loss at 
various heating rates by TGA 
 

It can also be noted that the mass loss 
from the first decomposition step is generally 
smaller than that of the second step and 
generally increases with decrease in heating rate. 
The rates of decomposition are also different 
from one another (i.e. first step slope > second 
step slope). 

The TGA results obtained at various 
heating rates were also used to determine the 
kinetic parameters for the thermal 
decomposition of CL-20, in accordance with 
ASTM E1641 method (8).  Figure 9 illustrates 
the plots of ln (β) vs. 1/T, where T is the 
temperature obtained at 30, 40, 50 and 60 % 
conversion. Corresponding activation energies 
and pre-exponential factors for different 
conversions were deduced by means of kinetic 
analysis. Since significant differences in these 
latter parameters were obtained for various 
degrees of conversion, it is obvious that the 
reaction kinetics is not constant throughout the 
decomposition of CL-20.  Again, this provides 
evidences for a multi-step scheme for the 
thermal decomposition of CL-20. 
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Fig.  9 Dynamic TG studies for kinetic parameters 
 

A model-free kinetic analysis (14) was 
also performed on the data from the TGA 
heating rate study (0.5, 2, 5 and 10 °C min-1).  
Figure 10 shows the dependency of activation 
energy, Ea, on the extent of reaction, α.  The 
graph illustrates the different stages of the 
reaction.  The decrease in Ea from 160 to 55 kJ 
mol-1, in the range of 0.0 < α ≤ 0.15, suggests 
that the CL-20 is subliming at the early stage of 
the reaction.  Then, Ea starts to increase up to α 
≈ 0.45.  This behaviour is similar to that seen in 

the DSC isoconversional analysis curve (Figure 
6) and suggests the occurrence of an 
autocatalytic reaction.  Ea then stabilizes at about 
250 kJ mol-1 between 0.45 ≤ α ≤ 0.85.  These 
results are within the 95 % confidence limits and 
agree with those obtained from both the DSC 
isoconversional analysis and the ASTM E698 
method.  As with the DSC results, the TGA 
isoconversional analysis curve demonstrates a 
complex reaction scheme occurring during the 
decomposition of CL-20. 

 
Fig. 10 Dependency of the activation energy, Ea, on the extent of conversion, α 
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3.3 TG-DTA-FTIR-MS 
The TG and DTA data for β = 10 °C 

min-1 and a 50 mL min-1 helium purge are 
plotted against the temperature in Figure 11 (a).  
The TG results show a significant mass loss of 
about 94 % at the onset temperature To = 224 ± 
1 °C along with a strong exothermic reaction 
illustrated by the DTA trace. Experiments 
performed in helium and in air gave similar TG-

DTA thermal curves.  Many gaseous products 

were observed from the decomposition of CL-20 
as shown in Figure 11 (b). NO2 is the most 
significant product of the decomposition.  It 
indicates the homolysis of the N-NO2 bonds (17) 
from the CL-20 structure, the dominating 
decomposition reaction.  Major traces of N2O, 
CO2, HCOOH and HNCO were identified by 
FTIR. H2O, HCN, CO and NO were also 
detected with very small absorbances.  

Fig. 11 a) TG-DTA; b) FTIR;  c) MS results for 5 mg CL-20 heated in helium at 10 °C min-1 to 300 °C 
 
Some of these gases (CO2, N2O, NO2, 

HCN, NO and CO) were reported in other 
studies on CL-20 (3, 4, 17) and result from 
secondary decomposition reactions. All the 
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peaks from the FTIR coincide with the mass loss 
and the exotherm observed in the TG-DTA 
curves.  The peaks of the MS curves in Figure 
11 (c) also correspond to the FTIR and TG-DTA 
peaks. The MS graph shows the evolved gases 
having a mass to charge ratio (m/e) of 18 (H2O), 
26 (possibly CN), 27 (HCN), 28 (CO), 30 (NO), 
44 (CO2 and N2O) and 46 (NO2). The MS results 
definitely confirm most of the FTIR traces for 
both helium and air purges. From the FTIR and 
MS results there are some other carbonaceous 
gaseous products resulting from decomposition 
of CL-20, including the ions with mass to charge 
ratio of 26 (42, 48, 54 and 70 are not shown in 
Figure 11 (c) since their ionic current intensities 
are very low). 

As for the DSC results, the onset 
temperature of decomposition is also observed 
to increase with the heating rate. However, no 
effect of the purge gas on the onset temperature 
could be evidenced.  The mass loss is however 
observed to be very sensitive to the type of gas 
used as a purge when heating the sample at 
either 5 or 2 °C min-1.  When air was used as the 
purge gas, the mass loss noted was about 10 % 
higher than when using a purge of helium.  This 
confirms the presence and oxidation of some 
known and unknown carbonaceous residues 
detected by FTIR and MS. Using scaling factors 
(17) to convert the observed absorbances to 
concentrations relative to CO2, it is found that, 
in air, the concentration of NO2 is significantly 
higher than in helium because NO is converted 
to NO2 in the presence of air. On the other hand, 
the concentration of NO in helium is almost 
twice as high as that observed for the 
decomposition of CL-20 in air.  Therefore, 
running CL-20 in air increases the concentration 
of NO2 and decreases the concentration of NO 
released during the thermal decomposition.  The 
relative concentration of N2O and CO curves are 
about the same in both helium and air 
atmosphere. 

Kinetic parameters were calculated 
using ASTM E698 method.  The results (see 
Table 1) show large differences between the 
experiments performed in helium and air.  The 
activation energy and the pre-exponential factor 
of the experiments in air are much higher than 
those observed in helium.  CL-20 is more 
reactive when exposed to an oxidizing 

environment and the reaction process is different 
in air than in helium.  

Simultaneous TG-DTA-FTIR-MS expe-
riments were also performed at various 
isothermal temperatures (190, 195, 200 and 205 
°C) with a flow of 50 mL min-1 He.  Isothermal 
studies also reveal the presence of large amounts 
of NO2 in the decomposition products.  Figure 

12 shows the variation in absorbance of NO2 
with time at various isothermal temperatures.   
Fig. 12 Time dependence of NO2 absorbance in 

isothermal TG-DTA-FTIR-MS runs in 
helium at different temperatures 
 
Kinetic information can be calculated 

from these isothermal studies (18). A plot of 
ln(τ) against 1/T is shown in Figure 13. In this 
case, the activation energy and pre-exponential 
factor were calculated assuming that the time, τ, 
for a particular event to occur is inversely 
proportional to the rate constant.  The second 
plot illustrates the ln(peak absorbance, A) 
against 1/T assuming that the rate of reaction is 
proportional to the NO2 concentration.  The 
resulting activation energies and pre-exponential 
factors are quite similar to those obtained by 
DSC and TGA, considering the uncertainties 
(see Table 1). 
 
3.4 Heat Flow Calorimetry (HFC) 

The modified Setaram C-80 calorimeter 
was used to determine the effect of pressure on 
the thermal decomposition of CL-20.  The HFC 
thermal curves shown in Figure 14 illustrate the 
thermal decomposition of CL-20 at both ambient 
and high pressure (7.0 MPa) of argon. The 
pressure seems to have only a negligible effect 
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on the onset and peak temperatures of the exothermic reaction. 

Fig. 13 Plot of time-to-event and NO2 absorbance data for isothermal TG-DTA-FTIR-MS 
experiments:  τ and A refer to the time to the peak in the NO2 absorbance 

 
However, the enthalpy of reaction is 

significantly higher when the CL-20 is heated 
under elevated pressure (4.5 kJ g-1 compared to 
3.0 kJ g-1 at 0.1 MPa).  Both chemical and 
physical effects could explain this observation. 
In the first case, the elevated pressure may 
confine the reaction products closer to the 
sample, and an autocatalytic effect may result. In 
the second case, the elevated pressure may 
induce volume changes that could enhance the 
exothermic energy release. 

Fig. 14 Study of Thermal Decomposition and 
Pressure Effect on CL-20 by HFC:  ~50 
mg, 0.3 °C min-1 

 

After the experiments at both ambient 
and high pressure, the alumina liners in the 
sample vessel were broken into many fragments 
and a 100 % mass loss was recorded.  No 
thermal decomposition studies under pressure 
could be found in the literature for comparison. 

 
3.5 Accelerating Rate Calorimetry (ARC) 

ARC experiments were conducted to 
evaluate the thermal stability of CL-20.  Figure 
15 illustrates the variation of temperature and 
pressure with time. The ARC detected onset 
temperature is 185 ± 2 °C while the extrapolated 
onset temperature is 183 ± 2 °C. The latter 
temperature was found by extrapolating the self-
heating rate (R) curve to zero since, in the ARC 
procedure, exotherms are not detected during the 
“wait” step an are only detected if R > 0.02 °C 
min-1 during the “search” step.  A mass loss of 
99 ± 1 % and a residual pressure of about 0.1 
MPa were noted after the runs. The high mass 
loss contrasts with the low residual pressure and 
this may be a result of the violent reaction of 
CL-20 during its thermal decomposition.  CL-20 
and/or its decomposition products may have 
condensed in the upper portion of the ARC 
manifold, leaving the sample vessel empty. 
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Figure 15  ARC Results for 0.2 g of CL-20 in ambient Argon 
 
The kinetic parameters from the 

Arrhenius model (13) were determined by 
plotting ln(R/K min-1) as a function of 1/T. The 
deduced values for the activation energy and 
ln(Z/min-1) can be found in Table 1. 

 
4. Discussion 

Table 1 compares the results obtained 
from all the various sets of experiments. It 
suggests that the onset temperature (To) for the 

thermal decomposition of CL-20 varies between 
183 and 211 °C.  Since the experimental 
conditions are very different from one another, 
such variation is to be expected in both the onset 
temperature and the kinetic parameters.  As 
mentioned previously, both the sample size and 
the heating rate have a significant effect on the 
results.  Some runs were performed at a heating 
rate as low as 0.3 °C min-1 while other 
experiments were conducted at 10 °C min-1.

 
Table 1  Comparison of results obtained from various techniques 

 
System Gas To/°C ∆m/% Ea/kJ mol-1 ln(Z/min-1) 

DSC  ASTM E698 N2 184 ± 1a 90 ± 3 207 ± 18 47.7 ± 0.2 
DSC IsoKin (0.4≤α≤0.8) N2 184 ± 1a 90 ± 3 235 ± 30 - 
DSC IsoKin (α<0.4) N2 184 ± 1a 90 ± 3 192 ± 7 - 
TGA  ASTM E1641 N2 199 ± 1 82 ± 5 224 ± 7b, 175 ± 5c 58 ± 2b, 45 ± 2c 
TGA  IsoKin (0.45≤α≤0.85) N2 199 ± 1 82 ± 5 247 ± 23 - 
TG-DTA non-isothermal Air 210 ± 1 95 ± 3 351 ± 26 74 ± 6 
TG-DTA non-isothermal He 211 ± 1 87 ± 7 236 ± 53 44 ± 12 
TG-DTA-FTIR-MS isothermal He - 82 ± 2 152 ± 2d, 177 ± 11e 34 ± 1d, 41 ± 3e 
C-80, 0.1 MPa Ar 204 ± 1 100 - - 
C-80, 7.0 MPa Ar 202 ± 1 100 - - 
ARC Heat-Wait-Search Ar 183 ± 2 99 ± 1 478 ± 9 123 ± 2 

(a) Onset temperature at β = 1 °C min-1; (b) At peak 1; (c) At peak 2; (d) At the time to the peak; 
(e)  At maximum absorbance 

 
The ARC and the HFC experiments 

were performed in a closed system with free 
volumes of 10 cm3 and 29 cm3, respectively.  On 
the other hand, for TGA and TG-DTA-FTIR-MS 

experiments, the samples were placed in open 
pans and the DSC experiments were conducted 
in pinhole pans.  The mass loss is comparable 
between all the instruments.  The kinetic 
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parameters are however somewhat different due 
to the various calculations and experimental 
conditions used. 

The rate constants obtained from the 
various measurements are compared in Figure 
16. As already mentioned, the kinetic parameters 
vary significantly with the experimental 
conditions.  It is therefore expected to also 
observe such a variation in the rate constants.  
TGA has the highest rate constant while the 
smallest was obtained from dynamic SDT 
experiments in helium.  The equation for the rate 
constant, ln(k/min-1) = (47 ± 12) – (200 ± 57) kJ 
mol-1/RT is also plotted in Figure 16.  This 

equation was obtained using average values of 
ln(Z) and Ea from the different studies.  
However, this expression excludes the results of 
the dynamic SDT experiments in air and the 
ARC experiments. From Table 1, it is seen that, 
for these two cases, much higher values for the 
activation energy and ln(Z/min-1) were obtained 
due to either much larger sample mass (ARC) or 
presence of air (TG-DTA in air). The above 
expression is therefore recommended for 
estimation of rate constants for CL-20 
decomposition over the temperature range 180 
to 250 °C, under inert atmosphere. 

Figure 16  Arrhenius plots for the thermal decomposition of CL-20 using different methods 
 
  Most of the experiments performed 

with the various instruments indicate a multi-
step thermal decomposition for CL-20 and an 
autocatalytic behaviour.  Significant variations 
in activation energy, pre-exponential factor and 
rate constant were observed from the various 
methods. The thermal decomposition of CL-20 
therefore appears to be influenced by the 
specific experimental conditions. Overall, CL-20 
lost about 85 % of its initial mass during the 
decomposition and its onset temperature varied 
with the heating rate.  As CL-20 decomposes, 
the FTIR and MS detected various gaseous 
products such as NO2, N2O, NO, CO2, CO, 
HCN, HCOOH, H2O, as well as other 
carbonaceous products that could not be 

identified with the techniques used in the present 
work. It was determined that the concentration 
of NO2 relative to CO2 was larger than the 
concentration from all the other gaseous 
products.  From the HFC work performed, it is 
concluded that the enthalpy of reaction of CL-20 
increases with an increase in initial pressure. 
This would be consistent with an autocatalytic 
process but could also be explained by other 
physical effects. 
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ABSTRACT 
 

Moisture-Resistant Black Powder Substitute (MRBPS) absorbs 60% less moisture than black 
powder (BP) at 90% relative humidity (RH) and 83% less moisture at 75% RH.  This formulation has a 
heat of combustion (1.35 kcal/g) slightly higher than that of BP (1.27 kcal/g).  Its burn rate pressure 
exponent (0.36) is somewhat higher than that measured for BP (0.20):  below 1720 psi, the burn rate of 
MRBPS is slower than that of BP, whereas above 1720 psi, the burn rate of MRBPS is faster than that of 
BP.  The ingredients for MRBPS are currently mixed by a batch process as an ethanol slurry using a 
Hobart 3-gallon mixer.  Gradual evaporation of the ethanol during mixing produces moist ellipsoidal 
prills of a desirable size distribution.  After drying, granules can be produced directly from these prills 
without further densification that yield comparable rise rates and maximum pressures to black powder 
(volume to volume) as determined by closed bomb measurement.  Several process parameters affect the 
bulk density, hazard sensitivity, ballistic performance and reproducibility thereof.  They include solvent 
level at end of mix, the percentage of anti-static agent added and the order of critical processing steps 
such as granulation, drying and addition of anti-static agent.   
 
 

INTRODUCTION 
 

Although black powder’s (BP) 
formulation is over a thousand years old, it is 
still widely used in a variety of commercial 
applications and is an important component in 
ignition and propulsion trains of modern 
weapons systems.  Over 90 military components 
distributed by the Joint Munitions Command 
(JMC) require BP.  Although widely used, 
certain limiting characteristics (e.g., moisture 
absorption, safety and reproducibility issues) 
make it highly desirable to replace BP in some 
or all of these applications.   

Recently, a stockpile of 81mm mortar 
ignition cartridges (M299 cartridges) underwent 
a quality audit.  The ignition train BP pellets had 
exceeded their moisture uptake limits.  The 
specification for these pellets cited moisture 
levels less than 0.5%, whereas observed 
moisture levels were as high as 1.1%.  In some 
cases, metallic components near the pellet 
exhibited significant corrosion [1].  Actions 

taken to address this issue were artificial, 
stopgap and, at the same time, costly.  JMC [2] 

suggested BP was the root cause of the problems 
encountered in the M299 cartridges.  Rather than 
develop barriers to prevent moisture from 
contacting the BP, a powder resistant to the 
moisture was proposed.  The advantages were 
obvious.  Such a powder would require lower 
storage costs due to the lack of stringent 
temperature and humidity controls and the 
decreased frequency of component inspection.  
Selected commercially available black powder 
substitutes (BPS) absorb appreciably more 
moisture than BP (see Figure 1) and are not 
suitable replacements for BP for applications 
requiring long-term storage of articles that are 
not perfectly sealed from the outside 
environment.   

The Army Research Laboratory [3] did 
extensive development work on Black Powder 
Substitute (BPS) formulations containing 
substituted organic ring compounds in place of 
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Figure 1.  Moisture absorption at 90% RH of commercially available black powder substitutes 
as well as BP and MRBPS. 

charco1al.  The theoretical performance of the 
new BPS compositions was comparable to BP.  
The burn rates, however, were considerably 
slower. 
 

The Armament Research, Development, 
and Engineering Center (ARDEC) continued the 
development effort of BPS formulations, 
focusing on the most promising organic 
compound, phenolphthalein [4].  ARDEC found 
that the burn rate of the BPS significantly 
increased when a portion of the phenolphthalein 
was converted in situ to its di-potassium salt.  
However, the di-potassium salt of 
phenolphthalein is deliquescent causing the BPS 
containing it to be more hygroscopic than BP 
[5].  ATK Thiokol found that finely grinding 
phenolphthalein and augmenting the potassium 
nitrate oxidizer with potassium perchlorate 
produces a BPS that achieves acceptable 
ballistics and absorbs significantly less moisture 
than BP [6] and common commercial black 
                                                 
2004 ATK Thiokol Inc., an Affiliate of Alliant 
Techsystems Inc. 

 

powder substitutes (Figure 1). ARDEC is 
sponsoring efforts to improve the resulting 
Moisture Resistant Black Powder Substitute 
(MRBPS) formula and production processes to 
produce center-perforated pellets of MRBPS to 
be used in the ignition trains of 60mm, 81mm 
and 120mm mortars [7] and to produce 
ordnance-grade granules for use in pyrotechnic 
munitions.  Salient results from these 
developmental efforts are reported herein. 
 

PROPERTIES OF MRBPS 
 

Moisture Absorption 
The moisture absorption properties of 

MRBPS were compared to those of BP at 75% 
relative humidity (RH) and 70 °F as well as 75% 
RH and 120 °F (Figure 2).  Samples were tested 
both in granular and perforated pellet (0.20” OD, 
0.05” ID, 0.2” L) form.  BP absorbs 
considerably more moisture than MRBPS at 
75% RH. At ambient temperature, moisture 
absorption readings taken after 24 hours 
averaged 1.31% for BP and 0.22% for MRBPS.  
Similar readings at 120 °F averaged 0.33% for 
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BP and 0.05% for MRBPS.  At both 
temperatures moisture absorption by BP is about 
six times that of MRBPS.  There is no 
significant difference in moisture absorption 
between pellets and granules.  Moisture 

absorption was significantly less at 120 °F than 
at ambient temperature.  Moisture absorbs onto 
charcoal even at extremely low humidity levels; 
e.g., 24% RH, and is likely the main reason why 
BP absorbs significantly more moisture than 
MRBPS at 75% RH.  Only stringent 
atmospheric controls will prevent moisture 
absorption in charcoal-containing 
formulations. 

Hygroscopicity of BP and MRBPS was  
also compared using the method in MIL-STD-
286C Part 503.1.3 at 30 °C.  According to the 
method, changes in weight are monitored at 20% 
and 90% RH as a function of time.  
Hygroscopicity is a calculation of the difference 
between the percentage change in weight of the 
90% RH sample relative to the 20% RH sample 
at a given point in time.  Changes in weight at 
20% RH were small relative to the moisture 
absorption at the sulfuric acid/water mixtures 
prescribed in the military specification for 90% 
RH.  After the first week, the hygroscopicity of 
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Figure 3.  Hygroscopicity as a function of 
time at 30 °C for granules and pellets of  

MRBPS relative to Class 7 granules of BP 
coated with 0.5% graphite. 
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BP was three times greater than that of MRBPS 
(Figure 3). 

At 90% RH, potassium nitrate absorbs a 
significant amount of moisture at a relatively 
slow rate.  Potassium perchlorate absorbs 
significantly less moisture than potassium nitrate 
at this humidity.  BP contains only potassium 
nitrate as the oxidizer whereas MRBPS contains 
both potassium nitrate and potassium 
perchlorate.  Furthermore, MRBPS contains a 
hydrophobic binder, ethyl cellulose, that 
impedes absorption of water vapor by MRBPS. 
 
Heat of Explosion and Combustion 

Heat of explosion measurements for 
MRBPS and BP had good precision within a 
single test campaign but varied somewhat from 
campaign to campaign even for the same lot of 
material.  Values for MRBPS (0.80 ± 0.02 
kcal/g) average slightly higher than those for BP 
(0.77 ± 0.05 kcal/g).  Only one campaign of heat 
of combustion measurements has been 
conducted thus far.  Again, values for MRBPS 
(1.350 ± 0.014 kcal/g) are slightly higher than 
those for BP (1.271 ± 0.017).  These data are 
consistent with theoretical flame temperatures of 
2064 and 1949 K, respectively. 
 
Linear Burn Rate 

Linear burn rate data were obtained for 
BP coated with 0.5% graphite and MRBPS 
pressed into pellets with a theoretical maximum 
density (TMD) of 84%.  The data are 
summarized in Table 1 and plotted in a log-log 
plot versus average pressure in Figure 4. The 
most notable parameters derived from this linear 
burn rate analysis are the values for the slope, 
i.e., the pressure exponents for the two materials.  
The pressure exponent of 0.36 for MRBPS is 
higher than that obtained for BP (coated) of 
0.20.  This means the burn rate values for 
MRBPS will increase more rapidly than those 
for BP as a function of pressure. Values for burn 
rate calculated for various pressures are found at 
the bottom of Table 1.  Burn rates for BP 
(coated) and MRBPS-83D5 are comparable at 
1720 psi. At pressures lower than 1720 psi, BP 
has a higher burn rate than MRBPS.  At 
pressures higher than 1720 psi, MRBPS has a 
higher burn rate than BP. 

 

Table 1.  Summary of burn rate and density 
data (3-gram, 0.5” diameter pellets). 

Parameters BP MRBPS 
Average 1.666 1.576 

Density 
Std. Dev. 0.027 0.015 
Average 0.839 0.836 

%TMD 
Std. Dev. 0.014 0.008 

K 0.335 0.106 
Slope 0.205 0.358 Rb = 

K*P^Slope
Corr. Coef. 0.984 0.995 

14 psi 0.575 0.273 
500 psi 1.194 0.983 
1000 psi 1.376 1.260 
2000 psi 1.586 1.615 

Calculated 
Burn Rate

3000 psi 1.723 1.867 

BP = 0.3365x0.2039

R2 = 0.9836

MRBPS = 0.1065x0.3577

R2 = 0.9948
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Figure 4.  Log-Log plot of burn rate vs. 
pressure. 
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DEVELOPMENT OF A PROCESS FOR 
PRODUCING GRANULES FOR 

PYROTECHNIC APPLICATIONS 
 
Details of the method to produce 

MRBPS as pellets have been discussed in detail 
elsewhere  [7].  Milling these pellets produces 
granules with acceptable bulk density for 
pyrotechnic applications.  Preliminary efforts to 
simplify this process are described herein. Prills 
produced as a result of the process currently 
baselined by the DOD Energetic Material 
Qualification Program  for  mixing MRBPS 
have a reasonably high bulk density once they 
are dried.  A goal of the study described herein 
was to determine if these prills, used directly or 
ground to an appropriate size distribution, 
produce an acceptable and reproducible ballistic 
response.  If this is the case, two process steps, 
pellet formation and subsequent milling, may be 

eliminated in the process of producing 
pyrotechnic grade MRBPS granules. 

Because the currently qualified 
MRBPS production method is a batch process 
with steps requiring direct handling of a 
rapidly deflagrating, high surface area 
energetic by personnel, amounts being 
processed at one time are kept to a minimum.  
During operations deemed particularly 
hazardous, flash suits are required by the ATK-
Thiokol’s safety policy. 
 
Prill Formation 

A salient feature of the MRBPS 
production process includes mixing the MRBPS 
ingredients as a paste suspended in an ethanol 
lacquer of ethyl cellulose.  The ethanol is 
allowed to evaporate during the mixing process 
increasing the viscosity of the paste. Eventually, 
the paste breaks up from a continuous mass into 
prills; i.e., small ellipsoidal particles.  As the 

   

 

Figure 5.   MRBPS as a paste at progressive stages during mixing-promoted 
evaporation of ethanol (top left, top right, bottom left, bottom right. 
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mix progresses further, these prills become 
smaller and harder.  The end of mix is defined as 
the point when most of the prills are about 0.25 
in. in diameter or smaller (Figure 5).  If the prills 
are granulated before drying, the resulting 
granules have significantly lower bulk density. 
 

Figure 6.  Method investigated to process 
pyrotechnic grade granules.  Photos of the 

respective samples are in Figure 7. 
 
Granulation Process Test Matrix 

The viability of a potential process for 
producing pyrotechnic grade granules was 
investigated as diagramed in Figure 6.  A 
widely-used granulation of BP is Mil-P-223B 
Class 3 (-8/+16 mesh).  The process in Figure 6 
is designed to maximize yield of –8/+16 
granules of MRBPS to be used in direct 
comparison with Class 3 BP.  Prills were 
produced via the mixing-promoted evaporation 
of ethanol from a paste of MRBPS.  The prills 
were dried and coated (optionally) with calcium 
stearate.  Afterwards, they were classified using 
a Ro-Tap classifier into two portions, prills with 
a particle size greater than 8 mesh (+8 mesh) 

and those with a particle size smaller than            
8 mesh (-8 mesh). 

Samples of both fractions were analyzed 
for vibrated bulk density, particle size 
distribution, and particle morphology via 
photomicrograph as were ensuing process 
samples.  The +8 mesh portion was granulated 
through an 8-mesh screen producing -8 mesh 
granules.  Both fractions, the -8 mesh prills and 
the -8 mesh granules derived from the +8 mesh 
prills, were combined and polished in a v-shell 
blender for 30 minutes.  The resulting polished 
granules were then classified -8/+16, -16/+40 
and -40/+100 mesh.  The distributions 
correspond to those of Mil-P-223B Class 3, 
Class 5 and Class 7 BP, respectively.  The -100 
mesh powder was not investigated due to limited 
pyrotechnic applications. Photomicrographs of 
two lots of MRBPS at various stages of 
processing are illustrated in Figure 7.  
Characterization of these materials is discussed 
below. 

 
 

 
Figure 7.  Two lots of MRBPS (left column-
B0093, right column-B0094) during various 

stages of production: (Samples A-C in Figure 
6 are in order from top to bottom). 

 

Evaporative Mixing
(Hobart Mixer)

Tray Dry, 135 °F

Coat Dried Prills with
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V-shell Blender
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Physical Characterization of Prills 

Two separate lots of MRBPS were 
mixed side-by-side in separate 3-gallon Hobart 
mixers.  Once dried and coated with calcium 
stearate, the resulting prills from each lot were 
characterized.  They have rounded, smooth 
surfaces.  They tend to be elliptical in shape with 
a z dimension somewhat smaller than that of x 
and y.  The size distribution is rather sharp 
(Figure 8): most of the prills are -4/+12 mesh 
with a broad tail-off to smaller particle size. 

Although it is not obvious visually, Lot 
B0093 is coarser (Figure 8) with 70.5% of its 
prills larger than 8 mesh compared to 57.8% of 
lot B0094 (Table 2).  This is consistent with 
their ethanol content at the end of mix (EOM).  
The ethanol content was 13.74% for lot B0093 
and 13.33% for lot B0094.  As the mix becomes 
drier, finer prills are produced.  The higher 
density of the latter lot may be a function of a 
broader particle size distribution and decreased 
porosity since it was dried at lower moisture 
content.   These data suggest that a relatively 
small difference in the ethanol content in prills 
at the end of mix produces a significant 
difference in the particle size distribution and 
density of the resulting dried prills.  Measures 
taken to ensure that the ethanol content at the 
end of mix does not vary significantly from lot 
to lot will promote ballistic reproducibility of 
MRBPS granules in pyrotechnic devices. 

 

Table 2.  Physical characterization of prills 

Lot # 

Ethanol 
at End 
of Mix 

Vibrated 
Bulk 
Density 
(g/cc) 

+8 
mesh 

-8/+16 
mesh 

-16 
mesh 

B0093 13.74% 0.993  70.5% 25.4% 4.1% 
B0094 13.33% 1.023 57.8% 35.3% 6.9% 

 
Evaluation of “In Process” Samples 

Photomicrographs (Figure 7) were taken 
of MRBPS at various stages of its production as 
outlined in Figure 6.  As opposed to the 
rounded, smooth surfaces of the prills (Sample 
A).  The prills that were classified +8 mesh and 
subsequently ground in a Stokes granulator to a 
size smaller than 8 mesh (Sample B) are wedge-
shaped and have sharp corners.  Polishing the 
granules for thirty minutes (Sample C) does not 
round these corners appreciably.  Coating the 
prills with calcium stearate prior to granulation 
mitigates sensitivity of the resulting granules to 
electrostatic discharge [7]. 

Particle size distributions of the 
processed prills are shown in Figure 9.  The 
particle size distribution of +8 mesh prills 
ground -8 mesh (Sample B) is broader and has a 
smaller average particle size than the 
corresponding –8 mesh prills (Sample A).  The 
ground prills (Sample B) also exhibit a bimodal 
distribution with a significant amount of -40 
mesh “dust”.  Again, the -8 mesh prills (Sample 
A) of lot B0094 has a greater fraction of smaller 
particles than the corresponding sample from lot 
B0093 although the amount of particles below 
16 mesh is relatively small for both B0093 and 
B0094.   

The particle size distributions for lots 
B0093 and B0094 of the +8 mesh prills ground 
-8 mesh (Sample B) are almost identical.  This is 
a significant finding.  It suggests that differences 
in granule surface areas of prills can be 
minimized once the prills are ground in the 
Stokes granulator.   

Since the ground prills have a more 
consistent surface area lot to lot, they should 
also have a more consistent ballistic response.  
Thus, -8 mesh prills (Sample A) should not be 
used in the production of a -8/+16 mesh grade of 
pyrotechnic granules since differences in surface 
area of these prills from lot to lot will contribute 

Figure 8.  Particle size distribution dried 
prills of MRBPS coated with 0.5% calcium 

stearate. 
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to ballistic variability.  Rather, as an example, 
-8/+16 mesh prills should be ground -16 mesh 
and be used for production of granule grades 
smaller than 16 mesh.  The resulting granules 
will tend to have more reproducible surface 
areas lot to lot than the prills from which they 
were produced.  Even though particle size 
distributions may be comparable, porosity 
differences in the granules may still affect 
ballistic response emphasizing the need to 
control ethanol levels in the prills at the end of 
mix.  

 

Density and Ballistics of Classified MRBPS  

 The -40/+100 mesh granules of MRBPS 
are jagged wedges with a shape comparable to 
those of Class 7 BP (Figure 10, bottom).  It is 
obvious that the MRBPS equivalents to Class 5 
(middle) and Class 3 (top) BP consist of a 
mixture of ground and partially ground prills.  In 
general, these fractions have particles with less 
jagged edges than their BP counterparts.  

The vibrated bulk densities of MRBPS 
samples tend to be lower than those for 
equivalent granulations of BP (Table 3).  This is 
consistent with BP having a considerably higher 
theoretical maximum density than MRBPS.  In a 
volume-limited application, MRBPS makes up 
for its lower density by having a larger gas 
fraction and a somewhat higher flame 
temperature. 
 

 
Figure 10.  Photomicrographs of MRBPS 
(left) and BP (right) in granulation sizes of 

-8/+16 mesh (top, 10x), -16/+40 mesh (middle, 
25x) and –40/+100 mesh (bottom, 63x). 

  

Table 3.  Summary of Vibrated Densities and 
other Properties 

Value MRBPS 
B0093 

MRBPS 
B0094 BP 

Theoretical 
Maximum 
Density 

1.886 g/cc 1.984 g/cc

Density -8/+16 
mesh 0.932 g/cc 0.946 g/cc 1.156 g/cc

Density 
-16/+40 mesh 0.904 g/cc 0.924 g/cc 1.111 g/cc

Density 
-40/+100 mesh 0.886 g/cc 0.891 g/cc 1.062 g/cc

Gas Fraction 0.696 0.551 

Flame 
Temperature 2064 K 1949 K 

 
When MRBPS is not coated with 

calcium stearate, it has slightly shorter rise times 
and comparable maximum pressures to BP on a 

Figure 9.  Particle size distributions of -8 
mesh prills and +8 mesh prills ground -8 

mesh 
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volume-normalized basis (Figure 11).  Coating 
MRBPS granule surfaces with calcium stearate 
acts as a deterrent producing a more progressive 
burn.  The deterred form of MRBPS may have 
possible applications as a propellant. 

Comparison of the ballistic performance 
of the various granule fractions of coated 
MRBPS shows that the lot having the lowest 
density (B0093) typically exhibits the largest 
maximum pressure and shortest rise time (Table 
4).  Unfortunately, ballistic measurements were 
not conducted on prilled vs. ground fractions.  
This may have separated the effect of particle 
size distribution and granule porosity on granule 
density and ballistic performance.  Nonetheless 
ballistic reproducibility should be promoted by 
tight control of the ethanol content of prills at 
the end of mix and by using only milled prills as 
the source of pyrotechnic grade granules. 

 
Table 4.  Comparison Lot B0093 and 

B0094 Ballistic Performance 
Granule 
Size 

Lot 
Number 

Maximum 
Pressure 
(psi) 

Rise Time 
(msec) 

B0093 1280 38 -8/+16 
Mesh B0094 1230 38 

B0093 1350 31 -16/+40 
Mesh B0094 1330 36 

B0093 1300 34 -40/+100 
Mesh B0094 1290 37 

 

CONCLUSIONS 
 
Use of Prills to Produce Pyrotechnic Grade 
Granules 

The general process for making 
ordnance grade granules directly from Hobart-
mixer produced prills is viable in that a volume-
equivalent of MRBPS yields comparable rise 
rates and maximum pressures to black powder as 
determined by closed bomb measurements.  
Tight control of the ethanol content in prills at 
the end of mix will improve lot-to-lot 
reproducibility. 
 
Deterrent Effect of Calcium Stearate  

Coating MRBPS with calcium stearate 
causes a very significant increase in rise time 
when samples thereof are ignited using a hot 
wire (Figure 11).  The difference in rise time 
may not be as significant if the ignition source is 
more brisant, e.g., a primer or an electric match.  
MRBPS deterred by calcium stearate has its 
advantages since it decreases hazards while 
handling and may also promote a more 
progressive burn that is useful in gun propellant 
and related applications. Nevertheless, for 
applications where MRBPS is to replace BP and 
rise time is critical, uncoated MRBPS should be 
used.   
 
Suggested Process Improvement 
It was observed that the particle size 
distributions of lot B0093 and B0094 were 
somewhat different (Figure 8).  A potential 
cause for this difference may be the ethanol 
content of the prills at the end of mix.  The 
diameter of prills tends to be smaller if the 
ethanol content in the prills is lower (Figure 5).  
It is rather difficult to control exactly the ethanol 
content at the end of mix.  It was observed, 
however, that the +8 mesh granules from these 
two mixes, when ground -8 mesh using a Stokes 
granulator (Sample B in Figure 6), produced 
granules with almost identical particle size 
distributions (Figure 9).  These initial indications 
suggest that the process in Figure 12 will 
improve ballistic reproducibility from lot to lot 
relative to the process in Figure 6 since the 
resulting pyrotechnic grade granules will only 
contain milled prills.  This process change may 
decrease slightly the bulk density of the -8/+16 

Figure 11.  Ballistic performance (average of 
five traces) of –8/+16 granules of BP (black), 

MRBPS (red) and MRBPS deterred with 
calcium stearate (blue). 
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fraction and shorten its rise time.  The process in 
Figure 6 produces primarily -8/+16 mesh 
granules whereas the process in Figure 12 
should produce comparable amounts of -8/+16 
and -16/+40 granules. 
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Figure 12.  Proposed process for 
producing pyrotechnic grade granules 

directly from prills produced via 
evaporative mixing of MRBPS in Hobart 

mixers 
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ABSTRACT 

 
The Charge, Mk 141 Mod 0 is a pyrotechnic device used for diversionary purposes.  The current design, 
in use for over ten years, is not waterproof.  Also, while the energetic firing train of the item is extremely 
effective on both sound and light output, there have been issues with structural robustness of the design. 
 
The Naval Surface Warfare Center Crane Division teamed with Pyrotechnics Specialties, Incorporated 
(PSI) to adapt the firing train of the MK 141 Mod 0 Diversionary Charge into a waterproof, robust 
structural design.  Prototype configurations and demonstration firings have indicated that the selected re-
design concept promises to be safe, effective and producible. 
 
 
ITEM DESCRIPTION 
 
     The MK 141 Mod 0 Diversionary Charge, 
Figure 1, is a pyrotechnic device, used to 
confuse and disorient an enemy by producing 
bright light and loud sound.  It is a low hazard 
device, which produces an intense flash and 
sound report, with a minimal amount of smoke.  
Sometimes referred to as a "flash bang", it is 
intended to provide a non-lethal means of 
temporarily dazzling, dazing, or disorienting 
targeted individuals or groups before they can 
injure themselves or others. 
  
      The operating parameters of the device are 
nominally 2,000,000 candela luminous intensity 
and 182 dB sound output. 
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BACKGROUND 
 
     The current design was the product of a series 
of government contracts between the 
government and Ensign-Bickford Aerospace 
Company (EBAC) in Simsbury, Connecticut in 
the late 1980’s. 
 
     The existing design is made primarily of 
molded polyethylene and polyurethane foam.  
Since its introduction about 15 years ago, it has 
been limited in two important areas.  The 
structural strength of the polyurethane foam 
body lacks robustness, in some instances, to 
withstand rough handling that occurs in the 
field.  Also, extensive efforts have been 
expended to make the item waterproof for 
swimmer deployment.  These earlier efforts 
were fruitless.   
 
IMPROVEMENT OPPORTUNITY  
 
   Two competitive procurements of  
the device were executed to completion by 
NSWC Crane in 1996 and 1998.  An on-going 
firm-fixed-price competitive contract was 
awarded in 2002.  The prime contractor was 
Pyrotechnic Specialties, Incorporated (PSI) in 
Byron, Georgia, in each instance.  A meeting 
with the contractor in the summer of 2002 
identified a mutual interest in developing a 
waterproof, robust variant of the MK 141 Mod 0 
Diversionary Charge.  During subsequent lot 
acceptance test visits for the production MK 141 
device, the Navy and contractor representatives 
expanded the conceptual discussions for the 
product improvement that is referred to as the 
XM 141.  
 
     In late 2002, prototypes for the XM 141 were 
built and tested by PSI.  The initial results were 
very promising.  Additional units have been 
built with minor changes in the physical 
configuration to meet the operational and 
environmental requirements. 
APPROACH 
 
     Significant changes in an item containing 
energetics must be thoroughly tested, reviewed, 
and approved by the Weapons System 
Explosives Safety Review Board (WSESRB).  

The course of action chosen in this product 
improvement included no additional compounds 
or increases in charge weights in the explosive 
train.  This limitation was adopted to minimize 
the impact of the change and allow a minimal 
amount of qualification testing to fully satisfy 
WSESRB requirements. 
 
     The existing fuze subassembly from the 
production of the MK 141 was utilized in the 
prototypes.  This fuze contains a pressed column 
of boron-barium chromate delay composition 
that was the product of an improvement effort 
several years ago. 
 
     The ejection charge at the base of the fuze 
was omitted since the aluminum body of the XM 
141 is designed to remain intact while venting 
during function. 
 
     Pyrotechnic Specialties, Incorporated and 
Navy representatives used an iterative review 
process in the evolution of physical 
configuration requirements of the improved 
diversionary charge.   
 
     The contractor conceptualized the aluminum 
body configuration.  These proposed changes 
were reviewed by Naval Surface Warfare 
Center, Crane personnel.  Consensus was then 
reached.   Figure 1 is a photograph of a 
prototype unit built to depict the resulting 
concept.  The prototype is the same physical size 
as the MK 141 Diversionary Charge.  It is also, 
incidentally the same size and approximate 
weight of the MK 155  Practice Diversionary 
Charge.  The MK 155 is used as a training round 
to replicate performance, size, and weight of the 
MK 141.  The aspects of similarities to existing 
products will require less training to qualify 
users already familiar with the MK 141 and MK 
155 products.  Table 1 contains a complete 
comparison of the two configurations.    
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Figure 2.   Photograph of   XM 141 
Diversionary  Charge   Prototype Unit 
 
 
     Upon request, the Naval Ordnance Safety and 
Security Activity at Indian Head, Maryland, 
assigned an Interim Hazard Classification of 
1.2G for the XM141 conceptual design in 
August 2003. This assignment was made for the 
purpose of shipping units from the 
manufacturing site to military activities for 
evaluation.  Prototype testing has been 
conducted at PSI with positive results being 
achieved. Further evaluation testing was 
conducted at PSI in May 2004.  Table 2 contains 
the results of those tests.  Figure 3 depicts the 
flash intensity of the XM 141 Mod 0.  Due to the 
favorable outcome of the testing, a field 
operational evaluation was scheduled to follow 
in July 2004.  
 
     Agreement has been made with the contractor 
to develop a government-owned Level III 

technical data package with the government 
bearing the cost of qualification of the item.  The 
terms of this agreement would allow 
Pyrotechnic Specialties, Incorporated to retain 
commercial data rights to market and sell a 
similar device under a commercial designation.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.   Flash intensity of the XM 141 
Diversionary  Charge  
 
 

OPERATIONAL EVALUATION 
 
      An Operational Evaluation has been 
scheduled in late spring of 2004 at Camp 
Pendleton, California.  In this evaluation, users 
of the MK 141 Diversionary Charge will deploy 
50 XM 141 evaluation units built by PSI.  These 
units will be used in the same manner as the 
current  MK 141 design.   
 
     Concurrently, a request was sent to NOSSA 
for Weapon System Explosives Safety Review 
Board (WSESRB) approval of a user operational 
evaluation of the item.  This action was 
necessary since the XM 141 has not been fully 
tested and approved for use.  The similarity of 
the XM 141 to the approved MK 141 facilitated 
the request. 
 
     Approval is pending as of the date of this 
writing.   
 

CONCLUSION 
 
     Through a joint effort, Pyrotechnics 
Specialties, Incorporated is contributing the 
expertise, in collaboration with the Navy, to 
develop, test, and validate an improved version 
of a successful non-lethal device.  The Navy is 
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providing the knowledge, skill and talent to 
assure that technical and ordnance safety 
requirements are appropriately achieved.  
Efficiencies are being gained through the 
product improvement efforts being 
accomplished on the same production line that 
the basic item was being produced.   The 
Warfighter will receive improved material to 
carry out the critical missions they are assigned. 
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Component / 
Characteristic 

MK 141 Diversionary 
Charge 

XM141 Diversionary 
Charge  

Diameter 1.75 inches 1.75 inches 
Length 5 inches 5 inches 
NEW 0.03 lbs/13.5 gms. 0.03 lbs/13.5 gms. 

Operation Hand Deployed Hand Deployed 
Fuze M42 Primer M42 Primer 

  First Fire First Fire 
  Delay Column Delay Column 
  Separation Charge Ignition Charge* 

T2 Delay Delay Column (Deleted) 
  Ignition Charge (Deleted) 

Output charge Fuel/Oxidizer mix Fuel/Oxidizer mix 

Body 
Polyurethane foam with  

aluminum foil wrap 
Vented aluminum enveloped in 

rubberized sheathing 
Delay Time 1.34 to 1.84 sec. 1.35 to 1.65 sec. 

Output Pressure 180 to 185 Db @ 4 Ft. 180 to 185 Db @ 4 Ft. 
Luminosity 2 Million Candlepower > 2 Million Candlepower** 
Packaging 3 per M19A1 box 3 per M19A1 box 

* Separation Charge in fuze assumes the role of Ignition Charge in the improved design 
** Actual measurements are much higher than stated above this is due to the duration of flash in 
comparison between the two items 
 

Table 1.  Physical Characteristic and Energetic Comparisons 
 

Requirement XM141 Diversionary Charge 
Output pressure (4 feet) 2.8-5.0 psi OP average (2.928), std dev (0.187) 

Sound* Db average (180) 
  Delay time 1.34 -1.84 seconds Average delay (1.429), std dev (.029) 

Waterproof Met requirement 
  
  
  
  

    * Calculated from output pressure  
   
 
Table 2.  Evaluation (10) sample results at Pyrotechnics Specialties – 5 May 2004 
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Determination of the Index of Refraction for α-NTO and DAAF Using the 
Becke Test 

 
M.R. Oldenborg, P.D. Peterson, K-Y. Lee 

Los Alamos National Laboratory, Los Alamos, New Mexico, U.S.A. 
 
 

ABSTRACT 
 

        NTO and DAAF are insensitive high explosives developed at Los Alamos National Laboratory.  
Both the defense and civilian sectors have particular interest in these types of materials for applications 
ranging from weapons to air bag design.  The performance of explosives is highly dependent on particle 
size.  Many common techniques for measuring particle size distributions require knowledge of the 
material’s index of refraction.  To-date the principle refractive indices of α-NTO and DAAF have not 
been determined.  We present the three principle indices of refraction for the triclinic explosive α-NTO 
and an averaged index of refraction for DAAF found using the Becke Test.  In addition, by comparing 
particle size distributions based on different refractive indices we show the importance of using the true 
index of refraction in measuring fine particles.   
 
Keywords: Index of Refraction, NTO, DAAF, particle size 
 
 
INTRODUCTION: 

Developed at Los Alamos National 
Laboratory, NTO (5-nitro-2,4-dihydro-3H-1,2,4-
triazole-5-one) and DAAF (4,4’-diamino-3,3’-
azoxyfurazan) are both insensitive high 
explosives used by civilian and defense sectors.  
The performance of high explosives is highly 
dependent on particle size; therefore proper 
particle size measurement is key in predicting an 
explosive’s properties and behavior.  One 
method used to measure particle size is light 
scattering.  Mie theory predicts the scattering 
angle of refracted light, given a spherical 
particle of known size, and refractive index.  
Therefore, particle size distributions (equivalent 
diameters) can be determined by measuring the 
scattering angle of light of a known wavelength, 
from particles with a known index of refraction.  
Knowledge of the compound’s index of 
refraction is therefore paramount for obtaining 
accurate particle size distributions.   
 
METHOD: 
 One effective method to determine a 
material’s index of refraction is through a Becke 
Test.  First, a small sample of the compound is 
immersed in an index of refraction matching 
fluid and prepared on a microscope slide.  Using 

a polarized light microscope in a backlit 
configuration at magnifications ranging from 
50X to 200X, a Beck Line is observed around 
the individual crystal.  A Becke Line is a bright 
halo around the rim of a transparent particle that 
can be seen using a polarized light microscope.  
The Beck Line moves to the higher refractive 
index medium when the focus position is raised 
(focal distance shortened).  Similarly, when the 
position of focus is lowered (increased focal 
distance) the Beck Line will move toward the 
lower refractive index medium.  Using many 
different index of refraction fluids through an 
iterative process will ultimately yield the 
matching index of refraction.  The accuracy of 
these measurements depends on the resolution of 
the index matching fluid set used.  An accuracy 
of 0.005 index units was achieved for the index 
of refraction results presented in this paper.   
 
RESULTS AND ANALYSIS: 

Using the Becke line test, refractive 
indices were determined for α-NTO and DAAF; 
α-NTO is a triclinic crystal with three oblique 
indices of refraction (Figure 1).  DAAF is 
monoclinic, and has three unique principle 
indices, two of which are orthogonal (Figure 2).  
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Figure 1: α-NTO at 10 kX Magnification 
(Triclinic Crystal) 

Figure 2: DAAF at 5 kX Magnification 
(Monoclinic Crystal) 

 
Using the Becke line method, we have 

determined the principle refractive indices 
(ηα ηβηγ for α-NTO and DAAF as shown in 
Table 1.  Differences in the principle refractive 
indices for DAAF could not be resolved, so an 
average refractive index (η) for DAAF was 
assumed as shown in the table.  Given a 
sufficient number of randomly oriented 
particles, this assumption is valid.  

 
Table 1: α-NTO Indices of Refraction (Becke 

Test) 
α-NTO Index of Refraction 

ηα 1.700 

ηβ 1.715 

ηγ 1.720 

DAAF Index of Refraction 

ηavg 1.830 
 

Using the refractive index for DAAF as 
determined using the Becke test, the particle size 
distribution for a batch of DAAF (LANL Batch 
#HH092603R) was determined through light 
scattering using Beckman-Coulter LS 230.  The 
LS 230 particle size analyzer uses the diffracted 
scattering angle of laser light (750 nm), to 
determine the size distribution of particles in a 
liquid suspension.  126 detectors measure the 
composite diffraction pattern.  The pattern 

measured by the analyzer is the sum of the 
patterns scattered by each constituent particle in 
the sample and the reported measurement is the 
relative volume of spherical particles of that 
size.1  The instrument is capable of measuring 
particle sizes from 0.04-2000 microns. 

To prepare the suspension and attempt to 
break up any agglomerates in the sample prior to 
the analysis, a suspension of DAAF in DAAF-
saturated water was sonicated for 1 minute in an 
ultrasonic bath, followed by the addition of 1 
drop of 1% Triton X-100 (surfactant).  Due to 
slight solubility of DAAF in water, the DAAF-
saturated water was obtained by stirring excess 
amount of DAAF in water for 24 hours, 
followed by filtration.  The resulting well-
disbursed DAAF suspension was then analyzed 
for size distribution using the LS 230 particle 
analyzer.  

The refractive index for DAAF 
determined by the Becke method was used in the 
analysis.  The reported size distribution of 
DAAF is the average of three runs using a 
refractive index (R.I.) of 1.830.  The measured 
size distributions of DAAF are illustrated in 
Figure 3.  It can be seen that the majority of the 
particles in the sample volume fall in the range 
between 0.6 –15µm and there are small amounts 
of particles having sizes larger than 35 µm.  
SEM images of the same batch of DAAF further 
verify the measured size distribution (Figures 4-
5).  In addition, the measured size distributions 
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of DAAF as a function of assumed refractive 
index are shown in Figure 6.  These results 
clearly show the effect of using an incorrect, 

assumed refractive index on measured particle 
size distributions. 

 

 
Figure 3: DAAF Particle Size Distribution (Index of refraction = 1.830) 

 

Figure 4: DAAF (1000 X Magnification) Figure 5: DAAF (1000 X Magnification) 
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Figure 6: LS 230 Particle Size Results for DAAF Using Different Refractive Indices (R.I.) 

(True Index of Refraction for DAAF = 1.830) 
 

CONCLUSION: 
 Particle size has been shown to greatly 
affect an explosives performance.  Therefore, 
accurate measurements of an explosives particle 
size are desired.  The Beckman-Coulter LS 230 
particle size analyzer and other similar modules 
require the knowledge of the explosive’s index 
of refraction.  Using the Becke Test the indices 
of refractions for both α-NTO and DAAF were 
determined and their results were published for 
the first time in this paper.  Tests were 
conducted to show the effect of inaccurate index 
of refraction on the Beckman-Coulter LS 230 
particle size analyzer.  These results show that 
the proper index of refraction must be used for 
proper particle size measurements. 
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Recovery and Reuse of Magnesium from Illuminating Flares 
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ABSTRACT 
 
Crane Division, Naval Surface Warfare Center (NSWC Crane), U.S. Army Armament Research, Devel-
opment and Engineering Center (ARDEC) and TPL, Inc. are developing a process for the cost-effective 
demilitarization of illuminating flares containing magnesium.  The focus is on the recovery and military 
reuse of magnesium from illuminating flares consisting of magnesium, sodium nitrate, and binder. 
 
TPL, Inc. developed a method to recover magnesium that involves the dissolution of the sodium nitrate in 
water.  Samples of the reclaimed magnesium from TPL’s pilot scale reactor were provided to both NSWC 
Crane and ARDEC for characterization and qualification testing.  Results show that the magnesium meets 
military specification, and initial qualification testing of the magnesium loaded in 60-mm illuminating 
rounds has proven to be successful.  Full-scale item tests of trip flares and handheld signals loaded with 
pyrotechnic compositions manufactured from recovered magnesium are in progress. 
 
TPL has subcontracted with El Dorado Engineering, Inc. (Salt Lake City, UT) to carry out the detailed 
design, procurement, fabrication, assembly, and demonstration of the Magnesium Recovery Prototype 
Plant (MRPP).  The MRPP will be installed and operated at Crane Army Ammunition Activity (CAAA) 
in Crane, Indiana.  The system features waterjet removal of the pyrotechnic material from the canister, 
aggressive mechanical agitation to remove binder materials, and evaporative recovery of sodium nitrate 
from the wash liquor.  While designed to process eight canister sizes, some with multiple variations in 
design and/or materials, the system is easily reprogrammed and retooled to accommodate other canisters 
within the upper and lower size limitations.  
 
 
Background 
There are over 240,000 illuminating flares in the 
U.S. military services which are awaiting de-
militarization and disposal [1].  These flares 
contain over 450,000 pounds of magnesium.  
The only current method for disposal of these 
obsolete flares is by opening burning/open deto-
nation (OB/OD) and incineration, which de-
stroys valuable resources and does not allow for 
resource recovery and recycling.  Both the mag-
nesium and the sodium nitrate contained in the 
flare composition are considered value-added 
products once recovered. 
 
NSWC Crane and ARDEC are jointly develop-
ing technology for the cost-effective demilitari-
zation of illuminating flares containing magne-
sium.  The program is being conducted under a 
contract to TPL, Inc., Albuquerque, NM and is 
in support of the Army’s Demilitarization Tech-

nology R&D Program for Conventional Ammu-
nition, which is overseen by the Product Man-
ager for Demilitarization. 
 
In 1996 NSWC Crane awarded a Small Business 
Innovation Research (SBIR) Phase I contract to 
TPL to investigate methods and technologies 
that could reclaim ingredients from various py-
rotechnic formulations.  A variety of technolo-
gies were investigated under the Phase I work 
effort, each of which offered potential for sig-
nificant reduction in net demilitarization costs 
through sale of products or reuse of materials.  
The Phase II effort, completed in early 2001, 
developed a process for use of liquid ammonia 
in demilitarization of metal/salt pyrotechnic 
mixtures.  Analyses of the magnesium showed 
that it met the military specification for magne-
sium powder.  The specification requires that the 
magnesium powder have a purity of at least 
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96%.  Preliminary qualification tests were per-
formed to assess the feasibility of using re-
claimed Mg in Navy training rounds and illumi-
nating flares.  The results looked promising, but 
there was some candlepower (CP) reduction in 
comparison to the control.  A more pure recov-
ered Mg is needed to provide a higher candle-
power output.  TPL also designed a pilot-scale 
operation for separating the metal fuel from the 
salt oxidizer [3].  A Phase III, multi-stage con-
tract was awarded to TPL in July 2001.  The first 
stage included: 1) construction and demonstra-
tion of a pilot plant for recovery of Mg from il-
luminating flares and optimization of the recov-
ery process; 2) production of 600 pounds of re-
covered Mg for testing; and 3) conceptual design 
of Mg Recovery Prototype Plant (MRPP).  The 
second stage of the Phase III contract included: 
1) detailed design of MRPP; 2) fabrication; 3) 
installation and debugging; and 4) demonstration 
and validation of the MRPP. 
 
Stage I: Proveout/Conceputal Design 
The first Stage of the Phase III SBIR project was 
undertaken to optimize and proveout the pilot 
plant and use it to supply 600 lbs of magnesium 
to ARDEC for testing.  However, TPL encoun-
tered significant problems with valves and trans-
fer lines clogging, due both to the connections 
and valves fouling with magnesium slurry and 
"flash drying" of the salt laden ammonia solu-
tion as it passed from a higher pressure vessel to 
a lower one.  Water tests, meant only to prove 
out the material handling characteristics of the 
system, showed that the amount of oxidation 
experienced by the magnesium was actually 
very small for short time periods in water.  To 
test the true effects of water on magnesium, 10-g 
samples of commercial 30-40 mesh Mg, sup-
plied by NSWC Crane, were treated with water 
under several conditions.  Two samples were 
treated with 100 ml of deionized water at room 
temperature, one for 24 hours and the other for 
48 hours.  A third 10-g sample was placed in a 
55 °C oven containing two open 400-ml beakers 
of water for 6.4 hours, to mimic the effect of 
drying damp Mg in an oven.  A fourth was 
treated for 24 hours with 100 ml of deionized 
water, containing 6.5 g of sodium nitrate; this 
approximates the composition of a slurry of 
magnesium and aqueous NaNO3 that would re-

sult from dissolution of a pyrotechnic flare.  The 
fifth sample was similar to the fourth, except a 
trace amount of aqueous ammonia (22 mM) was 
added to raise pH to ca. 10.  The Mg samples 
were rinsed thoroughly with water after each 
experiment.  All samples were dried with nitro-
gen and analyzed in triplicate for inactive Mg.  
Results are reported in Table 1. 
 
The data indicate that short-term exposure to 
pure liquid water at room temperature has little 
effect on Mg, and that drying water-wet Mg at 
55 °C for a few hours introduces little or no im-
purity.  However, the NaNO3 slurry resulting 
from water treatment of flares has some delete-
rious effect.  About half of this added oxidation 
can be prevented by addition of a trace of aque-
ous ammonia.  This trace amount of ammonia 
reduces the H+ ion concentration by about two 
orders of magnitude, thereby reducing oxidation 
of Mg.  This study proved that water could be 
utilized to remove the sodium nitrate with no or 
minimal oxidation of the magnesium.   
 
A key issue to optimizing the pilot plant was to 
reduce the labor involved in preparing the flares 
for dissolution.  Previous attempts to peel the 
cardboard from the flare grain and using a lathe 
to remove the metal canister were found to be 
very labor intensive.  It was then suggested that 
waterjet technology be used to washout the flare 
grain from the container.  NSWC Crane and 
TPL performed several experiments to deter-
mine the feasibility of utilizing waterjet technol-
ogy.   
 
NSWC Crane used an Ingersoll-Rand SL-2, high 
pressure, low flow rate abrasive waterjet (AWJ) 
system to washout different types of illuminat-
ing flares.  The components of the Ingersoll-
Rand unit (Figure 1) are 1) a programmable gan-
try with XYZ motion for nozzle manipulation; 
2) a dual motion single piston intensifier capable 
of pressurizing the water to 55,000 psi; 3) a 
three jawed chuck attached to a lathe for rotation 
of the item to be cut; and 4) a catch tank for cap-
ture of the process water.  All the testing was 
performed in the 500-lb test cell at the NSWC 
Crane Demil Test Facility. 
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For all the washout tests, the illuminating car-
tridges were secured in the three jawed chuck 
(Figure 2) and oriented horizontally.  At this 
point, the round was rotated at a given speed.  
The washout procedure was initiated using a 
dual orifice waterjet lance.  The lance traversed 
into the candle at a set speed during the washout.   
 
The washout procedures for each of the illumi-
nating cartridges tested were similar.  The first 
step was to locate the lance at the axial center of 
the front of the round (Figure 3).  Then the can-
dles were rotated at a specified rpm and the high 
pressure water was turned on.  In the next steps, 
the lance was moved in the negative Z (down-
ward) direction and allowed to dwell for a speci-
fied period of time while the next sequence in 
the washout process was for the lance to move in 
the positive Y direction, further into the candle 
for a specified distance.  Advancing the lance 
into the round ensured that the composition 
along the side walls is further removed, which 
prevents a concave shape on the surface of the 
material.  The next sequence in the washout pro-
gram had the lance traveling in the positive Z 
direction (upwards).  Translating the lance up-
wards causes the surface to again become flat.  
These steps are then repeated until all of the il-
luminating composition is removed.  The fol-
lowing candles were washed out: 4.2”- 153 
items; 105-mm- 48 items; 60-mm- 48 items; 81-
mm- 64 items; MK 45- 30 items. 
The 4.2” and 105-mm candles were contained in 
steel casings while the 60- and 81-mm candles 
were in heavy cardboard casings.  The 81-mm 
candles were a little difficult to washout since 
the cardboard consisted of several seams instead 
of a single thick cardboard.  At the seams, the 
cardboard was weakest and tended to break 
apart.  Figures 4 and 5 are pictures of washed 
out 60 and 105-mm candles.  The conditions of 
the MK 45 candles were poor in that the card-
board was loose and scored.  Ten of the fifty 
candles had the detonator and igniter ends re-
moved but the remaining forty still had the ex-
plosives ends.  It was determined that the ends 
could be cut with waterjet.  The waterjet cut was 
made 2.5” off the igniter end and 3” off the 
detonator end.  This left a 14.5” flare to wash-
out.  Initial results indicate that the most difficult 
aspect of the washout is the deterioration of the 

cardboard due to the water soaking the card-
board.  Table 2 summarizes the results for all the 
washout tests.  The washout times met the time 
requirements specified in the conceptual design 
package. 
 
Once the flare grain has been washed out of the 
container, the solution now contains magnesium, 
sodium nitrate, polymer, and cardboard debris.  
A method was developed to separate the card-
board/polymer from the magnesium.  TPL de-
signed a settling tank to collect everything from 
the washout.   This was an approximately 3 feet 
long kite-shaped vessel with a sloping crease 
down to a low point where the magnesium re-
moval port was located.  High on one of the 
sides was a water overflow port.  Slurry from the 
washout process fell at the high long end, and 
was gently vibrated down the crease towards the 
magnesium recovery port.  A gentle water in-
flow picked up cardboard and polymer and 
floated it to the overflow port, where it exited 
the system (Figure 6).  It is planned to use a 
screw conveyor to assist moving the magnesium 
slurry from the lower port.  As this screw drive 
moves the slurry up and away from the settling 
tank, fresh water will rinse the sodium nitrate 
from the slurry and flow into the settling tank. 
 
TPL also discovered that there were varying de-
grees of difficulty in removing the polymer from 
the magnesium grain dependent on the polymer 
type and method of manufacture.  Thus, what 
had been considered a minor issue at the start of 
the Phase III became a critical one as TPL inves-
tigated several techniques for removing the 
polymer.  Previously, the polymer was removed 
by winnowing the magnesium without realizing 
how much polymer was still firmly bound to the 
particles.  It was not until a stirred, reverse-flow 
water column to remove free polymer was tested 
that it became apparent that there was a great 
deal of bound polymer on the magnesium (Fig-
ure 7).  This column was constructed of clear 
PVC equipped with a shaft with four agitating 
blades.  Again, it was a very labor-intensive 
process that involved several water exchanges.   
 
TPL performed several iterations of the polish-
ing column design to improve the efficiency of 
the polishing process.  The clear PVC column 
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was modified to accommodate a faster stir shaft 
speed without destabilization.  A port was 
placed at the bottom of the column to simplify 
the removal of polished magnesium.  It was 
shown during testing that the temperature con-
trol was a major problem, with the slurry over-
heating if the water was not exchanged in the 
first 2 hours of processing.  This was a result of 
a combination of the foam insulating the slurry, 
heat being added to the system from the stir mo-
tor and oxidation reactions, and poor heat trans-
fer properties with the plastic column.  Rising 
temperature caused the oxidation reaction to in-
crease, producing more heat and creating larger 
bubbles in the foam, allowing it to insulate bet-
ter.  The slurry, with magnesium trapped in the 
foam, would rapidly expand, causing it to over-
flow the column.  Testing to failure revealed that 
the critical temperature was approximately 40 
degrees Celsius.  An 8" aluminum column was 
constructed with multiple ports to assist with 
water exchanges.  A cooling tube hooked up to a 
circulating water chiller was wrapped around the 
outside of the column to control the process 
temperature.  Three pairs of opposed pitch 
blades were installed on the stir shaft to increase 
the Mg particle collision.  The propulsive power 
of this system created a strong vortex that pulled 
foam back into the slurry instead of allowing it 
to build up as an insulating layer on top of the 
slurry.   

 
Antifoams were tested with this column.  The 
best antifoam was ICM1527, which could still 
be overwhelmed by the foam concentration over 
time.  However, the antifoam did prove to be 
valuable after the first few water exchanges 
when the free polymer concentration rose 
slowly.  It was also effective as an emergency 
measure when there was excessive foam forma-
tion.  With these changes, the column polished 
the material more quickly with fewer water ex-
changes.    
 
The system was tested to determine if the water 
changes improved the process by removing free 
polymer.  Two runs were performed, one with 
one water exchange after 8 hours, the second 
with water exchanges at 3, 4, 6 and 8 hours.  
Samples were taken out over the first 8 hours 
and after 24 hours and analyzed for active mag-

nesium, total magnesium, and polymer (Table 
3).  The results showed that the water changes 
made little difference, and were within the mar-
gins of error for the calculations.  Time was the 
critical factor, so water exchanges were planned 
in the processing at 30 minutes, 2 hours, 4 hours 
and 8 hours with a washing step at the end of 16 
hours.  The process was shown to be effective 
with 60-mm and 81-mm flares.  Epoxy contain-
ing MK 45 flares and epoxy/polysulfide contain-
ing 105-mm and 4.2" flares were more resistant 
to the polishing process.  The best yields for 
these flares did not exceed 94% active Mg.  The 
military specification requires a minimum of 
96% active Mg.   
 
TPL redesigned the polishing column in order to 
increase the robustness of the column to recover 
Mg from the different flare types and to reduce 
the polishing times. A 7/8 HP, 2400 RPM motor 
on a stronger stir shaft and a set of internal baf-
fles were added to the column to break up the 
vortex and to increase the collisional energy of 
magnesium particles.  Also, a side chamber was 
attached to the column so that water could be 
continuously cycled through the system during 
polishing eliminating shutdowns to exchange the 
water (Figure 8).  After these improvements, 
greater than 96% purity (Figure 9) was achieved 
for the polysulfide containing 4.2” flares in less 
than two hours, an eight-fold improvement in 
process time.  Magnesium recovered from MK 
45 and 105-mm compositions was also shown to 
be a higher purity. 
 
However, when Laminac-containing flares (60-
mm and 81-mm) were processed with the new 
system, the foam was uncontrollable - water 
could not be exchanged quickly enough through 
the designed side column.  A new side column, 
built directly into the side of the main polishing 
column to control the equilibrium liquid levels 
in the main and side column, was added to in-
crease the flow of water through the system.   
The side column was isolated from the stirring 
energy of the main column, so slurry entering 
the side column would let magnesium settle and 
return to the polishing column, while the magne-
sium free water would rise to a water removal 
port.  Fresh water was added to the main column 
at rates up to 1.5 L/minute without magnesium 
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carryover.  This, coupled with a ramping up of 
stirrer speed, allowed magnesium recovered 
from 60-mm flares to be polished in less than 
two hours. 
 
During the improvement process, 600 pounds of 
magnesium was recovered from 60-mm illumi-
nating flares and sent to ARDEC for reformula-
tion into trip flares and handheld signals.   
 
After the waterjet washout, settling tank, and 
polishing column optimization, TPL proceeded 
with the conceptual design package.  This con-
ceptual design package was accepted by NSWC 
Crane and ARDEC and used as a basis for the 
detailed design [4,5].  The conceptual design 
utilizes waterjet washout, a crushing nip, settling 
tank, tubular conveyor to transport Mg particles 
to three polishing columns, and a dryer for the 
final Mg product.  Figure 10 depicts the MRPP.  
The MRPP will be located in Building 2735, 
Crane Army Ammunition Activity (CAAA) and 
have the capability to produce 300 pounds of 
recovered Mg per ten-hour shift.    
 
Stage II.  MRPP 
TPL requested proposals for the complete de-
tailed design, fabrication, installation, demon-
stration/ validation, of the MRPP and for train-
ing of CAAA operators.  Seven companies sent 
proposals and these proposals were reviewed by 
NSWC Crane, ARDEC, and TPL personnel.  On 
October 2003, El Dorado Engineering (EDE) of 
Salt Lake City was selected for best value and 
was issued a subcontract by TPL.   
 
EDE has elected to utilize a similar waterjet sys-
tem that NSWC Crane used during testing plus 
similar designs for the settling tank and polish-
ing column as developed by TPL in the pilot 
process.  EDE has developed a solid concept for 
moving flares to the spray out booths.  A grasp-
ing arm will pull flares off the end of a gravity 
fed twin-rail feeder, and hold them aligned for a 
chuck to grasp the end of the flare.  The aligned 
flares will then be pushed into the sprayout 
booth, which will be sealed by a shield behind 
the chuck.  The wand will be held immobile 
while the chuck holding the flare is translated 
and rotated as needed.  Sprayed out material will 
fall onto a rubber lined deep trough conveyer, to 

be taken to a crushing nip and settling tank.  The 
empty cartridges/flare tubes are discharged from 
the chuck into a holding bin below washout sta-
tion.   
 
The magnesium dryer and water filtration sys-
tems are still under design.  Several systems 
have been considered for the drying of the mag-
nesium.  TPL is investigating a dryer from 
Wyssmont that may be ideal for the process.  
The Wyssmont dryer utilizes rotating shelves 
that dry the magnesium particles within a very 
small oven.  The hot inlet gas is mixed with the 
gas inside the dryer by the action of the internal 
fans.  Therefore, in the Wyssmont dryer, mate-
rial is only exposed to the desired operating tem-
perature.  This would minimize the use of nitro-
gen gas and the cost of the drying operation.  
The dried magnesium will be sieved according 
to military specification.   
 
The sodium nitrate filtration initially posed a 
problem due to excess polymer and its fouling 
effect.  The water will be pumped onto a rolling 
media bed filter, and possibly through a secon-
dary filter.  The filtered water will then be stored 
in a collection tank.  A portion of the water will 
be sent back into the process to clean the rubber 
conveyor and agitate the settling tank.  The rest 
will be stored until it can be sent to the evapora-
tion kettles. 
 
The sodium nitrate solution will be evaporated 
in kettles to remove ~90% of the water and then 
evaporated to dryness using a drum dryer.  The 
dry sodium nitrate can either be sold as a fertil-
izer additive or as part of TPL’s blasting agent 
formulation.   
 
EDE continues to work with TPL to optimize 
the MRPP system.  EDE completed the 50% 
design in March 2004 and expects to submit the 
90% design in August 2004.   
 
Summary 
The MRPP facility will provide the DoD a capa-
bility to process obsolete and excess illuminat-
ing flares.  Demonstration/validation of the re-
covery plant is scheduled in 2006.  The facility 
will have the capability of recovering 300 lbs 
per day of magnesium and is being designed 
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with the concept of doubling the recovery capac-
ity, if needed in the future.  This reclamation 
process recovers a much-needed valuable re-
source and at the same time addresses the DoD’s 
requirements for pollution prevention, greening 
the government, and resource conservation and 
recovery.  The Army is currently qualifying the 
recovered Mg for use in handheld signals and, 
with PM support, the recovered Mg will soon be 
qualified for use in new illuminating flares.   
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Table 1. Inactive Mg Weight/Weight Percentages After Treatment with Water 

 Inactive Mg %, mean ± s.d. (n = 3) 

Untreated Commercial 0.19 ± 0.00 

24 hours in water 0.24 ± 0.00 

48 hours in water 0.30 ± 0.01 

6.4 hrs  at 55 °C with water vapor 0.13 ± 0.01 

6 hrs in water with NaNO3   0.92 ± 0.11 

6 hrs in water with NaNO3 and NH4OH 0.62 ± 0.03 

 
 

Table 2. Waterjet Washout of Illuminating Candles 

Pressure 60-mm 81-mm 105-mm 4.2” A2 4.2” A1 MK 45 
25 kpsi 
(1.7 gpm) 

70sec 2min 41sec 9min 4sec 9min 30sec 4min 13sec  

38 kpsi 
(0.95 gpm) 

43sec 1min 38sec    12min  
(40 kpsi) 

50 kpsi 
(1.14 gpm) 

 1min 13sec 4min 10sec 3min 35sec 2min 15sec 9min 30sec 

gpm- gallons per minute 
psi - pounds per square inch 
 

Table 3. Efficiency of High-Speed Agitation in Purifying Reclaimed Mg 

Time (Hrs) One Water Change at 8 Hours Four Water Changes (3,4,6,8 Hrs) 

 Active Mg % Inactive Mg Non-Mg % Active Mg % Inactive Mg Non-Mg % 

0 91.68 ± 0.12 1.19 ± 0.05 7.13 92.08 ± 0.30 1.23 ± 0.04 6.69 

2 92.99 ± 0.24 0.98 ± 0.04 6.03    

3    93.66 ± 0.42 0.92 ± 0.05 5.42 

4 94.02 ± 0.35 0.89 ± 0.05 5.09 94.92 ± 0.35 0.72 ± 0.01 4.36 

6 94.64 ± 0.37 0.87 ± 0.12 4.49 95.50 ± 0.27 0.66 ± 0.05 3.84 

8 95.26 ± 0.04 0.74 ± 0.03 4.00 95.08 ± 0.33 0.60 ± 0.03 4.32 

24 97.35 ± 0.18 0.42 ± 0.01 2.23 96.71 ± 0.67 0.34 ± 0.01 2.95 

Non-Mg % is computed by difference (100% - Active Mg % -Inactive Mg %). 
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Figure 1. Abrasive waterjet system 

Figure 2. 4.2” cartridge secured in three jawed 
chuck

Figure 3. Waterjet washout configuration 
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Figure 7. Mg particles with polymer 

Figure 4. 60-mm before and after washout Figure 5. 105-mm after washout 

Figure 6. Settling tank 
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Figure 9. Images of magnesium from a 4.2” candle: still in the canister, after washout, and after polish-
ing

Figure 8. Polishing column 
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Figure 10 Schematic of MRPP 
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ABSTRACT 

This paper provides an overview of the collaborative programme undertaken by Australia, United 
Kingdom and United States under the auspices of The Technical Cooperation Program (TTCP) WPN TP-
4 to develop the scientific understanding of how the physical and chemical characteristics of red 
phosphorus correlate with the processing, performance, safety and service life of military pyrotechnic 
compositions containing this material.  

This recently completed programme has been successful in increasing the scientific understanding of the 
chemical and physical properties of red phosphorus. As a result of the collaboration, solutions have been 
found which will prevent many of the problems that have occurred in the past associated with the use of 
red phosphorus in military pyrotechnic systems.  

 
 

INTRODUCTION 
 

Until the late 1980’s Albright and Wilson were the sole suppliers of red phosphorus (RP) to the UK and 
US from plants in Canada and the UK.  After a serious fire and other set backs this production was no 
longer economically viable and both plants closed.  The new supplies of RP presented handling and 
process problems such as density variation and propensity to catch fire.  To better understand the use of 
RP in munitions, to reduce the risks of procurement and processing problems, and fully appreciate the 
safety aspects of RP based munitions, Key Technical Area (KTA) 4-27 Red Phosphorus for Pyrotechnics, 
a collaborative programme was set up under the auspices of The Technical Cooperation Program (TTCP) 
WPN TP-4.  The goals of the programme were to develop a scientific understanding of how the physical 
and chemical characteristics of RP are correlated with the processing, performance, safety and service 
lives of pyrotechnic compositions used in military ordnance.  A secondary objective was to develop new 
pyrotechnic compositions to replace RP based smoke compositions that are currently used in military 
applications1.  The purpose of this paper is to provide an overview of the achievements of the programme. 
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Fundamental Chemistry Associated with the Mechanism of Red Phosphorus Ageing.  Research in 
the fundamental chemistry of the ageing of RP was undertaken at the University of Manchester Institute 
of Science and Technology2.  The effect of water and oxygen upon the oxidation of RP from two different 
sources was investigated.  From these studies, it can be postulated that the hydroxyl group and hydrogen 
ion from the dissociation of water react with RP to form hypophosphorus acid (H3PO2) which, in turn, 
dissociates to phosphine (PH3) and phosphorus acid (H3PO3), i.e., 
 
                        3 H3PO2  → PH3  + 2 H3PO3 

 

                                    H3PO2  + H2O → H3PO3  + H2 

 
where the H3PO3  itself can be oxidized to orthophosphoric acid (H3PO4) and form additional PH3: 
 
                        4 H3PO3    ↔ 3 H3PO4  + PH3 

 

                                    H3PO3  + H2O → H3PO4  + H2 
 
From the above it is apparent that water is critical to the mechanism.  Moreover, it was found that it was 
not possible to totally eliminate water from the atmosphere surrounding the red phosphorus and in the red 
phosphorus matrix itself.  That is, the oxidation of red phosphorus will occur even in a nitrogen 
atmosphere, but the oxidation rate can be decreased significantly by removing water and purging with an 
inert gas to remove the oxygen. 
 
Ageing Characterization of Red Phosphorus Grades and Compositions.  New analytical techniques 
were developed to determine the rate of ageing of both commercial available grades of RP and 
pyrotechnic compositions which include RP as an ingredient.  The chemical analysis approach metric 
developed was to heat the RP containing sample at 80oC at 100 % relative humidity for 24 hours and then 
measure the quantity of phosphine using gas chromatography and the amount of phosphorus acids using 
ion chromatography.  Isothermal heat flow calorimetry in air and argon at 50 oC over a range of relative 
humidities was also employed.   
 

• These studies show that microencapsulated grades of RP containing metal salt stabilizers 
produced an order of magnitude less phosphine than grades of RP which contained no 
microencapsulant and a metal salt stabilizer.  Likewise the microencapsulated grades of RP 
produced only minor increases in acidity compared to large increases for the grades which 
contained no microencapsulant.  

 
• For RP compositions, the results were similar in that compositions containing stabilized 

microencapsulated grade of RP produced significantly less phosphine and phosphoric acids than 
compositions containing RP grades without stabilized microencapsulants.  

A separate paper in this Seminar describes the stability of pyrotechnic compositions3. 
 
Collaboration with Red Phosphorus Suppliers.  It was decided early in the KTA to collaborate with the 
two major suppliers of RP to the pyrotechnics industry: Clariant of Germany and Italmatch of Italy.  Both 
companies supplied RP grades for assessment.  These grades were more stable than grades that had been 
previously supplied in accordance with UK and US military specifications.  This evaluation included 
microencapsulated grades of RP where it was found that coating RP granules with a melamine 
formaldehyde or epoxy resin microencapsulant to increase stability resulted in RP grades that were less 
reactive than non-coated grades and in many cases resulted in pyrotechnic compositions more difficult to 
ignite and also had lower burning rates.  Based on this information and other results from the physical 
characterization, both Clariant and Italmatch are developing and producing RP grades specifically for use 
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in pyrotechnic compositions.  The grades are more suitable for pyrotechnic applications because they 
have greater stability and acceptable reactivity.  The KTA included an evaluation of  substituting the use 
of microencapsulated red phosphorus grades in a US Marine Location Marker application 4.  A second 
evaluation of these new stabilized microencapsulated RP grades for a different RP formulation is 
provided in another paper presented at this Seminar5. 
 
Collaboration with Pyrotechnic Device Manufacturers.  Compared to earlier KTA investigations, this 
one made a concerted effort from the outset to encourage input and participation from commercial 
segment of the pyrotechnics community.  A Workshop on Red Phosphorus Pyrotechnics was held early in 
the life of the KTA, arrangements were made with the organizers of the 27th International Pyrotechnics 
Seminar to include a Session on Red Phosphorus Based Pyrotechnics.  Industrial participation has been 
encouraged in the composition ageing characterization studies described earlier. 
 
Design Guide.  It was apparent from the common problems relating to the use of RP in pyrotechnic 
applications and as a result of the international collaboration and shared experiences that a good method 
for disseminating the knowledge gained by this KTA would be the publication of a Design Guide for 
munitions containing red phosphorus.  The Design Guide covers the whole life cycle from design to the 
disposal of munitions and is described in greater detail in separate paper in this Seminar6.  The use of the 
information contained in this document will result in the production of more reliable and less hazardous 
red phosphorus munitions, thereby increasing safety and reducing life cycle costs.  The following list of 
design recommendations covered in the design guide provide an indication of coverage provided in this 
document: 
 

• Use suitable microencapsulated and stabilized red phosphorus.  
 
• Control or eliminate moisture within the pyrotechnic composition by careful control of 

processing techniques. 
 

• Prevent external moisture ingression into munition. 
 

• Minimize moisture contained within munition by selection of non-hygroscopic component 
materials. 

 
• Avoid use of components which are chemically incompatible with phosphine and red 

phosphorus. 
 

• Use phosphine and moisture absorbents within munitions and packaging. 
 
Phosphine Hazard.  The evolution of PH3, a toxic gas, during the degradation of RP results in both a 
health and safety hazard.  The KTA included a task where commercial available instruments capable of 
monitoring low levels of phosphine in storage areas and packaging operations were evaluated.  
Instruments available from Drager were found to be suitable for use in storage and packaging 
environments: the Drager Pac III based on an electrochemical cell detector and the Drager Chip 
Management System (CMS) based on glass tubes containing a reagent which reacts with the PH3 to 
produce a color change.  This equipment was used in a survey to determine the potential hazard to 
personnel involved with the storage and handling of red phosphorus munitions.  Phosphine concentrations 
were measured within the atmosphere of five storage magazines as well as inside munition packaging and 
storage containers.  The results of this limited study can be summarized as follows: 
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• Relatively low phosphine concentrations (0.06 ppm maximum) were found in some  storage 
magazines.  In contrast other magazines were found not to have any detectable quantity of 
phosphine. 

 
• Selected packaged munitions contained significant concentrations of phosphine with a maximum 

observed value of 16 ppm. 
 

• A number of different packaged munitions had phosphine values well above the UK 
recommended short-term 15 minute exposure limit of 0.3 ppm. 

 
• The observed amount of phosphine present in the packaged munitions could not be correlated 

with variables such as munition type, age, place of manufacture, conditions of storage, etc.  This 
may have been a result of the limited size of the study. 

 
The conclusions from the study confirm the presence of a potential hazard to personnel opening munition 
containers and suggest the need to take appropriate action within relevant medical and safety guidelines to 
mitigate the potential health problems. 
 
Viable Alternatives to Red Phosphorus-Based Smokes.  Red phosphorus burns in an excess of air to 
produce phosphorus pentoxide which itself undergoes hydration to form a mixture of phosphorus acids 
depending upon the conditions as represented in the following equations: 
 
                      P4  + 5 O2  →  P4O10 

 

                            P4O10 + 2 H2O  →  2 (HPO3)2  
 
                      (HPO3)2  +  H2O  →   H4P2O7  

 

                                H4P2O7  +  H2O  →   2 H3PO4 

 
The acids produced from the hydration reaction are hygroscopic and absorb moisture from the atmosphere 
to produce sub-micron sized droplets of an aqueous solution of phosphoric acid.  It is this acid mist which 
constitutes the white smoke cloud and scatters visible and near infrared electromagnetic radiation. 
 
No alternate smoke composition has been found that can match the performance of red phosphorus based 
smoke obscurants for military applications in the visible and infrared regions.  This is despite extensive 
modelling studies, literature reviews and formulation development.  The particular attributes that favour 
red phosphorus based smokes are significant mass extinction coefficients in the visible to far-infrared, 
combined with the exceptional smoke yield factors.  The yield factor is a measure of the efficiency of the 
conversion of smoke producing material into a smoke cloud and can be expressed by the following 
equation: 
 
                Yield Factor = (Mass of Smoke Produced)/(Mass of Smoke Composition) 
 
The effectiveness of a smoke material or formulation depends as much on the yield factor as the mass 
extinction coefficient.  For this reason obscurant materials and formulations with a relatively high mass 
extinction coefficient but low yield factor may not be as effective as those with lower mass extinction 
coefficient but higher yield factor.  Red phosphorus based smokes have both high mass extinction 
coefficients and high yield factors.  
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There are two shortfalls associated with using red phosphorus based smokes: (i) the smoke generation 
chemical combustion reactions involve flames which in turn can be an ignition source to start ground fires 
during training and (ii) the low toxicity and corrosive nature of the acid-mist smoke droplets.  These 
shortfalls have resulted in a number of countries using less toxic smoke formulations for training 
purposes.  These training smoke formulations, which do not provide the performance of red phosphorus 
based smokes,  include formulations based on cinnamic acid (CA),  terephthalic acid (TA) as well as 
others that are based on pyrotechnically generating KCl clouds. 
 

KTA ACHIEVEMENTS 
 

• Commercial grades of RP have been characterised chemically, physically and with respect to 
safety to enable better processing of RP for munitions.  There is now a new commercial grade of 
RP specific for pyrotechnic applications.  A Design Guide has been produced that makes 
recommendations on issues associated with RP in munitions, such as specification, corrosion and 
safety. 

 
• There is a greatly improved understanding of RP chemistry.  This has been related to the ageing 

of commercial RP, and RP based compositions with respect to the service life of munitions. 
 

• The KTA developed new chemical analysis and heat flow calorimetry techniques to measure 
ageing of RP and RP based compositions, as well as identifying methods to monitor toxic 
phosphine gas levels in magazines and the munitions packaging for RP munitions. 

 
• The safety and reliability of RP based munitions can be improved with respect to procurement, 

specification, service life and related toxicity/corrosion effects if care is taken by designers, 
manufacturers, users and procurers in addressing issues highlighted in the “Design Guide for 
Munitions Containing Red Phosphorus” produced by KTA 4-27.   

 
KTA RECOMMENDATIONS 

 
1. Future and current designs of RP containing munitions need to be improved to increase safety and 

reliability, thereby reducing whole of life costs to the military user. 
 
2. Designers should continue to work with RP manufacturers to develop RP grades that provide 

long-term stability and are readily ignitable. 
 

3. Phosphine levels in magazines and other storage areas need to be monitored and procedures 
written for the entering of buildings and the handling of devices where phosphine is suspected. 

 
4. Accelerated ageing trials that are undertaken to confirm the required shelf life of munitions 

should include an assessment of corrosion and phosphine evolution. 
 

5. New grades of RP that are being made specifically for pyrotechnics should be physically and 
chemically characterised and their safety and performance in compositions determined, prior to 
them being used in pyrotechnic devices. 

 
6. It is recommended that the existing military specifications for red phosphorus be replaced with 

munition performance specifications that can include safety and reliability clauses. 
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ABSTRACT 
 

In thermobaric explosives, a parameter that is of importance in determining when and to what 
extent aluminum particles participate in the expanding detonation products cloud is the temperature of the 
particles.  In this paper, an experimental technique using 2-color pyrometry is used to measure the 
temporal and spatial variation in aluminum particle temperature.  The details of the diagnostic technique 
will be presented along with light intensity and estimated temperature data from aluminized explosive 
tests. 
 
 
Introduction 

In thermobaric (TBX) and aluminized 
explosives in general, the information of 
foremost interest is the timing of energy release 
by metal combustion.  Ideally, this energy is 
released at a time and rate so that it couples 
directly into the principle or subsequent 
reflected blast waves created by the detonating 
high explosive constituting the bulk of the 
explosive charge.  Energy released at other times 
results in waste heat, which is undesirable in 
most cases.  The temperature of the metal 
particles in the expanding detonation products 
cloud as a function of distance from charge and 
time can be a useful indicator for determining 
when the energy is being released or to 
determine when release has stopped.  

It is the goal of this paper to present a 
novel diagnostic, based on two-color pyrometry, 
capable of making measurements of the 
temporal and spatial temperature distribution of 
the aluminum particulate in a detonation 
products cloud.  First, the general concepts and 
rationale behind the chosen diagnostic design 
are described.   Next a detailed description of the 
diagnostic construction is given and an overview 
of the underlying theory is presented.  This is 
not meant to be an exhaustive theoretical 
overview since this type of analysis has been 
done by previous researchers1,2.  Finally, 
preliminary data are given from both aluminized 

and non-aluminized tests showing an application 
of this diagnostic. 
 
Diagnostic Design Concepts 

In the development of this diagnostic, 
non-contact temperature measurement 
techniques were of primary consideration due to 
the slow response time and the low sensitivity to 
low density particulate cloud limitations of 
contact temperature measurement techniques.  
Of the two general classes of radiative 
temperature measurement techniques (absolute 
or ‘single-color’ and relative or ‘two-color’ 
pyrometry), two-color pyrometry was chosen 
because of its ease of use.  Although two-color 
pyrometry is an error-prone technique (discussed 
below), single-color pyrometry requires the 
knowledge of material properties (primarily 
emissivity) and absolute light collection volume.  
In the detonation products cloud, the particulate 
matter consists of unburned Al, burned Al 
particulate, and possibly some carbon-based soot 
and charge casing fragments.  An in-situ 
particulate emissivity measurement would be 
necessary for single-color temperature 
measurement.  As will be shown below, the 
emitted signal strength inside the products cloud 
also varies independently of temperature, 
making light collection volume estimates 
extremely difficult.  Two-color pyrometry does 
not require absolute emissivity or light 
collection volume measurements and therefore 
simplifies the diagnostic approach.  Other 

* Sandia National Laboratories is a multi-program laboratory
operated by Sandia Corporation, a Lockheed Martin Company,
for the United States Department of Energy’s National Nuclear
Security Administration under contract DE-AC04-94AL850 
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researchers with similar requirements have 
arrived at the same conclusion1. 

When deciding how to collect the light 
from the detonation products cloud, the first 
option is to place collection optics away from 
the charge and view the charge from a distance.  
There are, however, a number of problems with 
this approach.  Although blast pressure data can 
yield shock front location data, it does not yield 
information of the location of the outer surface 
of the expanding detonation products cloud (or 
contact surface).  Distance-temperature 
information would therefore be more difficult to 
determine.  In addition, the cloud itself is not an 
opaque medium.  When looking at the charge 
from a distance, the collected signal is actually 
an integrated measurement of a significant 
thickness of the products cloud.  The measured 
temperature would thus be a convolution of the 
true temperature-depth profile of the cloud.  In 
addition, the hot gaseous species in the 
detonation cloud can significantly contribute to 
the collected light signal (at certain 
wavelengths), leading to uncertainty as to 
whether the temperature recorded is due to the 
gaseous or solid particulate components.  
Finally, if the cloud is viewed from a distance, it 
is very difficult to measure what is happening 
within the cloud.  Information of the combustion 
dynamics within the cloud may be critical to 
understanding energy coupling between metal 
combustion and blast waves.  Clearly, a point-
wise measurement sampling emitted light from 
locations within the cloud is desired to address 
these issues. 

Given these considerations, the 
diagnostic technique presented here collects 
light using small light collectors located in the 
path of the expanding fireball.  The collectors 
sample the particulate in a small volume of the 
fireball yielding a ‘point-wise’ temperature 
measurement.  The light collected from these 
probes is then passed into a two-color pyrometer 
used to derive an estimated temperature of the 
sampled volume.  Thus the complications of 
viewing the charge from a distance and the 
difficulties of single-color pyrometry are 
avoided.  An estimate of the complete temporal 
and spatial temperature distribution can then be 
found by placing a number of such probes 
around the charge in question. 

Pyrometer Description 
The two-color pyrometer diagnostic 

uses probes that are constructed of two 
components, the collector and the pyrometer.   
The collectors are positioned around the charge 
and are enveloped by the expanding detonation 
products cloud.  The collectors are connected to 
the pyrometers via a blast-shielded optical fiber 
so that the more mechanically sensitive optics of 
the pyrometer can be located in a safe area away 
from the effects of blast, high temperature, and 
high-velocity fragments. 

a)   

b)  
Figure 1:  A diagram of a) the collector placed in 
the path of the expanding detonation products 
cloud and b) the pyrometer located away from the 
test area 

As was stated above, the collectors are 
constructed so that they preferentially sample a 
very small region of the expanding detonation 
product cloud. As shown in Figure 1a, the 
collector consists of a collimating lens, 
protective window, sampling region, and a 
blackbody backstop.  Assuming the fiber has an 
NA of 0.33 NA and using a 40 mm focal length 
lens, the sampling region has approximate 
dimensions of 25 mm diameter by 80 mm long.  
By keeping the length of this interrogation 
region small, most of the signal collected will 
originate from the opaque particulate matter.  
The hot transparent gases are expected to be too 
‘optically thin’ at this scale to contribute to the 



- 635 - 

collected signal.  In this manner a more point-
wise temperature measurement of the aluminum 
particulate temperature can be made. 

The blackbody backstop of the collector 
is fabricated in the shape of a right circular 
cylinder with a 60° conical bottom.  The inside 
of the backstop is painted flat black.  If the 
painted surface is assumed to have an emissivity  
>0.7, it can be shown3 that at normal incidence 
as viewed by the collimating lens, the backstop 
has an effective emissivity of >0.95.  This high 
emissivity means that radiation emitted from 
elsewhere in the detonation products cloud is 
very weakly reflected off the backstop into the 
collector lens, thus improving the point-wise 
nature of temperature measurement. 

The other component of this diagnostic 
is the pyrometer itself.  The pyrometer follows 
similar designs4-7 and consists of a collimating 
lens, dichroic beam splitter, line filters, and 
photodetectors. A simple schematic diagram is 
shown in Figure 1b. The dichroic beam splitter 
is an 850 nm short-pass interference filter 
rotated at 45° incident angle, the 700 and 900 
nm line filters have a FWHM of 10 nm, and the 
photodetectors are model PDA55 manufactured 
by ThorLabs.  The detectors have a stated high 
gain-mode bandwidth of 60kHz. 

The basic principle of the operation of a 
2-color pyrometer is well known, and the theory 
explaining the assumptions involved and their 
corresponding errors is well developed1,2.  Given 
a relative measure of intensity levels at two 
wavelengths, a corresponding apparent 
temperature (Ta) can be derived from the ratio of 
these two signal levels or 
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where C2=14388 µm⋅K, λ1 and λ2 are the two 
wavelengths used, R is the ratio of the two 
recorded signals, equal emissivities at λ1 and λ2 
are assumed, and Wien’s approximation has 
been used.  As mentioned above, two-color 
pyrometry is a technique that is somewhat error 
prone.  The main source of error is the 
assumption of equal emissivities at the two 
observed wavelengths.  If the emissivities at the 

two wavelengths (ε1, ε2) were known, the actual 
temperature (T) could be found by 
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Using these two equations, the apparent 
measured temperature can be written in terms of 
the actual temperature as 
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where ∆λ = λ2 - λ1 and ∆ε = ε2 - ε1. It can clearly 
be seen that as ∆ε → 0, Ta → T.  Equation 3 is 
plotted in Figure 2 showing how the apparent 
temperature (Ta) varies as a function of ε1 and ∆ε 
for three different values of the actual 
temperature (T).  In this plot, λ1 = 700 nm and 
∆λ = 200 nm.  Clearly it is seen that small 
changes in emissivity can lead to large errors in 
temperature measurement.  This effect is 
particularly strong for materials with low 
emissivities and higher temperatures.   

In this application, the wavelengths 
chosen were 700 and 900 nm.  This choice was 
based on a number of different factors.  First, 
these two wavelengths avoid the major CO2 and 
H2O absorption bands, thus reducing the signal 
contributions of gaseous species.  The closeness 
of the two wavelengths (200 nm) reduces the 
likelihood of large changes in material 
emissivity. 

Looking at radiative material 
properties8,9, the two particle species of interest, 
Al and Al2O3, have an average emissivity of 
0.16 and <0.05, respectively.  The difference in 
emissivity between the two wavelengths, ∆ε, is 
0.02 and 0.006 for Al and Al2O3, respectively.  
Given this information and the data given in 
Figure 2, it might be assumed that at high 
temperatures the error in this technique would be 
unacceptable.  This, however, ignores the effects 
of light scattering effects.  Although it is in 
general difficult and beyond the scope of this 
paper to attempt a quantitative estimate of 
scattering effects, a qualitative estimate of 
scattering effects can be made.  With a large 
particle size to wavelength ratio (diameter/λ > 
10) and assuming opaque particles, geometric 
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particle scattering will most likely be the 
dominant scattering mode10.  Depending on 
particle density, geometric particle scattering 
can greatly increase the effective emissivity of a 
particle cloud, thus reducing the relative effects 
of material-dependent changes in emissivity.  
Thus the negative effects of wavelength 
dependency of material emissivity are reduced. 

 

 
Figure 2: Plots of apparent temperature as a 
function of difference in emissivity from λ1 (700 
nm) to λ2 (900 nm) for actual temperatures of 
1500, 2250, and 3000 K.   

Other issues of wavelength selection 
involve the underlying thermal emission profile.  
Figure 3 shows a combined plot of normalized 
Planck’s law, % error between Planck’s law and 
Wien’s approximation, and ‘sensitivity’ defined 
as 
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for a constant value of ∆λ =200 nm.  The 
sensitivity is a measure of how much the ratio in 
measured signals, R, changes with temperature.  
The multiplication of the ∂R/∂Ta term by 1/R 
results in the sensitivity being defined 
independently of R.  Figure 3 shows that as 
wavelength decreases, the sensitivity increases 
and the error from Wien’s approximation 
decreases.  At the same time, signal strength 
given by Planck’s law decreases, which can 
cause problems with detector signal-to-noise 
ratio.  This results in competing factors in 

wavelength selection.  In this application, the 
wavelengths chosen (λ1 = 700 nm, ∆λ = 200 
nm) are in a location where signal strength is 
still strong, but Wein’s approximation error and 
sensitivity are still favorable. 
 

 
Figure 3: Plot of % error in Wien's 
approximation, normalized Planck's law, and 
sensitivity for 1500, 2250, and 3000K with ∆λ = 
200 nm 

Preliminary Test Data 
In the first application of this diagnostic, 

both composition C-4 (an RDX-based non-
aluminized explosive) and ternary TBX 
explosive mixture (containing RDX, Al, and 
IPN) charges were tested.  In each test, the 
signal collector was located 1.78 m away from 
the charge.  The charges and diagnostics were 
contained inside a closed ‘walk-in’ steel test 
chamber.  The pyrometer was calibrated with a 
NIST-traceable 45W calibrated halogen quartz 
lamp.  Data were recorded on a digital 
oscilloscope for both optical channels. The raw 
voltage data were then processed with a 50-
tapped, triangular windowed, low pass digital 
filter with a pass band of 70kHz and stop band 
of 80kHz.  The digital filtering process was 
needed to reduce bit-toggle noise and the related 
noise in the calculated final temperature.  It was 
the goal of these tests to collect proof-of-concept 
data regarding the diagnostic design and use.  
All sources of possible error were not 
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completely investigated, and so data shown here 
should be considered preliminary in nature.   
 

 
Figure 4: A plot of recorded photo detector 
voltage for C-4 and Ternary TBX tests 

The voltages from the 700 nm 
photodetector channel and temperature data 
from these tests are shown in Figure 4 and 
Figure 5 respectively.  The voltages from the 
200g and 250g C-4 tests are not visible because 
they are effectively equal to zero in these ranges.   
In Figure 4, the main difference between 
aluminized (TBX) and non-aluminized (C-4) 
charges becomes apparent.  In the C-4 tests, 
detector signal is essentially zero for all charges 
except for the largest, 750g charge.  This is 
expected since as stated above, the pyrometer 
wavelength selection and collector construction 
reduces the likelihood of the pyrometer ‘seeing’ 
the hot combustion gases released from this non-
aluminized charge.  The short-duration, low 
intensity signal seen in the 750g test is due to the 
relatively small amounts of soot created by the 
C-4 charge.  In contrast, the TBX tests show a 
very strong signal for the 650g charge as well as 
small, but significant signal levels for the 200g 
test.  These tests show that the diagnostic is 
capable of seeing the Al particulate even at low 
densities.  Also interesting is that in contrast to 
the 750g C-4 test, the 650g TBX test shows 
some structure in the recorded voltage. It is 
speculated that the variation in recorded signal 
level could be the result of varying particle 
density inside the combustion cloud, but at this 
time, there is no available data to support this 
hypothesis. 

In Figure 5, the calculated temperatures 
for both the 750g C-4 test and 650g TBX tests 
are plotted.  Note that in the C-4 temperature 
trace, there is a gap in temperature data caused 
by the digitizer ‘clipping’ the 900 nm 
photodetector channel during test.  Looking at 
this figure, it can be seen that at lower detector 
signal levels, the resulting noise in the calculated 
temperatures becomes very large.  This is 
expected since at low signal levels, small 
fluctuations in photodetector voltages can result 
in very large changes in the value of R in 
Equation 1.  Comparing Figure 5 with Figure 4, 
it is very clear that the light intensity as seen by 
the collector varies significantly with respect to 
calculated temperatures.  This was one of the 
justifications of using two-color over one-color 
pyrometry made above.  It is also interesting to 
note that for both the C-4 and TBX tests, the 
temperature remains fairly constant throughout 
the test.  Future tests should indicate whether the 
small fluctuations in the TBX temperature trace 
are due to Al combustion or reflected shock re-
heating of the products cloud. 

 
Figure 5: A plot of calculated temperatures for C-
4 and Ternary TBX tests 

Figure 5 does not show any indication of 
the magnitude of error of the present 
measurements.  During this test series, a number 
of calibration and operational issues were 
encountered with the first use of this diagnostic 
that could significantly affect this error estimate.  
The pyrometers were not calibrated until after all 
tests were completed, and so it is not certain 
whether the calibration used to calculate these 
temperatures is accurate. Also, the light levels 
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reaching the detectors through the system during 
calibration and testing conditions were at the 
lower operational levels of the detectors (0-
10V).  Due to these issues, it is difficult to put a 
firm upper and lower bound on the error in the 
measured temperatures.  A rough estimate of at 
least +/- 300K is made based on a conservative 
estimate of all contributing errors. 

 
Conclusions 
 In this paper, a novel diagnostic 
technique for the measurement of aluminum 
particulate temperature inside a detonating 
products cloud was presented for applications of 
thermobaric explosive testing.  It was shown that 
given the particular testing environment 
constraints, a two-color pyrometer connected to 
a ‘point-wise’ light collection probe is a simple 
and reasonable diagnostic approach.  The 
preliminary data presented indicates that the 
assumptions underlying the development of this 
diagnostic are correct, and have also provided 
some preliminary information about the 
differences between non-aluminized and 
aluminized explosives.  In the future, 
improvements to the diagnostic include more 
sensitive detectors along with improved 
calibration procedures that will reduce the 
sizable error of the current setup.  In addition, 
repeated tests at identical charge sizes will start 
to reveal more details of the Al particles inside 
the combustion cloud. 
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ABSTRACT 

 
Many modern weapon and training systems contain electrical initiated devices (EIDs) which are 

used to initiate Army fielded pyrotechnic munitions.  If the radio frequency (RF) energy from 
communication devices or personnel-borne electrostatic discharge (PESD) is of sufficient magnitude, 
accidental ignition of the initiator is likely to occur, resulting in a serious hazard to users.  In the past, 
numerous accidents and injuries were reported in conjunction with the M21 artillery flash simulator and 
its firing devices.  The major causes of these incidents were pre-ignition of the electric match by 
electromagnetic radiation (EMR) hazards and human errors.  From mid-late 1990s, a few engineering 
change proposals (ECPs) were implemented by REDCOM-ARDEC to lessen M21 susceptibility to 
PESD/EMR by incorporating conductive coating and ferrite impregnated lead wire to the electric match 
assembly, but none of them have provided a root-cause solution to solve the pre-ignition problem 
associated with both the electric match and firing device. 

 
This study focused on the safety performance evaluation of high energy initiated electric matches 

and firing control improved Gunfire Simulator (IGUFS).  The GUFS/M21 simulates both direct fire 
vehicle kill and incoming artillery explosion during force-on-force training exercises.  The GUFS consists 
of 20 simulator firing tubes and a firing control circuit assembly (CCA).  Two commercially available 
electric matches with a high initiation energy have been identified for safety evaluation.  The existing low 
energy initiated electric match is also evaluated as a control.  These electric matches were tested and 
evaluated against PESD per MIL-STD 331B, Test F1 and hazards of electromagnetic radiation to 
ordnance (HERO) per MIL-STD 464.  An overall electromagnetic radiation operational (EMRO) system 
evaluation was also conducted on the IGUFS per MIL-STD 464.  EMRO is the Army protocol used to 
ensure the fire control circuitry or system is operated in a safe matter against continuous wave (CW), 
amplitude modulation (AM), frequency modulation (FM) and radar RF modulation. 
 

INTRODUCTION 
 
 The M21 Artillery Flash Simulator (DODIC 1370-L602) is used in conjunction with a variety of 
firing devices such as the Hoffman Device, Improved Tank Gunfire Simulator (ITGS) and Gunfire 
Simulator (or Armor Target Kill Simulator to provide a flash, bang and smoke signature to simulate 
battlefield realism in training.  The M21 Simulator uses a low energy initiated electric match N32B (rated 
for 250 milliamps/10 sec no fire) to ignite the flash-bang charge mix.  Sixteen of 29 malfunctions since 
1983 resulted in injuries.  Most of them were related to the Hoffman Device.  Concerning the continued 
high incident rate, a product safety improvement program was initiated by RDECOM-ARDEC in 2001 to 
identify a root-cause solution to solve the E3 (Electromagnetic Environmental Effects) vulnerability of 
GUFS/M21.  The goals were to identify a high energy initiated electric match for use in M21 and also to 
enhance the safety of GUFS’s firing control assembly to prevent pre-mature firing.   
 

Two commercially available electric matches have been identified as evaluation candidates: Flash 
Match (non-lead base) and N100B electric match (lead base).  The GUFS's CCA has being in the field for 
many years at various Army training installations in the US and abroad.  Currently there are two versions 
of CCAs in use.  The old version of CCA (part# 12725086) having an on-board battery is used in the 
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majority of GUFS in the fields.  The incidents reported on GUFS system were related to this firing control 
board. The second version of CCA (Part# 4151140) debuted in1997 does not have an on-board battery.  It 
was improved to incorporate a totally isolated input/output circuitry and a programmable microprocessor.  
Approximately 1000 circuit boards with these features have been fielded by Ft. Irwin in recent years to 
mitigate the safety problems encountered with the old circuit board.  However, this version of CCA was 
designed to fire the electric matches rated for up to 1 amp/1watt no-fire current.  At this level, it is not 
adequate to reliably fire the electric matches with a high initiation energy (0.8-1.5 amps for Flash match 
and 2.5-3.5 amps for N100B).  Thus there is need to increase its firing current level and also to 
incorporate the most reliable electronic components (such as opto-coupler electronic device and 
firmware) to further enhance the performance reliability and operation safety. 
 

IMPROVED GUNFIRE SIMULATOR (IGUFS) SYSTEM 
 
 The IGUFS (Figure 1) is made up of 
the M21 Flash Simulator, coffin which houses 
the Control Circuit Assembly, side rails and 
platform with 20 firing tubes.  The platform is 
constructed of aluminum casting and weighs 
approximately 100lbs.  It contains four bays, 
each with five firing tubes.  IGUFS’s platform 
can accommodate M25 Target Hit and M26 
Target Kill simulators in addition to M21 
simulator.  Additional feature allow for 
connecting a Smoky SAM. The IGUFS gets 
power from an external 12 volts dc power 
supply.  The CCA is turned on by throwing a 
switch located outside the coffin.  After power 
is available, the CCA performs a self test 
program to facilitate ease of testing and 
maintenance.  A speaker audibly alerts service 
personnel that the computer is operational and 
in normal condition.  When the target is hit, 
the target electronics produces a firing pulse 
that is electronically fed into the CCA.  The firing pulse lockout is 0.5 to 1 second between the start and 
completion of one firing sequence. This prevents false signal spikes from ESD, lighting or radar pulses 
from sneaking in.  The board will not respond to any input commands sensed during the firing pulse 
lockout period.  Additionally, the firing pulse lockout timer is re-initiated each time an early pulse is 
detected.  The firing sequence has three separate modes.  These are called sequential single shot mode 
where a single cartridge is initiated starting from port 1, sequential multiple shot mode (a computer 
programmable mode) where more than one cartridge is initiated starting form port 1, and partitioned 
mode where several group of tubes can be dedicated to fire two types of pyrotechnic devices at the same 
time. 
 
 All mechanical relays use high reliability solid state reed switches with MTBD of 5 million 
cycles.  These relays are used to remove or to apply firing signals to the pyrotechnic cartridges.  For 
safety, the board incorporates an audio warning system each time the power switch is activated to give the 
user a 60 second safe separation. The unit will beep for one second at 10 second intervals.  During the 
50th and 60th seconds before arming, the unit will beep for 1/2 second each second. 
 
 The CPU is designed to totally isolated itself from all inputs and all outputs using opto-couplers 
to eliminate susceptibility from ESD and RF.  The outside power to the CPU and is filtered using dc to dc 

Figure 1. Improved Gunfire Simulator (IGUFS)
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converters and there is no internal battery on the card.  All firing sequences, arming, safety delays and 
partitions are EEPROM programmable and computer controlled (DOS based). The board design contains 
a re-settable memory device for each firing mode.  The memory circuits increment one position each time 
a valid firing command is detected.  Last position command per section is retained until an automatic 
reset command is received. 
 
 Power interruptions or shutdown of the primary power source will not cause memory loss, change 
or reset of memory state for approximately 6 hours.  Memory circuits will reset when the Arm/Safe 
switch is placed in the safe position 
as part of the normal IGUFS M21 
reloading sequence.  Each CCA is 
tested for at least 8 hours straight to 
stress out the electronic components 
and to evaluate the reliability of the 
firmware.  After all lab bench 
testing have passed successfully, the 
card is evaluated by firing simulated 
cartridges to ensure each output port 
delivers the necessary electrical 
stimulus to the cartridges.  In 
addition, a simulated IGUFS target 
signal is fed to the input port of the CCA 
to insure it detects the proper firing 
pulse.  A safety enhanced CCA unit (part#1001-001) is shown in figure 2.  It should be noted that this 
circuit assembly is capable of firing laser initiated simulator through an on-board A/B switch. 
 

EXPERIMENT AND RESULTS 
 

Objectives 
 
 The purposes of the PESD tests program were: (1) To evaluate and analyze the susceptibility of 
the Flash Match manufactured and conductive coated N32B and N100B configured in their Pin-to-Pin, 
Pin-to-Case and Direct Modes. (2) To determine whether the electrically initiated electric matches were 
safe to handle, store and ship in harsh RF environments. 
 The main objectives of the HERO and EMRO test program were: (1) To determine whether or 
not existing pyrotechnic devices such as M21 Artillery Flash Simulator which houses Electric Match used 
in conjunction with the IGUFS could cause a safety hazard to personnel when exposed to Radio 
Frequency (RF) environments.  (2) To determine whether or not the IGUFS electronics could be jammed 
by RF signals. 
 
Personnel-borne Electrostatic Discharge (PESD) 
 

Test Criteria: The flash Match and conductive coated N32B and N100B electric matches were 
tested IAW MIL-STD-331B, Test F1 criteria listed in Table 1.  

Figure 2. Safety Enhanced Firing Circuit Control Assembly (CCA) 
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Table 1. Personnel-Borne Electrostatic Discharge Environment for Electric Matches 
 

Voltage (V) Capacitance (pF) Series Resistance (ohms)

+25,000 +/- 500 500 +/- 5% 500 & 5000 +/- 5%

-25,000 +/- 500 500 +/- 5% 500 & 5000 +/- 5%
 

 
 Test Modes: All electric matches were tested in three basic handling modes: 
 

(a) PIN-TO-PIN MODE:  The configuration in figure 3, simulates the case when a person 
who is holding a charge and is about to touch one of the lead while the other lead is  
grounded.    

 
Figure 3. PESD Pin to Pin Test Mode 

 
 

(b) PIN-TO-CASE MODE:  The configuration in figure 4, simulates the case when a person 
who is holding a charge and is about to touch both of the leads while the head of the 
match is grounded. 
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Figure 4. PESD Pin to Case Test Mode 

 
 (c) DIRECT MODE:  The configuration in figure 5, simulates the case when a person who 

 is holding a charge and is about to touch the match head while the leads are grounded.  
This is the most dangerous mode. 

Figure 5. PESD Direct Test Mode 
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Test Setup: A typical PESD 

test set-up is shown in figure 6. 
PESD was simulated with an 
adjustable 25KV ESD Generator 
manufactured by Schaffner EMC, 
Inc.  Twenty two each of Flash 
Match matches, N32B and N100B 
electric matches were tested for 
PESD susceptibility.  Each electric 
match was exposed to positive and 
negative polarities with respect to 
ground.  These tests were done remotely and a holding fixture was used during the evaluation of the 
electric matches for safety.  Several types of evaluations were performed to simulate the way these 
devises could be handled by personnel.  Each sample group was tested at 70F and 50% relative humidity 
and the fuse head of each sample was positioned vertically and perpendicularly (using a fixture) to the 
discharge gun tip at a distance of ¼ inch. 
 

Test Procedures: 
 

PIN-TO-PIN MODE:  
(a) One of the leads was connected to ground. 
(b) The other lead was exposed to +25 kV. 
(c) The bridge wire resistance was measured again and results were recorded. 
(d) The above test was repeated for negative polarity. 

 
PIN-TO-CASE MODE: 
(a) Both leads were connected together and the match fuse-head was grounded. 
(b) Both leads were exposed to +25 kV. 
(c) The bridge wire resistance was measured again and results were recorded.  
(d) The above test was repeated for negative polarity. 

 
DIRECT MODE:  
(a) Both leads were connected together and grounded. 
(b) The match fuse-head was exposed to +25 kV. 
(c) The bridge wire resistance was measured again and results were recorded. 
(d) The above test was repeated for negative polarity. 

 
 Pass/Fail Criteria: 
 

(a) Each electric match of that sample group shall not fire when stimulated by PESD in all 
operational modes.   

(b) Each electric match of that sample group shall reliably fire when the all-fire current 
(AFC) is applied to the bridge wire. 

 
 Results: The Flash match and conductive coated N32B and N100B electric matches, each in a 
sample group of twenty two, met all the safety requirements Per MIL-STD 331B.  Results are 
summarized below: 

Flash Match: 
(a) PIN-TO-PIN MODE:  None fired due to ESD, but all fired when the AFC was applied. 
(b) PIN-TO-CASE MODE: None fired due to ESD, but all fired when the AFC was applied. 

Figure 6. Typical PESD Test Set-up Using Schaffner ESD Gun 
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(c) DIRECT MODE: None of them fired due to ESD, but all fired when the AFC was 
applied. 

 
Conductive coated N32B and N100B: 
(a) PIN-TO-PIN MODE:  None fired due to ESD, but all fired when the AFC was applied. 
(b) PIN-TO-CASE MODE: None fired due to ESD, but all fired when the AFC was applied. 
(c) DIRECT MODE: None of them fired due to ESD, but all fired when the AFC was 

applied. 
 
Hazards of Electromagnetic Radiation to Ordnance (HERO) 
 
 Test Criteria/Setup: A total of six configurations of electric match assemblies were tested and 
evaluated against HERO criteria, as detailed in Table 2.  This criterion describes and limits the effect of 
the electromagnetic radiation environment on the Electrically Initiated Devices (EIDs) in munitions.  
Table 2 lists all the concerned RF frequencies, field intensities and polarizations that a weapon or training 
system should survive.  Each type of electric match has two different configurations for evaluation: one 
with ferrite lead wire and the other one with PVC lead wire.  During HERO testing, the electric matches 
were tested in their tactical configuration (M21 simulator). The simulators/electric matches were tested 
outside their shipping container and aligned vertically in front of the antenna for maximum RF coupling.  
The bridge-wires inside the simulators were instrumented with fiber optic sensors.  The resonant 
frequency was calculated using antenna theory based on the quarter-wave and half-wave dimensions of 
the simulator.  The frequency was selected in accordance with MIL-STD-464. 
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Table 2. Hazards of Electromagnetic Radiation to Ordnance (HERO) Criteria for Shipping, 
Storage, Loading and Launching (Tactical) of IGUFS 

 

 
 
 Safety Requirement: The main concern is that the bridge wire mechanism inside the round 
housing is known to be very sensitive to induced RF energy.  Also, electronics in the launcher are 
sensitive to modulated RF signals.  RF signals could cause the fire control electronics to lock up, jam or 
send a firing pulse to the CCA circuit board inadvertently.  For EIDs whose premature initiation would 
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cause injury to personnel or damage to equipment, no more than 15% of the no-fire voltage of the device 
is permitted to be induced in the EID. 
 
 HERO Instrumentation:  For each test configuration, the energetic material of electric match 
was removed and replaced with a fiber optic current sensor to measure the RF induced current.  Figure 7 
shows a cross section of the instrumented test sample.  The fiber optic sensor was soldered, very 
carefully, to the wires that correspond to the electric match.  Care was taken to have all connections as 
short as possible to maintain the impedance of wires very low.  When the instrumentation was completed, 
the output of the fiber optic sensor was then connected to the input of a fiber optic receiver that collects 
the data in real time mode, where Io in figure 7 is the induced current of the RF signals. 
 
 In general, the Photonetics Fiber-optic Sensor Probes METRICOR C type provides a unique, 
accurate and highly reliable current measurement capability.  It is capable of evaluating the HERO in the 
presence of high levels of electromagnetic environments (microwave or radio frequency interference) for 
explosive materials such as 
squibs and electro explosive 
devices.  The METRICOR C 
type probes employ a unique 
approach to fiber-optic sensing 
or Color Optic measurement.   

Test Procedures: 
 

(a) Six 
instrumented 
electric matches 
were evaluated 
by placing them 
facing the antenna.  The antenna beam was aligned for maximum RF coupling.  

(b) After personnel left the test area, the RF transmitter was tuned to the first test frequency 
(200 Mhz) 

(c) The RF transmitter’s output power was increased, gradually, until: 1) a significant current 
was measured by the fiber optic sensor, 2) the field intensity has reached the level 
specified or 3) the transmitter reached maximum output power.  

 
Pass/Fail Criteria: The DC current response of each fiber optic sensor was recorded and used in 

conjunction with the commercially made electric match that was designed to have a no-fire current (NFC) 
of 0.25 amp.  The applied field (Fi) and the measured current (Imea) were used to calculate the required 
safety factor.  The electrically initiated round would have passed the required safety requirements if at 
each frequency the calculated safety factor is greater than 16.5 dBs.   
NFFI is calculated using the following equation for Safety requirements: 
 

NFFI = (Fi * Sf) (NFC / Imea) 
 
Where 
 
 NFFI  = No-Fire Field Intensity in V/m.  Field intensity required to induce the NFC. 

Fi  = Field Intensity measured by field probe. 
 Sf  = Required Safety Factor = 15% or (16.5 dB) 
 NFC    = No-Fire Current of 0.25, 1.0, 1.60 Amp. 
 Imea  = Measured Induced Current in mA. 

Figure 7. HERO Test Fiber Optic Instrumentation 



- 184 - 

 
Results: All electric match configurations passed HERO except the N32B with PVC lead wire.  It 

should be noted that the electric match currently used in the M21 simulator is the conductive coated 
N32B electric match with ferrite lead.  Table 3 summarizes the test matrix and results. 

 
Table 3. HERO Test Matrix and Result Summary 

MIL-STD-464 TRI-SERVICE SAFETY REQUIREMENTS 

Test Matrix STORAGE/SHIPPING TACTICAL 

N32B with PVC_Wire FAIL FAIL 

N100B with Ferrite Wire PASS PASS 

Flash with Ferrite_Wire PASS PASS 

N32B with Ferrite Wire PASS PASS 

N100B with PVC Wire PASS PASS 

Flash with PVC_Wire PASS PASS 

 
Electromagnetic Radiation Operational (EMRO) 
 
 Test Criteria: Table 4 lists all the frequencies, field intensities, modulations and polarizations 
that a weapon or training system should survive.  This criterion describes and limits the effect of the 
electromagnetic radiation environment on weapon systems containing electronics that control firing 
functions.  During EMRO evaluation, the IGUFS's coffin that contains the Control Circuit Assembly was 
exposed to EMRO environments as dictated by MIL-STD 464.   To simulate the worst case condition, the 
coffin and side rails were removed from the IGUFS and evaluated under EMRO conditions for system 
susceptibility. 
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Table 4. EMRO Requirements from Ground Communication Equipment and Radars 
 

 
 

Test Hardware: This test phase evaluated the RF susceptibility of the IGUFS in its armed 
tactical configuration. The IGUFS was powered on and placed in its operating mode to determine whether 
or not the RF could jam the firing electronics when sending a firing pulse.  The IGUFS was placed on top 
of a nonconductive surface facing the transmitting antennas.  The IGUFS was radiated with Continuous 
Wave (CW), Amplitude Modulated (AM) and Pulsed Modulated (PM) signals.  A test/trigger box was 
used to generate simulated firing pulses.  These are the firing pulses that are obtained from the IGUFS 
when it detects a hit.  The IGUFS was tested in its power on/armed tactical configuration to determine the 
susceptibility of its electronic firing circuitry.   
 

Test Procedures: 
 

(a) The IGUFS Coffin was evaluated by positioning it facing the antenna.  
(b) Establish all cable connections between the "Fire Box" and the "Coffin". 
(c) Select the appropriate switch on the test box. 
(d) Switch the Coffin on and wait for a series of sequential audible tone for approximately 60 

seconds.  At the end of 60 seconds the Coffin will be armed and ready to begin EMRO exposure. 
(e) Verify that all personnel left the test chamber, the RF transmitter was tuned to the test frequency 

and CW modulation signal listed in table 5. 
(f) The RF transmitter’s output power was increased, gradually, until the field intensity has reached 

the level specified in Table 5.    
(g) While exposing the Coffin to RF, press the push-button on the Test Box to send a pulse to the 

Coffin at 4 second intervals.  LEDs on the IFUFS side-rails should illuminate to verify signal is 
received by the Coffin. 

(h) Observe that all rounds have been fired by LED signature on the side-rails. 
(i) Test frequency, field level, modulation and operational condition of the Coffin were recorded.   
(h) Steps (a) to (i) were repeated for all frequencies and CW, AM and PM modulations. 
(i) Test data was tabulated in table 5. 



- 186 - 

Pass/Fail Criteria: When exposed to the EMRO environments, the IGUFS in its powered-on 
state should not lock up nor experience any degradation to the CCA. 
 

Results:  The IGUFS operated without any degradation during and after exposure to EMRO 
environments.  Test results were summarized in Table 5. 
 

Table 5. EMRO Test Result Summary 
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CONCLUSIONS 
 

The Flash Match and conductive coated N32B and N100B electric matches were subjected PESD 
test per MIL-STD 331B and had a 100% pass rate (22 out of 22) in three different modes at a level of 
negative and positive 25KV.  They were proven to be safe for use in M21 simulator.  However, non-
conductive coated N32B was susceptible to PESD at 25KV (13 out of 22 failed) in a separate study 
conducted by RDECOM-ARDEC.  Both N32B and N100B are more sensitive to PESD because a lead-
based compound is used in their fuse-heads.  The Flash Match is an aluminum/boron based igniter and 
thus a conductive coating is not required to protect PESD.  It should be noted that the MIL-STD 331B is 
intended primarily for end-item configurations.  It may be considered as an over-test for a bare match.  
However, the results obtained by this test can be used to evaluate the relative PESD susceptibility level 
for various electric match configurations. 
 

For HERO evaluations, the electric match was tested in the worst case scenario by exposing it to 
the RF environment outside the shipping container and protective housing.  It was aligned in the RF 
environment to experience maximum exposure to the test antennas.  Various test frequencies and 
polarizations were used as prescribed by MIL-STD-464.  The evaluation was done from the data gathered 
and it was determined that all electric match assemblies were not susceptible to HERO except the N32B 
with PVC lead wire due to its low initiation threshold.  The N32B with ferrite impregnated lead wire had 
survived because high RF energy was largely absorbed (frequencies strongly attenuated) in the ferrite 
grains and converted into heat.  
 

For EMRO evaluations, the IGUFS system was placed under server RF fields to verify the CCA 
circuit board's electronics functional ability.  As described by MIL-STD 464, several AM, PM 
modulations and CW frequencies were beamed onto the IGUFS/Coffin with the antenna polarized 
vertically and horizontally.  Again as worst case scenario, the coffin and side rails were separated from 
the IGUFS and interfaced using a control test box to operate the system while under test.  The data 
generated from the EMRO test was used to evaluate the integrity of the IGUFS system against external 
RF influences.  The IGUFS did not demonstrate any failure due to the EMRO environments that were 
imposed on it.  The system met the stringent criteria of MIL-STD 464. 
 
 

REFERENCES 
 
Military Standard & Specifications, 
MIL-STD 464B, Hazards of Electromagnetic Radiation to Pyrotechnics and Ordnance. 
 
Military Standard & Specifications, 
MIL-STD 331, Test FI.  Personnel-borne Electrostatic Discharge (PESD) to Pyrotechnics. 
 
Pyrotechnics, Joseph H. McLain, the Franklin Institute Press, ISBNO-89168-032-2. 
 
Conking J., Chemistry of Pyrotechnics, Marcel Dekker, New York, 1985. 
 
Gary Chen, Greg Mannix, Lou Vito, Electrical Match Conductive Coating Development, Electrostatic 
Discharge Testing and Evaluation, US Army, Technical Report ARAED-TR-96028, November 1996. 
 
Gary Chen, Paul Agresti, Terrance Rivinius, Characterization of Electric Match Initiators by Output 
Performance, US Army Technical Report ARWEC-TR-97006, July 1997. 
 



- 188 - 

Derrick Coppin, Greg Mannix, Wai Lee, Effectiveness of Ferrite cable for Pyrotechnic Training 
Simulator Applications, US Army Technical Report ARWEC-TR-99004, August 1999. 
 
Gary Chen, Adriana Eng, Rene Valentine, M26 Simulator Improvement Study, US Army Technical 
Report ARWEC-TR-00009, November 2000. 
 



- 819 - 

Thermal Parameters of the Burning Wave for Double Mixtures  

of Different Fuels with Potassium Nitrate 

Varyonykh N.M.∗), Obeziyaev N.V.∗∗), Sheludyak Yu.E.*) 

Introduction 

An analysis of experimental data on the burning rate for double mixtures of magnesium with 

potassium nitrate has been done in work [1]. In this study the results of analysis of experimental data, on 

the burning rate for stoichiometric mixtures of potassium nitrate with different fuels - titanium [2], silicon 

[3], tungsten, molybdenum and chromium [4] - are presented at the atmospheric pressure. The thermal 

parameters of the critical section of the burning wave for these mixtures have been calculated: heat flow 

qm, enthalpy hm and temperature T*. 

The Method of Analysis of Experimental Data 

In the basis of analysis of experimental data, on the burning rate there is the following equation [5 

– 7]: 

)( hhqu mm −=ρ  (1) 

This equation comes out from the law of conservation of energy for reactive systems. In the equation (1) 

u is the linear velocity of combustion; ρ and h are the density and the enthalpy of a combustible system at 

the initial temperature T correspondingly; hm is the enthalpy of a combustible system in the critical section 

of the burning wave; qm is the heat flow in the critical section of the burning wave. 

The parameters of the critical section of the burning wave qm are derived from the linear dependence of 

the reverse mass burning rate on the enthalpy: 

h
qq

hu
mm

m ⋅−=− 1)( 1ρ  (2) 

In the coordinates h – (uρ)-1 the straight line (2) cuts off the value of hm on the abscissa, while the 

inclination of the straight line determines the value of qm. The parameter qm characterizes heat transfer 

from the zone of high temperatures to the critical section of the burning wave. It is determined by heat-

generation process of chemical reactions in the zone of high temperatures as well as by heat-exchange 

with the surroundings. The parameter hm is determined by the nature of a combustible system and by low 
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temperature chemical reactions. An inert system can be heated by the quantity of heat qm to the 

temperature T*. The real temperature in the critical section of the burning wave Tm is a bit higher and it is 

calculated with the help of the following equation: 

*

2

TT
T

R
E

m

m

−
= , (3) 

where E is the energy of activation, R - universal gas constant. 

The equation for the temperature coefficient of the burning rate, which comes out from the 

equation (1), looks like this: 

hh
c

T
u

m

P
T −

=
∂

∂= )ln( ρβ , (4) 

where cP is specific heat at constant pressure of a combustible system. In a particular case, when the 

dependences of density and heat capacity of a combustible system on temperature can be neglected, the 

equations (1) and (4) look like these: 

TT
TTuu

−
−= *

0
*

0 , (5) 

TTT −
= *

1β  (6) 

where u0 is the burning rate at the temperature T0. 

At very high initial temperatures, when during the period of thermostatting tT the heat-generation 

from chemical reactions becomes noticeable, the values of u and βT depend not only on the initial 

temperature T but also on the period of thermostatting tT: 

),( Tm

m

tTQhh
qu

η
ρ

+−
= , (7) 
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T tTQhh

TQc
η

ηβ
+−

∂∂−= , (8) 

where Q is the thermal effect of a reaction, η is the part of reacted combustible system during the period 

of time tT. 

At T→T* the burning rate must have the following value: 
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In fact, selfignition of mixture will occur at a higher temperature, and this temperature is 

determined by the conditions of heat-exchange between the sample and the surroundings. 

At very high initial temperatures the experimental values of (uρ)-1 lie above the extension of the 

straight line (2), which was obtained at lower temperatures. The deviation ∆h of experimental points from 

the straight line determines the value Qη of heat-generation from a chemical reaction at the given 

temperature during the period of thermostatting tT. Due regard for these points results in a worse 

description of experimental data and higher values of hm and qm. 

Experimental Data on the Burning Rate 

Measurements of the burning rate for mixture comprising, by weight, 62.8% KNO3 and 37.2% Ti 

have been done in work [2]. The studies were conducted on samples of 20 g each. The samples were 

pressed into paper shells with the diameter of 24 mm and the wall thickness of 1.2 mm. The average 

particle size of potassium nitrate was 120 µm and that of titanium – 40 µm. The porosity of samples was 

Π = 0.3. The measurements were done at initial temperatures T = 213, 293, 373 and 473 K. 

Measurements of the burning rate for mixture comprising, by weight, 74.2% KNO3 and 25.8% Si 

have been done in work [3]. The studies were conducted on samples pressed into paper shells with the 

diameter of 15 mm, the wall thickness of 1 mm and the height of 20 mm. The porosity of samples was Π= 

0.2. The average particle size of potassium nitrate was 120 µM and that of silicon - 12.5 µm. The 

measurements were done at initial temperatures T = 213, 293 and 473 K. 

Measurements of the burning rate for mixtures comprising, by weight, 40% KNO3 + 60% W; 

56% KNO3 + 44% Mo; 53.8% KNO3 + 46.2% Cr have been done in work [4]. The studies were 

conducted on samples, pressed into paper shells with the diameter of 15 mm, the wall thickness of 1 mm 

and the height of 20 mm. The porosity of samples was Π=0.2. The average particle size of potassium 

nitrate was 120 µm. The average particle size of fuels was: 0.8 µm for tungsten, 2.5 µm for molybdenum 

and 5 µm for chromium. The measurements of the burning rate were done at different initial 

temperatures: 293, 373, 473 and 523 K for W/KNO3 mixture; 293, 423, 473, 523 and 573 K for 

Mo/KNO3 mixture; 293, 373, 473, 573 and 623K for Cr/KNO3 mixture. 
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Experimental data [2-4] on the burning rate for potassium nitrate/fuels mixtures at different initial 

temperatures are given in Table 1. 

 

Table 1 

Experimental Data on the Burning Rate for Potassium Nitrate/Fuels 

Mixtures at Different Temperatures 

Burning rate U mm/s at temperature T, K 
Mixture 

213 293 373 423 473 523 573 623 
0.628 KNO3 + 0.372 Ti 9.80 11.3 13.40 - 17.40 - - - 
0.742 KNO3 + 0.258 Si 0.81 0.90 - - 1.15 - - - 

0.4 KNO3 + 0.6 W - 4.60 5.15 - 7.25 7.75 - - 
0.56 KNO3 + 0.44 Mo - 3.00 - 5.05 5.85 7.90 11.20 - 

0.538 KNO3 + 0.462 Cr - 2.05 2.2 - 2.45 - 3.00 3.20 

Thermodynamic Properties of Mixtures 

The data on the temperature dependences of enthalpy and density, which were necessary for the 

equation (1), had been calculated on the basis of reference data [8 – 10] on heat capacity cP and the 

coefficient of thermal expansion α of the components. At first the enthalpy of the components was 

calculated according to the following equation: 

∫ ∆+=
T

PtP hdTch
293

, (10) 

where ∆hPt is the heat of phase transition. For KNO3 ∆hPt = 49.9 kJ/kg at T = 402 K and ∆hPt = 96.9 kJ/kg 

at the melting point T = 607.7 K. The value of the temperature T0 = 293 K was taken as the starting point 

of the enthalpy h = 0 in the equation (10). Then the enthalpy of mixture was calculated according to the 

addition formula: 

2211 XhXhh += , (11) 

where X is the content of a component (by weight) in a mixture. The indexes "1" and "2" mean the 

oxidizer and the fuel correspondingly. 

In an analogous way the density of the components at the given temperature was calculated with 

the help of the reference data on the coefficient of thermal expansion. Then the density of mixture was 

calculated according to the following formula: 

( )22111 ρρρ XX += , (12) 
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The decrease in the density on 3% at the temperature of phase transition T = 402 K for KNO3 was taken 

into account. 

The Results of Analysis of Experimental Data 

The values of thermal parameters in the critical section of the burning wave hm, qm and T*, which 

have been obtained from the analysis of the experimental data [2 – 4] are given in Table 2. In Table 2 

there are also the range of initial temperatures T, the number of experimental points n and the mean-

square error of approximation of the experimental data on the burning rate δu. 

Table 2 

Thermal Parameters of the Burning Wave for Potassium Nitrate/Fuels Mixtures 

Mixture T, K n δu, % hm, 
kJ/kg 

qm, 
kJ/(m2s) T*, K 

0.628 KNO3 + 0.372 Ti 213 - 473 4 3.0 574.1 11790 783.0 
0.742 KNO3 + 0.258 Si 213 - 473 3 1.8 1144.0 1734 1194.0 

0.4 KNO3 + 0.6 V 293 - 523 4 2.2 385.5 6413 862.5 
0.56 KNO3 + 0.44 Mo 293 - 573 5 2.0 347.0 2735 630.7 

0.538 KNO3 + 0.462 Cr 293 - 573 4 2.8 1135.0 5779 1413.0 
 293 - 623 5 2.9 1217.5 6230 1492.0 

The lowest value of T*, which is a bit higher than the melting point of potassium nitrate, can be 

observed for Mo/KNO3, mixture. For Ti/KNO3 and W/KNO3 mixtures the values of T* are a bit higher 

and near the values of the temperature in the critical section of the burning wave for 

magnesium/potassium nitrate mixtures [1]. For mixtures of these metals with potassium nitrate, the heat-

generation in the critical section of the burning wave (which causes ignition) depends on the interaction 

between metal and oxygen, which is liberated at the initial stage of decomposition of nitrate into nitrite. A 

higher degree of decomposition of nitrate is necessary for chemical processes in the critical section of the 

burning wave for Si/KNO3 mixture. The highest value of T* = 1413 K was obtained for Cr/KNO3 mixture. 

This very high value of T* is caused, perhaps, by the existence of a protective oxide film on 

chromium particles; this film decomposes at the temperature 1373 K [4]. For Cr/KNO3 mixture there are 

two sets of values of hm and qm. The first set of values was obtained for the range of initial temperatures 

T= 293 - 573 K, while in the second set of values the burning rate at T = 623 K was taken into account (at 

this temperature potassium nitrate is in a melted state). Due regard for this experimental point (at the same 

error of description of initial data) results in increase in the values of hm, qm and T* on 7.3, 7.8 and 5.6% 

correspondingly. Although these values are in the limits of error, they can be an indication of the 

interaction between chromium and liquid potassium nitrate during the period of thermostatting. 
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Application of the more simple dependence (5) led to some increase in the error of description of 

initial data as well as to a small misrepresentation of the values of thermal parameters in the critical 

section of the burning wave. The largest misrepresentation can be observed in calculations of the 

temperature coefficient of the burning rate. According to the formula (4) at the temperature of phase 

transition KNO3 βT increases by leaps, but according to the more simple formula (4) βT is a continuously 

increasing function of temperature. 

Thus the enthalpy approach does not only provide the description of the temperature dependences 

u and βT with a high accuracy but also allows to get a very important information about physical and 

chemical processes in the critical section of the burning wave for a pyrotechnic mixture. 
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Abstract 
In recent years many studies that incorporated nano-scale or ultrafine aluminum (Al) as part of an 

energetic formulation and demonstrated significant performance enhancement. Decreasing the fuel 
particle size from the micron to nanometer range alters the material’s chemical and thermal-physical 
properties. The result is increased particle reactivity that translates to an increase in the combustion wave 
speed and ignition sensitivity.  Little is known, however, about the critical level of nano-sized fuel 
particles needed to enhance the performance of the energetic composite. Ignition sensitivity and 
combustion wave speed experiments were performed using a thermite composite of Al and MoO3 pressed 
to a theoretical maximum density of 50% (2 g/cm3).  A bimodal Al particle size distribution was prepared 
using 4 or 20 µm Al fuel particles that were replaced in 10% increments by 80 nm Al particles until the 
fuel was 100% 80 nm Al.  These bi-modal distributions allow the unique characteristics of nano-scale 
materials to be better understood.  The pellets were ignited using a 50W CO2 laser.  High speed imaging 
diagnostics were used to measure the ignition delay time and combustion wave speed. 
 
Introduction 

In a study by Popenko et al [1], a mixture of ultrafine Al powder was combined with traditional, 
micron scale Al powder for an examination of the combustion behavior in air. They analyzed the presence 
of bound nitrogen in the products of bimodal Al - air combustion and found that for mixtures consisting 
of less than 70 % micron-scale Al powder the percent of bound nitrogen remained constant. The 
interesting finding was that the bound nitrogen content in the combustion products of these mixtures 
decreases considerably if the ultrafine Al concentration in the mixture is less than 20 % and this behavior 
is attributed to the concurrent processes of sintering and incomplete combustion [1]. 

Using nanometer combined with micron scale Al particles in rocket propellant applications has 
strong advantages. For example, all Al particles are pyrophoric and therefore passivated with an 
unreactive oxide shell (e.g., Al2O3). As the particle surface area to volume ratio increases the presence of 
Al2O3 increases and becomes a significant portion of the overall mixture. Because propellant payloads can 
be restrictive, the unwanted levels of an unreactive oxide that may add weight and reduce energy density 
are undesirable [2]. For this reason, adding small amounts of nanometer to micron-scale Al particles may 
facilitate increased reactivity without the unwanted burdens of excessive amounts of Al2O3. In a study by 
Dokhan et al [3] the burning behavior of ammonium perchlorate (AP) solid propellant with bimodal 
aluminum particle size distributions was examined. They showed a significant increase in burn rate with 
only a 20% addition of nanometer Al. At this level, Dokhan et al [3] showed Al combustion takes place 
closer to the propellant burning surface allowing increased radiative and conductive heat feed back that 
may increase the temperature at the burning surface and correspondingly increase the burn rate.  

Thermite reactions, like propellants, are a heterogeneous mixture of fuel and oxidizer particles. A 
recent surge of interest is focused on developing thermites that may replace traditional lead-based 
compounds in gun primers [4]. Reducing the presence of toxins such as lead in firearms will not only 
reduce health risks to personnel but will also improve the environment. In particular, nanometer Al mixed 
with molybdenum trioxide and acetylene black (a form of carbon) is being studied as a replacement for 
lead compounds [4].    

Granier et al [5] examined the ignition and burning behavior of Al-MoO3 composites as a 
function of Al particle size. Their work showed that reducing the Al particle size from micron to 
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nanometer dimensions decreased the ignition time by two orders of magnitude (from roughly 10 s to 10 
ms). The significantly enhanced ignition sensitivity may be attributed to the reduced melting temperature 
associated with nanometer particles [5]. On the nano-scale the ratio of surface to interior atoms is high 
resulting in an overall higher surface energy state than with larger size particles. This energy manifests 
itself in the form of increased surface tension and altered thermodynamic properties, namely a reduced 
melting temperature [6]. Because thermite reactions are typically diffusion controlled, the melting of one 
species can trigger the diffusion reaction [7]. Because the melting of nanoparticles occurs at reduced 
temperatures, the diffusion reaction may initiate at lower temperatures and result in shorter ignition delay 
times. Other factors may also contribute to the enhanced ignition sensitivity, such as altered absorption 
properties which enable nano-Al particles to absorbed higher concentrations of energy than their micron 
scale counterparts. In fact, Yang et al [8] showed that the absorption coefficient of 30-nm Al particles is 
significantly greater than micron scale particles and a strong function of particle size (see Fig. 5 of Ref. 
8). 

This study will examine the ignition sensitivity and combustion wave speed of Al – MoO3 
composites as a function of the Al size distribution. Mixtures are prepared using 4 or 20 micron combined 
with 80 nm diameter Al particles in discrete mixture ratios. Experiments were performed on pressed 
pellet samples using a laser ignition apparatus and a high speed imaging diagnostic system to record 
ignition and flame propagation. The goal of this study is to investigate the influence of nanometer scale 
Al on enhancing the ignition sensitivity and combustion wave speed of thermites. 
 
Experimental 
 
Sample Preparation 

 The aluminum was mixed with MoO3 on a 40/60 wt % ratio which corresponds to a slightly fuel 
rich equivalence ratio of 1.1. This mixture ratio was shown to be an optimal composition for achieving the 
highest combustion wave speed and shortest ignition delay time [5]. The powders were dispersed in a 
hexane solution and sonicated for 20 minutes to break up agglomerates and ensure a homogeneous mixture. 
The wet solution was poured into a tray and slightly heated to allow hexane evaporation. A well-mixed, 
dried powder was separated into 230-270 mg quantities and cold pressed with a hydraulic press and a 
uniaxial die. All final pellets were 3.9 mm in diameter and 6.51 mm in length and pressed to a theoretical 
maximum density of 50% ( ≈ 2 g/cc).  Theoretical maximum density calculations are based on the weighted 
average of Al, MoO3, and Al2O3 present in the mixture. Particle descriptions of each reactant are tabulated 
in Table 1.  

Eleven mixtures of Al/MoO3 were prepared, each with a varying distribution of aluminum size.  
The active Al content of each sample remained relatively constant, however, the Al particle size distribution 
varied from 100 % 80 nm to 100 % 4 or 20 micron. The distribution of active aluminum by particle size for 
each of the samples is illustrated in Fig. 1. An SEM micrograph shown in Fig. 2 illustrates the relative size 
of the 80 nm and 4 um Al particles.  

Table 1 Reactant Particle Description  

80 nm Al 73 4.3 nm Nanotechnologies, Inc.
4 um Al 91 70 nm Alfa Aesar

20 um Al 99 30 nm Sigma Aldridge
MoO3 - - Technanogy/Climax

Particle % Active Al Al2O3 
Thickness Supplier
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Figure 1 Schematic illustrating bimodal mixture ratios 

 

 
Figure 2 An SEM micrograph of an 80 nm and 4 um Al mixture 

Experimental Setup 
   The laser ignition apparatus consists of a 50-W CO2 laser, power meter and associated optics. A 

complete description of this apparatus is presented in [5] but will be summarized here for completeness. 
The laser beam and pellet diameter are equal such that the flat surface of the cylindrical pellet was aligned 
with the laser beam. In this way, the Gaussian distribution of laser energy causes the pellet center to ignite 
first. A Phantom IV high speed camera captured images of the reaction at 32,000 frames per second.   

Ignition is defined in the context of thermite combustion as the onset of a fully sustained self-
propagating reaction. If the reaction is extinguished or quenched before consuming all reactants, the 
sample was deemed not to have achieved ignition. There are several techniques for measuring an ignition 
delay time [5]. The technique applied here is based on the “first-light” approach in which ignition time is 
determined as the time lapse between sample exposure and detection of the first light. This may not 
guarantee ignition but is a commonly used technique for experimentally determining ignition times [9].  
The high speed camera is synchronized with the CO2 laser and detects light intensity. In this way, the 
reaction light is used as the illuminating source to visualize the ignition process.   
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Burn rate is a measure of the burning solid surface of an energetic material and often is used in 
reference to a single particle. Propellant combustion studies typically refer to a mass burning rate which 
characterizes the regression rate of the combusting solid propellant. In this thermite combustion, the 
flame consumes and spreads through discrete particles packed in a highly porous matrix. Because the 
physics of flame propagation in this arrangement entails flame spreading and is a strong function of the 
packing arrangement of particles and porous structure of the material, the term combustion wave speed 
will be used to characterize the velocity of the leading edge of the reaction zone.  
 
Results 
 
Ignition Sensitivity 
Figure 3 is a sequence of still frame images illustrating ignition and flame propagation captured with the 
high-speed camera. Ignition occurs at the pellet center and propagates radially and axially along the 
pellet. The flame front is stable and planar and fully self-sustained. 

 

Frame 3605 
111.762 ms 

 

Frame 3606 
111.792 ms 

 

Frame 3607 
111.823 ms 

 

Frame 3608 
111.855 ms 

 

Frame 3609 
111.886 ms 

 

Frame 3610 
111.916 ms 

 

Frame 3611 
111.947 ms 

Figure 3. Still frame images of ignition and flame propagation of a Al-MoO3 pellet with a 
bimodal Al particle size distribution: 60% 80 nm and 40% 4 µm Al.  The frame 
number and time from trigger are also given.  

 
Figures 4 and 5 show the ignition delay time as a function of percent nano-Al within the mixture. 

The standard deviation bars represent the range of data measurements for between 4-6 pellets from each 
of the 11 mixtures, the data point corresponds to the average ignition delay time.   
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Figure 4.  Ignition time as a function of percent 80 nm Al content for 4 µm Al 
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Figure 5.  Ignition time as a function of percent 80 nm Al content for 20 µm Al 

 
Wave Front Velocity  

The combustion wave speed was measured using the Phantom IV diagnostic software and images 
recorded by the high speed camera.  The following six frames shown in Fig. 6 illustrate the nature of the 
self-propagating wave through a Al-MoO3 composite with an Al distribution of 60% 80 nm and 40% 4 
µm. 
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Frame 3612 
111.979 ms

 Frame 3615 
111.762 ms

  
Frame 3618 
112.164 ms

  
Frame 3621 
112.258 ms

  
Frame 3624 
112.351 ms

  
Frame 3627 
112.443 ms 

Figure 6 Pellet Combustion 
The imaging software uses a designated light intensity transition and the elapsed time between 

frames to calculate the combustion wave speed.  The combustion wave velocity for the 4 µm mixture is 
plotted as a function of 80 nm Al content in Fig. 7.  Also, Fig. 8 shows the combustion wave speed of 20 
µm Al plotted as a function of 80 nm Al content. 
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Figure 7. Combustion wave velocity vs. Percent 80 nm Al content for 4 µm Al. 

 



- 267 - 

0

10

20

30

40

50

0 20 40 60 80 100

Percent 80 nm Al Content

W
av

e 
Fr

on
t V

el
oc

ity
 (m

/s
)

 
Figure 8.  Combustion wave velocity vs. Percent 80 nm Al content for 20 µm Al. 

 
In Figure 8, the data points for 0 % and 10 % 80-nm Al content are not shown.  In the case of 0%, the 
pellet was exposed to the laser for a relatively long period of time before ignition of the pellet.  The 
exposure to this heat flux volumetrically heated the pellet, compromising the ignition conditions.  For this 
reason, the data point was not included.  For the 10 % 80 nm Al sample, the pellet could not sustain a self 
propagating wave. 
 
Discussion 
 
Ignition Sensitivity 
 The increased ignition sensitivity of mixtures with nanometer scale Al may be explained by the 
unique melting properties of nano-sized metal particles [5]. The Gibbs-Thompson equation theoretically 
describes melting temperature as a function of particle size [10]. Experimental measurements show this 
theory corresponds nicely to the measured Al melting temperature depression [6]. The ignition 
mechanism may proceed as follows. Upon heating, the melting Al encapsulated within an amorphous 
Al2O3 shell [2] will expand by roughly 6 % and may flow through the pores, fissures and cracks of the 
shell. The molten Al is highly reactive as it diffuses through the porous matrix. The high interfacial area 
between the air and the solid particles (Table 2) coupled with the pore size (dh in Table 2) which is on the 
order of the mean free path of the atoms facilitates fuel/oxidizer interaction through an increased number 
of contact points between the fuel and oxidizer. At this point, the MoO3 particles may remain in solid 
form because sublimation does not occur until 700 ºC. Solid MoO3 particles are sheet like with length 
scales on the order of 1 micron but thickness on the order of 10 nm. The packing configuration between 
spherical Al particles and sheet like MoO3 particles may facilitate contact between molten fuel and solid 
oxidizer. Once in contact, the diffusion reaction may proceed instantaneously. Enough energy is 
generated from the localized reaction between nano-Al and MoO3 to ignite neighboring particles. 
However, if the micron scale particles are too large (20 microns) and only 10 % nano Al is within the 
matrix, too much heat is lost to the larger scale particles to permit a self-sustained reaction. In this case, 
shortly after a localized reaction site is initiated, the reaction is quenched. It is noted that Popenko et al [1] 
also observed that if the ultrafine Al concentration in a mixture with micron scale Al powder is less than 
10 %, combustion is difficult to initiate.  
 The ignition times reported here for all mixtures containing nano-Al are consistant with the 
previous ignition time measurements made by Granier and Pantoya [5] for 100 % nano-Al – MoO3 



- 268 - 

mixtures. Ignition temperatures were estimated in [5] based on inert heating up to the point of ignition 
using a semi-infinite solid approximation. The results suggest ignition temperatures of approximately 200 
ºC, well below the bulk melting temperature of Al (660 ºC); and, these estimates are consistent with micro 
thermocouple measurements of ignition temperature [5]. However, the unique radiant absorption 
behaviors of nano-Al shown by [8] are not considered in those estimates. It is conceivable that significant 
thermal nonequilibrim may exist between the particles such that measurements of ignition temperatures 
and estimates based on Fourier heating and known ignition times may be misleading. To remedy this, 
another approach to modeling ignition is now suggested. 
 Ignition is often modeled using Fourier’s law to predict the temperature within the solid. The 
sharp reduction in ignition delay time that is particle size dependant may be described using a non-Fourier 
ignition model. Recent experimental studies provide evidence of non-Fourier transient conduction in 
some heterogeneous solids including granular materials, such as thermites [11, 12]. The nonhomogenous 
structure of the solid can induce sharp thermal waves by delaying the response between heat flux and 
temperature gradient. During this delay (or relaxation time), heat flux gradually adjusts (relaxes) to the 
value given by Fourier’s law. Therefore, the effects of non-Fourier heat conduction may only be 
significant at very early times, which may correspond to ignition times. In fact, it has been shown that 
these higher temperatures cause a 70% reduction in ignition time compared to the Fourier ignition time 
[11].  
 The relaxation time (τ) for nonhomogenous solids is dependant on the solid’s structural details 
(e.g., distribution of grain diameters). Large relaxation times are associated with granular structures (100 
micron diameter) and significant early temperature variations between the hyperbolic and Fourier cases. 
At early times, the difference in heating can be significant. If ignition occurs during these early times, 
materials with high relaxation times may exhibit earlier ignition due to increased initial temperatures and 
may also have lower activation energies. This theory suggests that composites composed of different size 
distributions will respond differently to thermal stimuli (ignition). Assuming an initial temperature jump 
exists, thermites with high relaxation times will ignite faster than those with low relaxation times. If large 
relaxation times (i.e., τ > 1 s) are associated with large grain materials (100 micron diameter), smaller 
relaxation times may be associated with nanoscale materials. Small relaxation times correlate to 
temperatures approximating Fourier conduction. Thus, thermites composed of bimodal size distribution 
may experience hyperbolic heating. This may prove to be important in determining ignition and activation 
energies of composite materials. If ignition occurs at very early times hyperbolic conduction may prevail 
and the conventional approach (i.e., Fourier conduction) may not accurately model ignition because it 
does not account for thermal nonequilibrium between particles.  
 
Combustion Wave Speed 

The combustion wave speeds shown in Figs. 7 and 8 increases from roughly 1 to 40 m/s as 
nanometer Al content increases. The most interesting behavior is observed in Fig. 8 in which a sharp 
transition from relatively slow to fast flame propagation occurs between 50 and 70 % nanometer Al 
content. A similar trend was previously observed in porous explosive charges and attributed to a 
transition from normal to convective burning [13].  When convective burning takes precedence over 
thermal conduction and radiation, energy and mass transfer in the burning zone are driven by gas jets that 
penetrate into the pores of the energetic material. Bobolev et al [13] explain that in some cases 
penetration of the combustion into the pores is followed by the establishment of a regime of stationary 
convective burning whose rate substantially exceeds the normal burning rate. In an effort to identify this 
burning regime, an analysis of porous energetic material combustion under constant pressure conditions 
has lead to a stability criterion known as the Andreev number, An (Eq. (1)) [13]. This non-dimensional 
parameter is similar to the Peclet number except tailored for reacting flow through porous media.  

An=
g

phb

k
cUdρ

=const. (1) 
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In this equation, ρb is the bulk density of the composite, U is the measured combustion wave speed, dh is 
the hydraulic pore diameter, cp is the heat capacity of the composite and kg is the thermal conductivity of 
the gas. If this value exceeds a certain constant, combustion penetrates into the porous structure and 
convective mechanisms dominate flame propagation.  

In making this calculation it is necessary to estimate the characteristic pore size which is termed 
the hydraulic pore diameter, dh, given by Eq. (2) [14]. 

)1(
4

ε
ε
−

=
o

h A
d  (2) 

In this equation ε is the void volume, Ao is the specific surface area based on the solid volume and is 
calculated as the solid surface area divided by the solid volume (As/Vs), and (1-ε) is the solid volume 
fraction [14].  
 Table 2 shows the calculated values of the physical and thermal parameter for both the 4 and 20 
micron containing bimodal mixtures. These calculations are based on the assumption of kg = 0.137 W/mK 
corresponding to air at an average temperature of 2000 K. For each estimate, the An number is 
significantly less than 1.0. Bobolev et al [13] calculated critical An numbers between 3 and 10 and 
generalized that if the An > 6.0 combustion will penetrate into the pores and convective mechanisms will 
play the primary role in accelerating the flame front. 
 

Table 2. Calculated thermal and physical parameters for all Al-MoO3 composites 

0 2272 885.4 0.165 1.2678E-03 1.98E-08 5.27E-14 3.24E-07
10 2270 884.4 0.982 7.5389E-03 1.97E-08 8.83E-15 1.78E-07
20 2268 883.4 1.798 1.3810E-02 1.96E-08 4.80E-15 2.83E-07
30 2266 882.5 2.615 2.0081E-02 1.95E-08 3.29E-15 1.92E-07
40 2264 881.5 3.431 2.6352E-02 1.94E-08 2.50E-15 1.33E-07
50 2262 880.5 4.248 3.2623E-02 1.93E-08 2.01E-15 2.85E-07
60 2260 879.5 5.064 3.8894E-02 1.92E-08 1.68E-15 3.19E-07
70 2258 878.5 5.881 4.5165E-02 1.91E-08 1.44E-15 3.70E-07
80 2256 877.5 6.698 5.1437E-02 1.90E-08 1.26E-15 3.93E-07
90 2253 876.5 7.514 5.7708E-02 1.89E-08 1.11E-15 3.56E-07

100 2251 875.5 8.331 6.3979E-02 1.87E-08 9.99E-16 5.44E-07

0 2278 889.8 0.033 2.5289E-04 2.01E-08 2.67E-13
10 2276 888.4 0.863 6.6255E-03 2.00E-08 1.02E-14
20 2274 887.0 1.692 1.2998E-02 1.99E-08 5.16E-15 7.60E-08
30 2272 885.5 2.522 1.9371E-02 1.98E-08 3.45E-15 6.89E-08
40 2269 884.1 3.352 2.5743E-02 1.96E-08 2.58E-15 7.68E-08
50 2267 882.7 4.182 3.2116E-02 1.95E-08 2.06E-15 1.53E-07
60 2264 881.2 5.012 3.8488E-02 1.94E-08 1.71E-15 3.43E-07
70 2261 879.8 5.841 4.4861E-02 1.92E-08 1.46E-15 6.26E-07
80 2258 878.4 6.671 5.1234E-02 1.91E-08 1.27E-15 6.33E-07
90 2254 876.9 7.501 5.7606E-02 1.89E-08 1.12E-15 5.90E-07

100 2251 875.5 8.331 6.3979E-02 1.87E-08 9.99E-16 4.37E-07

Hydraulic Pore 
Diameter (m)

Andreev 
Numberε/(1−ε)Αο (1/m)% nano Al 

content
Total Surface 

Area (m2)ρ (kg/m3) Cp (J/kgK)

For 80 nm Al mixed with 20 micron Al particles and MoO3

For 80 nm Al mixed with 4 micron Al particles and MoO3

Αο (1/m) ε/(1−ε)
Hydraulic Pore 
Diameter (m)

Andreev 
Number

% nano Al 
content ρ (kg/m3) Cp (J/kgK)

Total Surface 
Area (m2)

 
 The above analysis suggests that the transition from low to high combustion wave speeds may not 
result from a shift in the flame propagation mechanism. If conductive and radiative mechanisms remain 
dominant regardless of bimodal size distribution, then the nano-scale particles may exhibit unique thermal 
and chemical properties that enhance flame propagation.  
 Yang et al [8] showed nano-scale Al particles that can absorb more energy compared to their 
micron scale counterparts. The increased levels of absorbed energy may generate a more intense radiation 
field and elevate the temperature of the preheat zone, as depicted in Fig. 9. Higher preheat temperatures 
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will result increased combustion wave speeds. If too few nano-particles are present in the composite, the 
molten Al that expands out of the amorphous Al2O3 shell and oxidizes will not generate enough energy to 
heat coarser micron scale particles to their ignition temperature. The heat diffuses away from the localized 
reaction resulting in quenching of the reaction.   
 The effective thermal conductivity of the composite may also influence energy transport. The 
effective thermal conductivity is a function of the thermal conductivity values of each component within 
the matrix, the volume fraction, and the distribution of the matrix and dispersed phases(s). Hasselman and 
Donaldson [15] theoretically investigated the role of particle size in the effective thermal conductivity of 
composites and found that the presence of an interfacial thermal barrier could have a significant effect on 
composite thermal conductivity. In this system, the Al2O3 shell encapsulating nano-Al particles could 
represent an interfacial thermal barrier to some extent.  As localized Al oxidation reactions occur, the 
highly amorphous Al2O3 layer may provide enough thermal insulation to facilitate localized energy build 
up. When energy is constrained, heat losses associated with thermal diffusion away from the localized 
reaction are reduced. As the number of Al nanoparticles increases within the matrix, the surface area of 
the composite also increases (Table 2). The matrix takes on the form of an aerogel. The effective thermal 
conductivity is expected to vary in a sigmodial manner decreasing as particle size decreases and surface 
area increases [15]. Thus the heat released in the combustion of the nano-scale particles heats adjacent 
micron scale particles to their ignition temperature because of the low thermal conductivity of the 
mixture.  
 Both the micron and nano-scale Al particles play a significant role in the reaction mechanism. 
The nanoparticles facilitate the initiation of the reaction and the micron particles help sustain high energy 
densities. The results obtained for bimodal mixtures in a thermite composite are similar to results of 
bimodal Al mixtures reacting with air made by Popenko [1].  They suggests incomplete combustion for 
ultrafine Al concentrations less than 20 % [1]. This finding is consistent with the quenching observation 
made in this study for nano-Al concentrations of 10 %. Also, Dokhin [3] showed a plateau in burning 
performance for 70 % nano-Al concentration in bimodal Al mixtures added to AP. This work (Fig. 8) 
suggests 70 % nano-Al concentration will optimize the combustion wave speed in thermites. 
 The results presented here may have implications towards the use and handling of thermites. 
Nano-scale Al particles can be costly, significantly more so than micron scale particles. It may be 
advantageous to use mixtures of nano and micron scale material for large scale formulations. This works 
suggests the performance gains from nano-Al particles will not be sacrificed if only 70 % nano-Al 
material is used.  
 
Conclusions 

The ignition and combustion wave speed of thermite composites composed of Al and MoO3 were 
examined as a function of Al particle size distribution. Bimodal Al size distributions consisting of 80 nm 
combined with either 4 or 20 micron particles showed increased sensitivity to ignition with only a 10 % 
concentration of nano-scale particles. The increased ignition sensitivity is explained by the porous 
structure of the matrix which allows considerable surface contact between molten Al and solid oxidizer 
particles. Although the energy generated from the localized reaction between nano-scale Al and oxidizer 
is enough to initiate the reaction, in some cases the reaction is not self-sustaining. For example, with 10 % 
nano-Al particles combined with 20 micron particles the initiated reaction is quickly quenched as heat is 
lost to the surrounding media too quickly to permit a sustained reaction.  This study indicates that at least 
20 % nano-Al particles are required to ensure reduced ignition delay times and are on the same order as 
with mixtures containing 100 % nano-Al. The melting temperature depression associated with nano-scale 
Al particles is suggested as a contributing factor to the heightened ignition sensitivity. Hyperbolic 
conduction is proposed as a method of modeling ignition in these thermites. 
 Although ignition is enhanced with the addition of only 20 % nano-scale particles, the 
combustion wave speed is not significantly impacted until a 70 % concentration is nano-scale Al. The 
combustion wave speed increases from roughly 1 to 40 m/s up to 70 % nano-Al concentration. This is 
consistent with prior investigations on bimodal Al size distributions concerning Al with air and Al as a 
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propellant additive. Convective mechanisms were eliminated as a possibility for explaining the order of 
magnitude increase in combustion wave speed. In fact, convection was determined not to play a 
significant role in the flame propagation for any mixtures investigated here.  Thermal and chemical 
properties associated with nano-scale materials including an increased radiant absorption coefficient and 
reduced effective thermal conductivity may be responsible for the increase in combustion wave speed. 
Further investigations to better explain the sharp combustion wave speed increase associated with 
increased nano-Al content are currently underway. 
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The utilization of nanomaterials in energetic applications has launched alternative ideas on a previously 
mature field of investigation. This has lead to new concepts for the use of pyrotechnics, propellants, and 
explosives.  Entirely new ways of storing and manipulating chemical energy are now being realized for a 
host of relevant applications.  Elementary studies into the synthesis, characterization, modeling, safety, 
and energy release properties of these materials are currently being pursued at institutions worldwide and 
are critical to progress in this area.  We have been investigating the use of sol-gel chemistry as a practical 
and safe approach to the synthesis and processing of energetic nanomaterials.  The sol-gel method 
provides a straightforward and time-tested method for controlling particle size, particle morphology, 
porosity, purity, and composition of nanomaterials.  In addition it is a versatile processing medium that 
can be used to prepare powders, monoliths, films, or even sintered bodies.  Using methods advanced at 
LLNL a wide variety of sol-gel-derived nanometric oxidizers (e.g., Fe2O3, WO3

, NiO, MnO2) and a more 
limited set of nanometric fuels (e.g., hydrocarbon and carbon) have been prepared and characterized.  In 
our hands, one material in particular, sol-gel derived iron (III) oxide, has displayed very unique 
characteristics.  We have performed detailed characterization of this material and will discuss such, as 
well as the implications it has for applications, stability, and safety in energetic formulations.   
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ABSTRACT 
 

In the field of composite energetic materials, properties such as ingredient distribution, particle 
size, and morphology affect both sensitivity and performance. Since the reaction kinetics of composite 
energetic materials are typically controlled by the mass transport rates between reactants, one would 
anticipate new and potentially exceptional performance from energetic nanocomposites. We have 
developed a new method of making nanostructured energetic materials, specifically explosives, 
propellants, and pyrotechnics, using sol-gel chemistry. A novel sol-gel approach has proven successful in 
preparing metal oxide/silicon oxide nanocomposites in which the metal oxide is the major component. By 
introducing a fuel metal, such as aluminum, into the metal oxide/silicon oxide matrix, energetic materials 
based on thermite reactions can be fabricated. Two of the metal oxides are tungsten trioxide and iron(III) 
oxide, both of which are of interest in the field of energetic materials. In addition, due to the large 
availability of organically functionalized silanes, the silicon oxide phase can be used as a unique way of 
introducing organic additives into the bulk metal oxide materials. These organic additives can cause the 
generation of gas upon ignition of the materials, therefore resulting in a composite material that can 
perform pressure/volume work. Furthermore, the desired organic functionality is well dispersed 
throughout the composite material on the nanoscale with the other components, and is therefore subject to 
the same increased reaction kinetics. The resulting nanoscale distribution of all the ingredients displays 
energetic properties not seen in its microscale counterparts due to the expected increase of mass transport 
rates between the reactants. The synthesis and characterization of iron(III) oxide/organosilicon oxide 
nanocomposites and their performance as energetic materials will be discussed. 
 
 
 
INTRODUCTION 
 

Since the invention of black powder, 
one thousand years ago, the technology for 
making solid energetic materials has remained 
either the physical mixing of solid oxidizers and 
fuels (e.g. black powder), or the incorporation of 
oxidizing and fuel moieties into one molecule 
(e.g., trinitrotoluene (TNT)).  The basic 
distinctions between these energetic composites 
and energetic materials made from 
monomolecular approaches are as follows.  In 
composite systems, desired energy properties 

can be attained through readily varied ratios of 
oxidizer and fuels.  A complete balance between 
the oxidizer and fuel may be reached to 
maximize energy density.  However, due to the 
granular nature of composite energetic materials, 
reaction kinetics are typically controlled by the 
mass transport rates between reactants.  Hence, 
although composites may have extreme energy 
densities, the release rate of that energy is below 
that which may be attained in a chemical 
kinetics controlled process.  In monomolecular 
energetic materials the rate of energy release is 
primarily controlled by chemical kinetics, and 
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not by mass transport.  Therefore, 
monomolecular materials can have much greater 
power than composite energetic materials.  A 
major limitation with these materials is the total 
energy density achievable.  Therefore, it is 
desirable to combine the excellent 
thermodynamics of composite energetic 
materials with the rapid kinetics of the 
monomolecular energetic materials.  One 
possible way to do this is to mix the components 
of composite energetic materials on a size scale 
which will limit the effects of mass transport on 
the reactants, thus providing kinetics similar to 
those obtained in monomolecular energetic 
materials. 

We have previously prepared 
pyrotechnic and explosive composites based on 
thermite reactions whose fuel and oxidizer 
constituents are intimately mixed on the 
nanometer-sized scale [1-2].  These energetic 
nanocomposites, in an attempt to prepare a high 
energy, high power energetic nanocomposite as 
discussed above, are prepared by taking 
advantage of the unique nano-architechture and 
mixing properties provided by sol-gel chemistry.  
One limitation inherent in any thermite 
energetic, however, is the inability of the 
energetic material to do pressure/ volume-work 
on an object.  Thermites release energy in the 
form of heat and light, but are unable to move 
objects.  Typically, work can be done by a 
rapidly produced gas that is released during the 
energetic reaction.  In the case of the thermite 
energetic composite, a “gas generator” can be 
added to the composite mixture, however, this 
additive will be subject to the same mass 
transport issues mentioned above. 

This paper will discuss the preparation 
of energetic nanocomposites containing 
organically modified iron(III) oxide-silica 
oxidizing phases.  All nanocomposites have 
been synthesized using sol-gel chemistry in 
which aluminum metal particles are intimately 
mixed with the iron(III) oxide-silicon oxide 
phase.  The incorporation of organic 
functionality through the silicon oxide 

precursors results in the intimate mixing of a gas 
generator into the energetic composite on the 
nanoscale.  The release of gas upon ignition of 
the nanocomposite material is observed. 
 
EXPERIMENTAL DETAILS 
 
Synthesis of organic functionalized mixed 
metal oxide energetic nanocomposites 
 

In a typical reaction, FeCl3·6H2O (0.84 
g, 3 mmol) was dissolved with stirring in 3.8 g 
of 200 proof ethanol in a polyethylene vial to 
give a yellow-brown solution.  Once the 
FeCl3·6H2O was dissolved, the desired amount 
of organosilane (Fe/Si atomic molar ratio of 3-5) 
was added to the solution and the resulting 
mixture was allowed to stir for 10 minutes.  To 
induce gelation, a proton scavenging organic 
epoxide, propylene oxide (PO; 28 mmol), was 
then added to the sol in at least two separate 
aliquots.  (CAUTION:  addition of PO to a 
FeCl3·6H2O solution is accompanied by 
significant heat generation, which in some cases 
leads to flash boiling of the synthesis solution.  
This reaction should only be performed in a well 
ventilated lab space with the careful addition of 
PO to the FeCl3·6H2O/organosilane solution in 
two or three aliquots, allowing for sufficient 
cooling time between additions.)  Before the 
addition of the last aliquot of epoxide, 2 µm 
aluminum metal (6 mmol; Al/Fe=0.5) was added 
to the sol and the mixture stirred for 15 minutes 
to ensure thorough mixing.  While continuing to 
gently stir, the final aliquot of PO was added and 
the sol allowed to gel. 

Samples containing 40 nm diameter 
sized aluminum particles were prepared by 
solution methods.  The desired ratio of sol-gel 
prepared oxidizer to nanometer aluminum 
(Nanotechnologies, Inc.) was slurried in hexane 
to achieve a high degree of mixing.  Following 
mixing, the hexane was allowed to evaporate on 
a hot plate, leaving behind the mixed energetic 
nanocomposite. 
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Processing of organic/inorganic hybrid gels 
 
All gels remained covered and were 

aged for at least 48 hours after the initial 
gelation.  Following aging, each gel was 
subjected to a pore-washing/solvent exchange 
step in 200-proof ethanol for 3 – 5 days.  During 
this time, the wash solution was replaced at least 
three times with fresh ethanol.  For xerogel 
preparation, following ethanol washing, the 
alcogels were solvent exchanged with n-pentane 
and were then dried ambiently for 2-3 days. For 
aerogel preparation, the solvent-exchanged gels 
were processed in a Polaron™ supercritical 
point dryer.  The ethanol in the wet-gel pores 
was exchanged for CO2(l) for 3 – 4 days at ~12 
ºC, after which the temperature of the vessel was 
ramped to ~45 ºC while maintaining a pressure 
of ~100 bar.  The vessel was then depressurized 
at a rate of about 7 bar/hr. 

Following the initial drying step 
(ambient or supercritical), all gel materials were 
further processed in a vacuum oven (–60 torr) at 
85 ºC for 24 hours to complete the drying 
process.  The resulting materials were then 
ground to fine powders using a mortar and pestle 
as appropriate. 

 
Physical characterization of nanocomposites 
 

Prior to taking FTIR spectra, samples 
were prepared by grinding together in a 1:100 
weight ratio the Fe-Si mixed oxide material and 
dry potassium bromide, respectively, followed 
by pressing of the mixture into a transparent 
pellet.  All FTIR was performed under a 
nitrogen purge on a ThermoNicolet Nexus 4000 
spectrometer in transmission mode at 4 cm−1 
resolution for 128 scans. 

Transmission electron microscopy 
(TEM) was performed on a Philips CM300FEG 
operating at 300 keV using zero loss energy 
filtering with a Gatan energy imaging filter 
(GIF) to remove inelastic scattering.  The 
images were taken under bright field conditions 
and slightly defocused to increase contrast.  The 

images were also recorded on a 2K × 2K CCD 
camera attached to the GIF. 

Energy filtered TEM (EFTEM) element 
maps were obtained by electron energy loss 
spectroscopy (EELS) in tandem with the Philips 
CM300FEG TEM microscope.  All EELS 
measurements were made with a Gatan model 
607 electron energy-loss spectrometer attached 
to the microscope and were made at the Si-L2,3 
and F-K edges.  Images were processed using 
Digital Micrograph™ 3.3.1 software from 
Gatan, Inc. 

Scanning electron microscopy (SEM) 
was carried out using a Hitachi S-4500 cold field 
emission microscope.  Typical accelerating 
voltages used ranged from 1.8 to 6 kV and 
depended on sample conductivity. 
 
DISCUSSION 
 
Synthesis and characterization of energetic 
nanocomposites 
 

We have previously reported the 
formulation of Fe-oxide/Al energetic 
nanocomposites via an in situ sol-gel synthesis 
of the Fe-oxide oxidizing phase that 
encapsulates aluminum fuel particles [1-2].  The 
starting materials are simple, inexpensive metal 
salts, primarily FeCl3·6H2O, either nano- or 
micron-grained aluminum particles, and an 
organic epoxide that initiates Fe-oxide formation 
through the establishment of a uniform pH 
gradient in the synthesis solution [3-5]. 

We have recently expanded this epoxide 
addition method to the synthesis of Fe-Si mixed 
oxide composites.  Addition of either TMOS or 
TEOS to the reaction described above resulted in 
the first examples of Fe-Si mixed oxide 
nanocomposites in which iron(III) oxide is the 
major component [6].  This technique has now 
been expanded to the synthesis of 
organic/inorganic composite energetic materials 
by using a variety of organically functionalized 
silsesquioxanes.  The resulting materials are 
organic/inorganic hybrid composites in which all 
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the components are well dispersed throughout 
the bulk material [7]. 

The organic functionality chosen for 
these materials was comprised of a variety of 
fluoroalkanes due to the energetic redox reaction 
between aluminum metal and CF2 moieties [2].  
Fluoroalkane functionality was incorporated into 
the energetic composites through the Si-oxide 
phase by using silsesquioxanes, which contain 
fluoroalkane functionality, as starting materials.  
The two silsesquioxanes investigated were the 
commercially available (tridecafluoro-1,1,2,2-
tetrahydrooctyl)triethoxysilane (TDFTES) and 
(heptadeca-fluoro-1,1,2,2-tetrahydrodectyl)tri-
ethoxysilane (HDFTES), and are shown below. 
 

OEt

Si

EtO
EtO (CF2)nCF3

TDFTES (n=5)

HDFTES (n=7)  
 

Infrared (IR) spectra of the resulting 
inorganic/organic composites show the 
successful incorporation of the fluoroalkane into 
the hybrid materials, as can be seen in Figure 1. 
The vibrational bands for Si–O (1060 cm–1), 
Si−C (1150 cm–1), and C−F (1200–1250 cm–1) 
confirm the presence of the fluoroalkane 
functionality in the final composite materials.  
Though the IR spectra of the composites confirm 
the presence of the Si-oxide and organics, it 
provides no information as to the distribution 
and degree of mixing of the constituents in the 
hybrid composite. 

The degree of dispersion between the 
phases throughout the bulk material is of interest 
in any composite material, but is especially 
important for the nanostructured energetic 
materials due to the effect of mass transport on 
the reaction kinetics.  The nanostructure of the 
organic functionalized metal oxide materials was 
characterized by TEM and EFTEM to determine 
the degree of dispersion of the organosilica 
phase in the material.  Figure 2 contains TEM 

 
 

 
Figure 1.  IR spectra of Fe-Si mixed oxide 
organic/inorganic composites made with 
TDFTES (thin line; Fe/Si=4) and HDFTES 
(bold line; Fe/Si=3). 
 
images of a Fe/Si=5 (mol/mol) aerogel made 
with the silica precursor HDFTES.  The material 
is a collection of nanoparticles interconnected to 
form a mesoporous structure.  The size of the 
particles appears to be fairly uniform throughout 
the gel, with particles sizes ranging from 2-5 nm 
in diameter.  No evidence of phase separation 
between Fe and Si-oxides is apparent from TEM  
analysis or EFTEM analysis.  As a result, 
dispersion of the organosilica phase appears to 
be uniform throughout the material on the 
nanoscale, as can be seen from the fluorine and 
silicon element maps in Figure 2.  In fact 
comparison of individual particles between the 
TEM bright field image and EFTEM images 
shows there to be a mix of both organosilica and 
iron(III) oxide in a significant number of 
particles. 

Incorporation of aluminum metal into 
the organically functionalized oxide matrix is 
accomplished through gelation of the matrix 
around the aluminum particles.  The aluminum 
used in these studies was comprised of 2 µm 
aluminum particles introduced into the sol just 
prior to gelation.  Figure 3 shows an SEM of the 
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Figure 2.  TEM micrograph of a Fe/Si=5 organic/inorganic aerogel composite.  Fluorine and silicon 
element maps show the dispersion of the organosilica phase throughout the material. 
 
 
final energetic composite.  The Al metal 
particles are completely coated by the oxidizing 
matrix, thus showing the degree of mixing 
achievable for these energetic composite 
materials. 

Similar composite materials were also 
made with the incorporation of 40 nm diameter 
aluminum particles.  These materials were 
mixed using solvent techniques following the 
sol-gel preparation of the Fe oxide/organosilica 
phase.  Thorough mixing of the two nano-
particulate phases was achieved and phenome- 

 

 
 
Figure 3.  SEM images of a Fe/Si=5 
organic/inorganic energetic nanocomposite with 
2 µm Al metal particles.  The black bar indicates 
5 µm. 

nological burn properties for both micron sized 
Al and nanometer-sized Al energetic composites 
is discussed below. 
 
Phenomenological burn properties 
 

The traditional redox reaction between 
iron(III) oxide and aluminum metal for a 
thermite composite energetic material is shown 
below in Equation 1.  For this reaction, energy is  
 
Fe2O3  +  2 Al   →   Al2O3  +  2 Fe  +  ∆H   (1) 
 
released in the form of heat and light, however, 
there is no gas produced upon ignition of the 
thermite.  By incorporating organic additives, a 
thermite can be prepared that will generate gas 
upon ignition of the energetic composite [2].  A 
proposed reaction for the iron(III) oxide/ 
aluminum metal/fluoroorganic composites 
synthesized in this study is shown below in 
Equation 2.  As can be seen, gas from the 
 
Fe2O3  +  2Al  +  3CF2  → 
 

2AlF3  +  2Fe  +  3CO(g)  +  ∆H        (2) 
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decomposition of the organic additives is 
generated, thereby resulting in an energetic 
composite material that has the potential to 
perform pressure/volume (PV) work. 

Phenomenological burn observations 
indicate that the organic functionalized Fe/Si 
mixed oxide nanocomposites burn very rapidly 
and violently, essentially to completion, with the 
generation of significant amounts of gas.  Figure 
4 (top) shows a comparison of the ignition of an 
energetic nanocomposite with and without 
organic functionalization.  The still image of the 
energetic nanocomposite without organic 
functionalization exhibits rapid ignition and 
emission of light and heat. The still image of the 
energetic nanocomposite with organic 

functionalization also exhibits these 
characteristics, but it also exhibits hot particle 
ejection due to the production of gas upon 
ignition.  This reaction is very exothermic and 
results in the production of very high 
temperatures, intense light, and pressure from 
the generation of the gaseous byproducts 
resulting from the decomposition of the organic 
moieties. 

These materials were also mixed with 
nanometer aluminum.  Figure 4 (bottom) shows 
a still image of the ignition of a fluoroorganic 
functionalized composite mixed with 40 nm 
aluminum.  This composite is much more 
reactive than the same oxidizing phase mixed 
with 2 µm aluminum metal.  As can be seen in 

 
 

      
 

 
 
Figure 4.  Still images of thermal ignition of samples of iron(III) oxide/2 µm Al (left), fluoroorganic/Fe-
oxide/2 µm Al (right), and fluoroorganic/Fe-oxide/40 nm Al (bottom) energetic nanocomposites. 
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Figure 4, the burning of the composite with 40 
nm aluminum occurs much too quickly to be 
able to observe the hot particle ejection 
displayed by the slower burning composite made 
with 2 µm aluminum.  This observation is a 
good example of the importance mixing and the 
scale of the reactants can have on the physical 
properties of the final energetic composite 
material.  When the degree of mixing is on the 
nano-scale, the material is observed to react 
much more quickly, presumably due to the 
increase in mass transport rates of the reactants, 
as discussed above. 

It should be noted that these composites 
also contain a silicon oxide phase (SiO3/2).  For 
the purpose of the phenomenological burn 
comparisons between the materials presented 
here, it is assumed that the silicon oxide phase 
does not participate in the energetic reactions 
proposed for these materials.  This notion is 
supported by the large reduction potential of 
silicon oxide, making it difficult for such an 
oxide phase to undergo an exothermic redox 
reaction.  As such, we believe that in the 
extreme reaction conditions for ignition of these 
materials in air that the silicon oxide phase is 
instead completely oxidized to SiO2, an 
observation supported by the present of charred 
solids following the burning of these materials.  
For purposes of the discussion here, we have not 
considered the reaction of the silicon oxide 
phase in the overall proposed reaction presented 
in Equation 2.  Since the silicon oxide almost 
certainly affects the performance of these 
materials, studies are currently being performed 
to determine the role the silicon oxide phase 
plays during burning.  Furthermore, the reaction 
products from the burning of these composites 
are being characterized to further elucidate the 
exact reaction products (i.e. gases, charred 
solids, etc.) that are being produced during the 
burning of these composite materials. 
 
 
 
 

CONCLUSIONS 
 

We have successfully synthesized 
energetic nanocomposites using sol-gel 
methodology that incorporate gas generators 
through an organic functionalized iron(III) 
oxide-silica oxidizing phase.  The energetic 
materials display an intimate mixing on the 
nano-scale of all components.  The material is 
exothermic when ignited, displaying hot particle 
ejection caused by the rapid generation of gas 
from decomposition of the organic functionality. 

As is the case with most nano-scale 
materials systems, the energetic nanocomposites 
in this study were observed to have different 
properties as compared to their traditionally 
prepared micron-scale counterparts. Future work 
will focus on characterization of the products 
and measurement of burn rates, temperatures, 
and pressures generated by such materials.  Such 
studies will continue to elucidate the influence 
that nano-scaled materials will have in the field 
of energetic composites.  These energetic 
nanocomposites have potential applications as 
pyrotechnics and propellants. 
 
 
ACKNOWLEDGEMENTS 
 
This Work was performed under the auspices of 
the U.S. Department of Energy by the University 
of California Lawrence Livermore National 
Laboratory under contract No. W-7405-Eng-48.   
The authors would like to thank Jennifer S. 
Harper for TEM images and Jim Ferreira for 
SEM images. 
 
REFERENCES 
 
1. T. M. Tillotson, A. E. Gash, R. L. Simpson, 

L. W. Hrubesh, J. H. Satcher Jr., J. F. Poco, 
J.Non-Cryst. Solids 285, 338 (2001). 

2. A. E. Gash, R. L. Simpson, J. H. Satcher Jr., 
Proceedings of the 27th International 
Pyrotechnics Seminar, July 15-21, 2001, 
Grand Junction, CO, U.S.A. 



- 326 - 

3. A. E. Gash, T. M. Tillotson, J. H. Satcher 
Jr., J. F. Poco, L. W. Hrubesh, R. L. 
Simpson, Chem. Mater. 13, 999 (2001). 

4. A. E. Gash, T. M. Tillotson, J. H. Satcher 
Jr., L. W. Hrubesh, R. L. Simpson, J. Non-
Cryst. Solids 285, 22 (2001). 

5. A. E. Gash, J. H. Satcher Jr., R. L. Simpson, 
Chem. Mater. 15, 3268 (2003). 

6. B. J. Clapsaddle, A. E. Gash, J. H. Satcher, 
R. L. Simpson, J. Non-Cryst. Solids 331, 
190 (2003). 

7. L. Zhao, B. J. Clapsaddle, J. H. Satcher, D. 
W. Schaefer, K. J. Shea “Integrated 
chemical systems: the simultaneous 
formation of hybrid nanocomposites of iron 
oxide and organo silsesquioxanes” to be 
submitted to Chem. Materials (2004).

 



- 189 - 

Bridgeless Initiator Hazards 
 

J. G. Stuart 
Franklin Applied Physics Inc., Oaks, Pennsylvania, USA 

 
 

ABSTRACT 
 

For precise control and timing of pyrotechnic devices, people use electric initiators. Most of these 
contain a fine metal “bridgewire,” that heats to the required burning temperature when electric current 
passes through it. Another type is the “bridgeless” initiator. Inside this device is an electrically-conductive 
mixture, usually graphite or explosive material mixed with graphite. When we apply a rather high voltage, 
electric current flows from one leadwire through the conductive mix, to the other leadwire. Resistive heat-
ing of the explosive mix leads to combustion. 

Conductive-mix initiators are inexpensive because of their simple design. They can be effective, 
but users should be careful. Stray voltage can fire these initiators. They are particularly susceptible to 
electrostatic-discharge (ESD) and to radio-frequency energy (RF) from any nearby transmitter. 

A conductive-mix initiator is a key component in many military systems. We will discuss some of 
the stray-voltage problems we have encountered in our forensic work. We will recommend specific safe 
procedures for handling and firing these devices.

 

1. Introduction 
We will discuss a number of accidents – 

that is, cases where explosives initiated inadver-
tently. 

The reason why we were asked to inves-
tigate these accidents is because, in every case, 
there was no apparent cause for the accident. We 
were called in to find out what went wrong. 

In all these cases there were reliable 
witnesses, who survived, and who said that there 
had been no circumstances out of the ordinary, 
right up to the moment of the explosion. All per-
sonnel had used the same material, and followed 
the same procedures, as they had done many, 
many times before. 

These cases that we will discuss differ 
from one another, in many ways. But there is 
enough similarity that we will see a pattern. We 
will draw some conclusions, and we will rec-
ommend some worthwhile safety rules to follow 
in the future. 

All these accidents involved electric ini-
tiators. Some of these were of a type called 
“bridgeless,” because they do not contain a 
bridgewire. In other cases the initiator had a 

bridgewire, but fired in a “bridgeless” manner – 
we will say more about this shortly. 

Stray electric currents caused all these 
accidents. It was electrostatic discharge, or 
power pickup from a nearby radio transmitter. 

2. Initiation Methods 
Before we discuss problems with elec-

tric initiators, we should say a few words to ex-
plain why people use electric initiators at all. 

 
Figure 1: Flame Initiation 

As an alternative, Figure 1 shows a 
flame lighting the fuse of a firecracker. Note the 
lightweight, inexpensive initiation device, i.e. a 
match. But there are disadvantages to this 
method. During the time the fuse is burning, the 
person in charge has no control over the system. 
It is not possible to cancel the shot at the last 
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moment. Moreover, any open flame can be a 
safety hazard. 

 
Figure 2: Electric Firing 

Now we will discuss electric initiators. 
Figure 2 shows an initiation device on the left, 
with long electric wires that lead to an electric 
squib on the right. 

Electric initiation offers many advan-
tages. First, the operator has complete control, 
right up to the moment of firing. Precise timing 
is possible, because electric current starts to flow 
instantaneously, at all points in any electric cir-
cuit. It is possible to coordinate the timing of 
many shots, under computer control. The initia-
tion device in Figure 2 could be a generator with 
a twist-handle, or a push-down handle; or it 
could be a computer. 

The first disadvantage of electric firing 
is that the initiation device, or fireset, is now 
rather heavy and expensive, compared to a 
match. 

The second and far greater disadvantage 
is that an electric initiator is susceptible to inad-
vertent firing by stray electric currents. Among 
these are electrostatic discharge and radio fre-
quency power pickup. 

3. Electro Explosive Devices 

 
Figure 3: Electric Squib 

Figure 3 shows a common type of elec-
tro explosive device, or EED. This has a wire 
bridge – in the picture it is dark black. The 
bridge is made of fine wire. The electrical resis-
tance of the bridgewire is usually about 1 or 2 
ohms. Surrounding the bridgewire is a mixture 
that is relatively sensitive to heat – this is light-
colored, in the picture. We call this the primer 
mix, or sensitive mix. The ends of the bridge-
wire fasten to two metal pins, which go through 
an insulated plug (shown in black). These in turn 
attach to leadwires which trail off to the left, in 
this picture. The squib has a metal shell; a sec-
ondary explosive mixture - gray hatched in this 
picture - fills the shell. 

When we wish to fire this EED, we con-
nect the leadwires to a source of electric current. 
Because of its relatively high resistance, the 
bridgewire becomes hot. The sensitive mix ig-
nites, and fires the secondary explosive. We call 
this pin-to-pin firing, or bridgewire firing. 

We can also fire the EED in Figure 3 by 
applying a high voltage between the leadwires, 
or pins, and the outer metal case. We call this 
pins-to-case, or bridgeless firing. This method of 
firing does not involve heating the bridgewire. 

 
Figure 4: Bridgeless Firing 

Figure 4 is a magnified picture. At the 
bottom is one of the metal pins that connects to 
the bridgewire. At the top is the outer metal case 
of the EED. The space is filled with irregularly-
shaped particles of explosive. We imagine that 
there is a high voltage between the outer case, at 
top, and the bridgewire, at the bottom. In be-
tween, there is also a voltage difference between 
each particle and the next. Sometimes a small 
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spark, from one particle to the next, relieves this 
voltage difference. In Figure 4 we have drawn a 
small, vertical dotted line, indicated by the ar-
row. That represents a spark. Sometimes the heat 
from such a spark will ignite one of the explo-
sive particles, and the fire spreads to engulf all 
the explosive material. This is bridgeless firing. 

EEDs like the one in Figure 3 are par-
ticularly susceptible to bridgeless firing if they 
contain explosive material that is electrically 
conductive. Examples of such materials are 
chemical compounds of lead or selenium. 

This leads us to the second kind of elec-
tric initiator that we will discuss. It is truly 
bridgeless. It has no bridgewire at all. We call 
this a conductive-mix initiator. The explosive 
mixture contains graphite or carbon, making it a 
good conductor of electricity.  

 
Figure 5: M52A3B1 Primer 

As an example, Figure 5 shows a very 
common conductive-mix primer. We use this in 
cartridges for the 20-mm Gatling gun. A brass 
button is at the left of the drawing. The button is 
insulated from the brass cup, which is grounded. 
In order to fire this primer, we use a firing pin 
which is at a high voltage, i.e. a few hundred 
volts. The firing pin comes in from the left, and 
contacts the button. Electric current flows 
through the conductive mix, heating it until it 
fires. 

 
Figure 6: True-Fire Bridgeless Electric Match 

As another example of this type, Figure 
6 shows a conductive-mix electric match. Its 
construction is very simple. Basically, it is a 
small piece of conductive explosive mixture, 
molded over and between the bare ends of two 
electric wires. 

 
Figure 7: Conductive Particles 

There are two ways to fire a conductive-
mix initiator. We show this in Figure 7 through 
Figure 9. Figure 7 is a magnified view of con-
ductive explosive particles. The particles fill the 
space between two metal electrodes, at top and 
bottom. 
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Figure 8: Bulk Heating 

Figure 8 shows one ignition method. We 
apply a voltage between the metal electrodes, 
and electric current flows from one electrode to 
the other. The current path is not straight, be-
cause it goes by way of the conductive particles. 
We show this electric current as a dark line in 
the middle of this picture. There may be several 
current paths. As the electric current passes 
through the conductive explosive particles, it 
heats them – all of them together. That is why 
we call this process bulk heating. The explosive 
heats until it ignites. 

 
Figure 9: ESD Initiation 

Figure 9 shows another ignition method. 
We apply a high voltage between the electrodes. 
The conductive-mix particles carry the potential 
difference inside. The arrow in this diagram 
points to a small dotted line which represents a 
spark. This spark relieves the potential differ-
ence. The heat from such a spark can ignite one 
of the explosive particles, and the fire spreads to 
engulf all the explosive material. Generally the 

high voltage comes from an electrostatic charge. 
We call this ignition method electrostatic-
discharge, or ESD. This method of bridgeless 
initiation is often responsible for inadvertent 
firing of a hot-wire device like that in Figure 3. 

Now let us consider the sensitivity of 
bridgeless initiators. How easily do they fire? In 
truth, it is not possible to control the sensitivity 
of bridgeless initiators very well. If we look at 
the firing mechanisms in Figure 8 and in Figure 
9, it seems clear that the sensitivity will depend 
upon the following factors, among others: 

• Size of the explosive particles 

• Quantity of conductive material (carbon, 
graphite) mixed in 

• Compression of explosive particles (loading 
pressure) 

• Chemical makeup of the explosive particles 
(this may change with age and temperature) 

Because of these factors, It is hard to 
predict the sensitivity of bridgeless initiators. 
The variation is tremendous. As a general rule, 
we will say that they are distinctly more sensi-
tive than the hot-wire initiator that we showed in 
Figure 3. 

For example, in the case of the M52 
primer that we showed in Figure 5, the all-fire 
energy is about 0.03 Joule. That is the amount of 
energy that you liberate when you drop a pencil 
one hand’s-breadth. That is the all-fire; in other 
words, that amount of energy is guaranteed to 
fire any of these primers. With all the variation 
that we mentioned, many M52 primers are 
much, much more sensitive than that. In other 
words, their initiation threshold can be very, 
very low. That makes bridgeless initiators dan-
gerous. 

We must also mention their electrical 
impedance. When we look at Figure 8, we see 
that electrical current takes rather a long path to 
get from one electrode to the other. It is a high-
resistance path. It is impossible to predict or to 
control the value of resistance of a bridgeless 
initiator; it depends upon all the factors that we 
listed above. As a general rule, the resistance of 
a bridgeless initiator is quite high. For instance, 
the M52 primer that we showed in Figure 5 can 
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have DC resistance between 10 kilohms and 5 
megohms. 

This high impedance means that bridge-
less initiators are particularly susceptible to fir-
ing by electrostatic discharge (ESD). Electro-
static phenomena involve a high voltage, at low 
current. We will discuss electrostatics in Section 
5. 

4. Radio Frequency Hazard 
Bridgeless initiators, with their high in-

put impedance, are also very susceptible to elec-
tromagnetic energy (radio waves). 

 
Figure 10: RF Power Pickup 

 

In Figure 10 we show radio frequency 
power emanating from a transmitter, at left. An 
electric initiator is at the right. We show the ini-
tiator with its wire leads bent out straight, to 
form a dipole antenna. The initiator may be con-
nected to a firing system, but for the sake of 
simplicity we have not shown that. 

Electromagnetic waves are high-
impedance phenomena. The characteristic im-
pedance of a simple dipole antenna is several 
hundred ohms. That value can match the input 
impedance of a bridgeless initiator. 

Because of the impedance match, RF 
power can transfer very efficiently into the 
bridgeless firing mode of this initiator. This 
might cause the initiator to fire. 

As a precaution, to avoid inadvertent fir-
ing, people should not bend out the initiator 

leads, as in Figure 10. Moreover, people should 
keep radio transmitters away from all electric 
initiators. 

5. Electrostatic Effects 
We talked about a high-voltage spark 

firing an electric initiator. The high voltage 
comes from an electrostatic charge. Such a 
charge can build up whenever objects contact 
each other, and then separate. Some kind of mo-
tion is always involved. 

Dissimilar materials rubbing together is 
one example of contact-and-separation. The re-
sulting electrostatic effects were known in an-
cient times. Indeed, the word ήλεκτρον, or “elec-
tron” is Greek for amber, which is petrified tree 
sap. Thousands of years ago, people noticed that 
when you rub an amber rod with lamb’s wool, it 
will attract strands of hair, and pick up small 
objects. Today we can do this with a plastic rod 
and a woolen cloth. 

Electrostatic charge separation can build 
up due to an electrical storm (moving particles 
in clouds), or from moving objects such as wind-
driven dust or snow, conveyor belts, rotating 
rubber tires, walking in nonconductive shoes, 
etc. 

We wish to propose a hypothesis con-
cerning electrostatic charges which will explain 
many baffling events and accidents involving 
electroexplosive devices. It is known that elec-
trostatic charge is deposited on objects as they 
are separated from one another. We claim that 
the amount of this charge is random. 

 
Figure 11: Plastic Tape 

Figure 11 shows two rolls of plastic 
tape. At first, the end of the plastic tape was in 
contact with the roll. Now someone is peeling 
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the tape off. As the tape separates from the roll, 
electric charges go randomly one way or the 
other. 

To the left, in Figure 11, we show the 
tape has minus, plus, and minus charged areas. 
The roll has corresponding charges of the oppo-
site polarity, i.e. plus, minus, and plus. This is 
just a random pattern. The electrostatic charges 
can go either way. If a person unrolls all the 
tape, the entire roll, then there would be just as 
many plus areas as minus areas, so the net 
charge would be zero. 

To the right, in Figure 11, we show an 
alternate charge distribution. The tape has only 
minus-charged areas, and the roll has all plus-
charged areas. If a person continues to unroll the 
tape, and if this pattern continues, then the result 
would be a very large electrostatic charge sepa-
ration. It would probably cause a tremendous 
spark. This is not likely, but it is possible, be-
cause the charge distribution is random. 

We will discuss this idea of random 
electrostatic charge using another example. Let 
us suppose that a person strokes a cat, then 
touches a metal object. The person observes a 
small spark - an electrostatic discharge. We will 
assume that this is an ordinary person, with ca-
pacity about 100 picofarads, and the spark is 20 
kilovolts. From those numbers we calculate that 
the electrostatic charge was two microcoulombs. 

 
Figure 12: Cat Charge Probability 

Figure 12 is a hypothetical graph that 
shows probability on the vertical axis, and elec-
trostatic charge on the horizontal axis. This is 
the total charge that a person can get from strok-
ing a cat. We see that the probability is high for 
the person to get a charge in the neighborhood of 
two microcoulombs. This graph gives probabil-
ity for other values, too. For example, far to the 

right is the value “4 microcoulombs.” The prob-
ability associated with that value is nonzero. In 
other words, a person stroking a cat might possi-
bly get a charge of 4 microcoulombs. This 
would cause a much bigger spark than usual. 

Electrostatic charge buildup being es-
sentially random, we can occasionally see very 
odd effects. For instance, a person might stroke 
a cat 100,000 times, and just once he will get a 
strong enough spark to knock him out of his 
chair. 

Let us suppose that we have an electro-
static voltmeter. We stroke a cat, or indeed, we 
perform any kind of action that produces an 
electrostatic charge – and immediately we 
measure the voltage that we produced. If we do 
this a few times – let us say we make ten trials – 
then we can get a good idea of the average volt-
age. However, we must perform many, many 
more trials, if we wish to determine the maxi-
mum voltage. 

Looking at Figure 12, we see that we are 
unlikely, in any one trial, to generate an extreme 
value of voltage. But if we perform many, many 
trials, we might eventually observe one ex-
tremely high voltage value. We would observe a 
voltage that would be higher than all the values 
that we observed previously. 

We have developed a hypothesis: ac-
tions that commonly generate a small electro-
static charge can, on rare occasions, produce a 
surprisingly large spark. We will use that hy-
pothesis to explain a number of very puzzling 
accidents that involved explosives. 

Electro explosive devices, like blasting 
caps and electric initiators, may be able to resist 
an average-size electrostatic discharge, but may 
be vulnerable to the kind of very rare, very large 
spark that we have been discussing. 

MIL-DTL-23659D specifies an electro-
static-discharge test for EEDs. In this test, a 
technician charges a 500-pF capacitor to 25 
kilovolts, and then discharges it, through a 5-
kilohm resistor, into the electro explosive device 
(EED) under test. 
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Figure 13: ESD Test 

Figure 13 is a schematic diagram of the 
test apparatus. We have indicated a battery B: 
that is a power supply, set to 25,000 volts. Ca-
pacitor C is 500 picofarads, and the series resis-
tor R is 5 kilohms. We switch the capacitor to 
the left, in order to charge it; then we switch it to 
the right, to make a spark. We have connected 
the EED in the bridgeless firing mode: the shell 
or case of the EED is grounded, while the spark 
goes to the leads, which we have twisted to-
gether. 

Those component values are meant to 
produce a spark that is similar to, but stronger 
than, the spark from a human being. We arrived 
at those values many years ago, by actual labora-
tory measurements on a few dozen people. We 
measured how great a spark each of those people 
could produce. 

We now think that a few dozen trials 
were not enough to determine the maximum 
electrostatic charge that any person can hold. On 
rare occasions, a person can produce a much 
bigger spark. The ESD test in MIL-DTL-23659-
D is not adequate to show that an EED is abso-
lutely safe from personnel-borne electrostatic 
charges. 

Even if we know that a given electro 
explosive device has passed the ESD test in 
MIL-DTL-23659-D, we should still be careful of 
it. We should use anti-static equipment, and fol-
low anti-static procedures. An electric detonator, 
even though it has passed the ESD test, might 

still fire when a person touches it. We will dis-
cuss some incidents where this happened. 

In fairness, we must not blame the 
manufacturers of the detonators for this safety 
problem. They make electric detonators in a 
very uniform fashion, using automated equip-
ment, and they typically test their products as we 
have shown in Figure 13. When there is an acci-
dent, when a person simply touches a blasting 
cap and it explodes, we may be tempted to 
blame the manufacturer. We may be tempted to 
say it was a defective detonator. But that would 
not be right. The real blame lies with people 
who do not follow safe procedures in handling 
and using electric detonators. We may purchase 
detonators that have passed the ESD test, but we 
should still take precautions against static elec-
tricity, as we work with them. We must remem-
ber that sometimes, on rare occasions, a person 
can produce a much bigger spark than the ESD 
test apparatus. 

One important precaution id to attach a 
ground strap to anything that moves. Motion 
causes electrostatic charge separation, as we 
have pointed out. A person should have a ground 
strap, and so should a vehicle. The door of the 
vehicle should have a separate ground strap. It is 
a mistake to count on a metal door being 
grounded through its hinges, because there 
might be insulating lubricant in those hinges. 
Anything that moves should have a ground 
strap. 

Users of electric detonators in the field 
should wear all cotton clothing, and shoes with 
soles made of leather or of conductive rubber. 
These will diminish the chance of electrostatic 
charge separation and buildup on a person's 
body. 

People should never use plastic tape in 
conjunction with electric detonators. We have 
discussed how electrostatic charge can build up, 
as plastic tape unrolls. Do not use plastic electri-
cian’s tape. Instead, use tape made of tar-
impregnated fabric – we call this friction tape. 
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Figure 14: Friction Tape 

Figure 14 shows fabric visible on the 
side of a roll of friction tape. It looks quite dif-
ferent from plastic tape. We should use only 
friction tape with explosives. 

 
Figure 15: Safely Knotted Leadwires 

Figure 15 shows an electric initiator in-
side a large cylindrical mass of secondary explo-
sive. After inserting the initiator, it is best to 
knot the leadwires around the explosive, as in 
this picture. 

 
Figure 16: Taped Leadwires - 

Don't Use Plastic Tape! 

Alternatively, one can attach the lead-
wires with friction tape (not plastic tape), as we 
show in Figure 16. 

 
Figure 17: Wrapped Leadwires - 

Not Recommended! 

However, we do not recommend wrap-
ping the leadwires around the explosive many 
times, as we show in Figure 17. The reason is 
that the explosive might be in a plastic-walled 
tube. Wrapping plastic-insulated leadwires many 
times around this plastic tube will generate elec-
trostatic charge separation, and that can lead to a 
spark. 

People should never wrap the plastic-
insulated leg wires of an electric detonator 
around anything. As wires are wrapped, they 
slide against other objects and each other, gener-
ating electrostatic charge - it is like wrapping 
plastic tape on a spool. 

6. Accidents 
Now we will discuss four separate ex-

plosive accidents. In each case, electrostatic dis-
charge was the cause. In each case, the electric 
initiator was bridgeless, or fired in a bridgeless 
manner.  

6.1 Canada 
On January 19, 1999, in a mine in Can-

ada, a man was taping an electric blasting cap to 
a piece of detonating cord. 



- 197 - 

 

 
Figure 18: Plastic Tape, Cap, Det Cord 

We show this action in Figure 18. The 
detonating cord is like a rope. Blasters use this 
cord to transfer an explosion from one place to 
another, or  to many places simultaneously. 

In Figure 18, the electric detonator is a 
small metal cylinder with wires stretching away 
to the left. The blaster wanted to use this detona-
tor to initiate the detonating cord. He put the 
detonator into a loop in the cord, and then he 
wound plastic tape around it. We show the spool 
of tape in this picture. The man wound the plas-
tic tape several times around this assembly, and 
the detonator fired in his hand. He was severely 
injured. 

We blame this accident on electrostatic 
charge built up from winding the plastic tape. A 
spark inside the initiator relieved the charge 
separation. This spark fired the detonator, in a 
bridgeless fashion. 

The injured man had performed this 
same action many times before, using plastic 
tape in the same way. We hypothesize that the 
random nature of electrostatic phenomena pro-
duced only small sparks, or no sparks, on these 
previous occasions. By chance, one day this ac-
tion produced an unusually large electrostatic 
discharge - and that caused the accident. 

This man could have avoided this kind 
of danger, if he had used friction tape instead of 
plastic tape. 

6.2 South America 
We will discuss an accident that hap-

pened in an arid region of South America. 
Figure 19 shows a hut in the country near the 
accident site. 

 
Figure 19: Chaco Hut 

On September 10, 2001, a man was 
priming a one-kilogram charge of Pentolite, a 
high explosive. It  was a plastic cylinder, about 
the size of a common flashlight. It had a small 
hole at one end, to hold a blasting cap. The man 
inserted an electric detonator into the hole, and 
bent the cap leadwires up along the side of the 
cylinder. Then he wrapped plastic tape around 
the plastic cylinder. As he was wrapping the 
plastic tape, the charge exploded, killing the 
man. 

At the time of the accident, the detona-
tor leadwires were shunted. The ends of the 
leads were twisted together. No electric current 
could have gone through the bridgewire of this 
detonator. This was a case of bridgeless firing. 

Again, we blame this accident on elec-
trostatic charge built up from winding the plastic 
tape. 

The dead man had been part of a large 
team of men who were exploring for oil and gas. 
They had primed hundreds or thousands of ex-
plosive charges in exactly this way. Again, we 
hypothesize that the random nature of electro-
static phenomena produced only small sparks, or 
no sparks, on these hundreds or thousands of 
previous occasions. But by chance, one day this 
action produced a much larger electrostatic dis-
charge - and that caused the accident. 

To avoid this kind of danger, one should 
use friction tape instead of plastic tape. 



- 198 - 

6.3 Tennessee 
On March 13, 2002, in Tennessee hills, 

a man was using an electric detonator to initiate 
shock tube. Blasters use shock tube to carry an 
explosion from one place to another. It is 
brightly colored, durable plastic tubing that con-
tains explosive material. Manufacturers sell 
shock tube on a reel, like electric wire. 

This man formed a loop in the shock 
tube, and inserted an electric blasting cap. He 
then wrapped the leadwires of the cap many 
times around the cap body and the shock tube, 
binding them together. A moment later, he 
touched the bare ends of the cap leadwires, 
which were shunted together. The cap fired. This 
explosion injured the man severely. 

 
Figure 20: Cap with Shock Tube 

 

Figure 20 shows how this unfortunate 
man wrapped the plastic-insulated leadwires 
around the plastic shock-tube. We hypothesize 
that this was like wrapping plastic tape onto a 
plastic roll. It generated an electrostatic charge. 
The charge built up as he wrapped successive 
layers. Then later, when he touched the bare 
ends of the leadwires, a spark relieved this elec-
trostatic charge separation. The spark was inside 
the detonator, and fired it. 

This was a bridgeless initiation. The two 
leadwires of the cap were shunted together, so 
no electric current could have flowed through 
the bridgewire. 

This man had used cap, leadwires and 
shock tube in this fashion many times before. He 
thought that the procedure was safe, because of 

this previous experience. But we believe that 
electrostatic charge build-up is a random proc-
ess, and that extreme values can occur, on rare 
occasions. On the day of the accident, this man's 
procedure made such a powerful spark that it 
fired the detonator. 

If this man had followed an alternative 
procedure, binding the cap to the shock tube 
with friction tape, there would have been no 
electrostatic charge, and no accident. 

6.4 Arizona 
In the summer of 2002, ordnance engi-

neers at a test range noticed that a cannon fired 
inadvertently. 

 
Figure 21: Self-Propelled Gun 

We show this cannon in Figure 21. At 
the rear of the cannon is an opening. Gunners 
normally load a projectile, and bags of gunpow-
der, into this opening; then they close it with a 
heavy steel door called a breech, which contains 
an electric primer. On this occasion, the cannon 
fired at the instant they swung the breech closed. 
The gunners had not pressed the firing switch. 
We are glad to report that no one was hurt. 

 
Figure 22: Electrostatic Voltage 
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We thought that this accidental firing 
might be due to static electricity. We connected 
a digital recording oscilloscope, as shown in 
Figure 22, between the breech and the body of 
the gun. When the breech was swung shut, we 
observed an electrostatic discharge, or spark, of 
several thousand volts. 

 
Figure 23: Inadvertent Firing Circuit 

Figure 23 is an electrical diagram. At 
the center are two pieces of metal that slide 
against each other, with an insulating layer of oil 
between them. That represents the hinges of the 
cannon breech. The body of the gun is grounded, 
as we show at the left of this picture. The 
breech, or swinging door, contains a bridgeless 
electric primer. We showed one of these primers 
in Figure 5. The body of this primer is in contact 
with the breech. The center button of this primer 
is grounded externally, at we show at the right, 
during the period when the gunners are loading 
the weapon. 

When the breech closed, the moving 
metal generated a large enough electrostatic dis-
charge to fire this sensitive bridgeless primer. 
That fired the cannon. 

As a temporary solution to this ESD 
problem, engineers attached a ground strap be-
tween the breech and the body of the gun. We 
call this temporary, because the ground strap is 
made of flexible metal, and thus has a limited 
lifetime. 

 
Figure 24: Isolated Primer 

As a permanent solution, which will 
eliminate such accidents in the future, ordnance 

engineers designed a new mount for the primer, 
electrically isolating it from the gun breech. We 
show this new diagram in Figure 24. The two 
contacts of the primer now are isolated from 
ground. A switch short-circuits the two leads of 
the primer together, until the moment when fir-
ing is desired. At that point, gunners open the 
switch, and insert a battery, to fire the cannon. 

7. Conclusions 
Users of electroexplosive devices should 

be aware that the bridgeless firing mode can be 
particularly sensitive to electrostatic discharge. 

People should not use plastic tape on 
detonators. 

People should not wind the plastic-
insulated leads of EEDs around anything. 

Any kind of motion can produce elec-
trostatic charge separation. People should use 
ground straps. 

Bridgeless initiators are only safe from 
static electricity when the two leads are short-
circuited together, and isolated from ground. 
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ABSTRACT 
 
We discovered burst of small fragments of glass, when ground glass surface is laser ablated.  Production 
of macro particles by laser ablation is an inherent characteristic of ground glass, and no similar phenom-
ena have been observed in case of metal or polymer ablation.  In this case, no additional metal coating 
has been made to further enhance absorption of laser pulse.  Pulse laser shadowgraph has been taken to 
study the details of the phenomena.  Particle burst is found almost normal to the surface.  By using 
ns-duration Nd:YAG laser of 100 mJ/pulse, observed particle velocity ranges 0.5 km/s to 1.0 km/s.  SEM 
observation of the ground surface reveals that glass surface is covered with micro cracks with several mi-
crons deep, which might attribute to macro particle production.  In this sense, not surface roughness but 
also surface structure will be important in the ablation phenomena of glass.  It is plausible that absorp-
tion of laser beam at the glass surface causes spallation like phenomena as well as production of an 
amount of plasma, and the plasma production might be responsible for the acceleration of broken frag-
ments of glass.  We applied the phenomena to ignite PETN powder explosive.  It is found that only by 
glass particle motion, PETN powder can be ignited, although the required laser fluence for ignition is 
somewhat higher than that for roughened and metallized polymer surface.  It is suggested from this 
study that moving small glass particles gives significant effect not only on the ignition but inside the 
detonating explosives. 
 
 
1. INTRODUCTION 
 Enhanced absorption of the laser pulse has 
been studied by our group, when the surface of 
the target material is intentionally roughened.1,2)  
Threshold fluence of laser ablation for plasma 
production decreases by this treatment.  The 
phenomena were evidenced by pulse laser 
shadowgraphy.  Thin metal coating on the 
roughened surface further enhances the laser 

absorption.  However, too thick metal layer 
leads to the appearance of granular structure be-
hind the region of ablation-induced shock wave.  
This is explained by the insufficient laser energy 
to evaporate and ionize thicker layer to form 
plasma plume.  In this sense, appropriate metal 
layer thickness should be chosen for efficient 
use of laser energy.   

Absorption enhancement by roughness has 
scale dependence.  It is also noted that ex-
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tremely tiny roughness of nanometer scale still 
has an ability to reduce the threshold for ablation 
but the effect is limited compared with the 
roughness of micrometer scale.   

The phenomena have been successfully 
applied to basically two purposes1-6): (i) micro-
surgery tool as an alternative of laser mess by 
producing repetitive short pressure pulses in 
bio-tissue, (ii) initiation of PETN powder by 
laser ablation induced high temperature plasma 
flow.  Small amount of PETN powder of 10 mg 
with loading density of 0.7-1.2 g/cm3 has been 
initiated by focusing pulse laser beam through 
PMMA plate with changing the surface rough-
ness of the focused surface of PMMA, alumi-
num layer thickness, focused beam diameter, 
laser energy, etc.  Even in the case of 1mm di-
ameter columnar PETN charge embedded in 
PMMA casing could be initiated and the streak 
recording of the self-luminous front velocity 
showed almost steady detonation.   

Enhanced absorption of laser pulse de-
pends on various experimental parameters in-
cluding material.  As described later, it is found 
that laser ablation of glass, especially ground 
glass surface is quite different from that of other 
materials.  In this paper, we will present the 
evidence of particle production from glass sur-
face by laser ablation and describe the applica-
tion of the phenomena to the initiation of PETN 
powder without any metal coating. 
 
2. LASER ABLATION AT GROUND GLASS 
SURFACE 
 

We first noticed self-luminosity when pulse 
laser beam is irradiated on the ground glass sur-
face.  The phenomena occurred even in case 

laser irradiation is not focused.  Typical ex-
perimental condition of this kind of experiment 
is as follows : 
 
 Pulse laser  : Nd:YAG or KGW laser 
 Pulse duration  : 10 or 7 ns 
 Pulse energy  : 150 or 50 mJ/pulse 
 Beam diameter  : 6 or 3mm 
 Wavelength  : 1064 or 1062 nm 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1  Video frames of luminous spot at laser 
irradiation: (a) before irradiation, (b) instant of 
first irradiation of laser pulse, (c) and (d) instant 
of second and third irradiation, respectively. 
 

Figure 1 shows typical video frame pic-
tures for the glass surface luminosity.  Com-
parison of Fig. 1(a) and (b) showed that white 
spot in (b) appears only in a frame at the laser 
irradiation.  Luminosity decreases with multi-
ple laser irradiation as seen in Fig. 1(b)-(d).  
This phenomenon can be seen also for a naked 
eye.  A noise is also heard at ablation.  In 
some cases, mist-like materials emanating from 
the laser-irradiated area has been observed.  
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These phenomena are found to be quite common 
for any ground glass surface.  However, no in-
dication of the same phenomenon was observed 
in case of polymer surface even if the surface is 
roughened.   

Fig. 2  Reproduction of SEM picture of a typi-
cal ground glass surface.   

 
From this experiment, we can say that the 

phenomenon is inherent to glass surface.  Ab-
sorption of laser energy by surface roughening, 
therefore, has material dependence.  In the ex-
periment, laser beam is irradiated from the trans-
parent surface to the ground surface through the 
glass material.  Similar phenomenon was ob-
served when the irradiation direction is reversed. 

Figure 2 shows the typical SEM photo-
graphs of the ground glass surface after laser 
ablation. The top photograph is the overall view 
of the surface.  Laser beam was focused into 
the central circular region with the diameter of 
about 1 mm. Point B belongs to this region.  
One may note that much larger circular area is 
influenced by laser beam.  This might be due to 
the weak laser beam diffracted from long-pass 
optics from the laser system.  Point C repre-
sents a typical point in this area.  We chose the 
point A typical of the uninfluenced region of the 
surface.  Bottom three photographs are the 
close up of the regions around points A, B and C.  
We may call three figures also by A, B and C. 

From Fig. 2A, it is seen that virgin surface 
of the ground glass has a lot of sharp edges or 
peaks and valleys.  Many white lines will cor-
responds to these peaks.  It also has many 
cleavage surfaces.  In other words, surface 
structure of ground glass surface is described not 
only by the surface form function but also plenty 
of micro cracks appearing on the surface.  
These cracks are some µm deep into the glass 
material.   

From Fig. 2Band 2C, one can see that laser 
ablation took these sharp peaks away from the 
surface.  One may also note that apparent 
cleavage surfaces are recognized, and surface 
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roughness or the characteristic length of the 
rough surface is longer than that before ablation.  
Comparison of Fig. 2B and 2C suggests that in-
tense laser focus gives sharper cleavage of the 
surface.  

 
3. SHADOWGRAPH OBSERVATION 
 

In this study, two Nd:YAG lasers are used 
to study the ablation process of ground glass 
surface.  Specification of the lasers are 
 
    Pulse width  : 12 ns and 4 ns 
    Wavelength : 1064 nm 
    Energy   : 80-150 mJ/pulse. 
 
Laser beam is focused onto the ground surface 
through the specimen.  Ablation of ground 
glass plate was observed by high speed framing 
camera (Cordin 220) with the exposure time of 
10 ns up to 6 frames with arbitrary delay time.   
 
 
 
 
 
 
 
 
 
Fig. 3  Experimental assembly to observe glass 
ablation by high speed camera. 
 
    Figure 4 shows typical photographs taken 
with successive time delay.  Pulse was focused 
from right side through the glass.  Glass plate is 
seen as a black region in the picture in Fig. 4.  
One may clearly note from these photographs 

that a spray-like dark region is extended from 
the ground glass surface, which could drive air 
shock wave front ahead of it.  This burst of 
materials is seen to be ejected normal to the sur-
face.   
 

 
Fig. 4  High speed camera record of laser abla-
tion of ground glass.  Laser beam focuses from 
right side to the ground left surface. 
 
    Ablation threshold fluence for ground glass 
surface is much lower than that for flat glass 
surface.  Air shock is produced in both surface 
of the glass plate when the laser fluence at the 
glass surface is close to the value of 20 J/cm2.  
Dark region consists of glass particles, which 
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was evidenced by direct capturing of them by 
PMMA plates ahead of the particle stream.  
Glass particles are ejected normal to the surface 
at their production, and gradually spread to the 
mushroom shape to drive a shock wave.  They 
must also be decelerated by air flow velocity 
with time.  It is obvious that size of initially 
ejected glass particles has some definite distri-
bution.  Larger and heavier particles may not 
be decelerated less, and they are responsible for 
the shock drive, while lighter particles are fully 
decelerated with time.  In some photographs at 
longer delay time, shock wave front is not ob-
served smooth by the reason that some of heav-
ier particle overrides the initially generated 
shock front.  In this case, a small conical shock 
wave is seen almost attached to these particles.  
This phenomenon is observed when the focused 
laser fluence was about 20J/cm2.  
    Similar phenomena have not been observed 
for ablation of polymer material such as PMMA.  
Therefore, the phenomenon is characteristic of 
glass material.  In case of polymer materials, 
laser energy absorption may cause the scission 
of molecular bonds, but not produce macro sized 
polymer particles.  Ablation phenomena of 
polymer are known to resemble to that of heat-
ing.  Relatively longer stress relaxation time 
inherent to polymer materials might explain the 
difference of ablation behavior from glass.  In 
case of ground glass, SEM image suggests large 
number of cleavage sites on the surface.  Laser 
energy could be absorbed at various surface in-
cluding cleavage sites producing small-scale 
ablation plasma plume at each site and the pro-
duced plasma might make the cleavage open to 
generate a broken pieces of glass.  Similar sce-
nario might be expected for various brittle mate-

rials with ground surfaces.  Further study is 
desirable to examine the physical mechanisms of 
the phenomena. 
 
4. IGNITION OF PETN POWDER BY LA-
SER ABLATION OF GROUND GLASS 
 
    If one side of a transparent substrate, e.g., 
PMMA is intentionally roughened with water 
resistant paper and then aluminized by vacuum 
evaporation method, appreciable enhancement 
of laser energy absorption was recognized.  A 
very intense air shock wave is produced by abla-
tion.  By utilizing high temperature high pres-
sure state of the ablation plasma, initiation of 
PETN powder of very small amount has been 
studied.   
    On the contrary, energy conversion of laser 
energy for ground glass ablation is different 
from that for thin metal layer on roughened sur-
face.  In case of ground glass ablation, part of 
the laser energy is converted to high velocity 
glass particle kinetic energy.  Feasibility of ini-
tiating high explosive by this kinetic energy has 
been examined in this study.  Instead of using 
PMMA plate as a substrate one of the surfaces of 
which is roughened and put on the PETN pow-
der, a glass plate with one ground surface was 
used.  Effect of aluminum coating on the 
ground surface was also studied.  We have used 
a commercially available ground glass plate with 
a thickness of 2.8 mm in experiments.  Figure 5 
shows the schematic illustration of experimental 
setup.  Image converter camera (IMACON 
790) of the streak mode is used to record the 
light emission caused by detonation of PETN. 
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Fig. 5 Experimental setup for PETN initiation 
experiment. 
 
    Typical experimental conditions and results 
are shown in Table 1.  Among cited, we have 
examined the cases of aluminum thickness of 
200 nm and 300 nm on ground glass.  It is 
found that in all the cases of thicker aluminum 
layer, detonation of PETN powder was recog-
nized.  In these cases, mechanism of energy 
conversion to metal plasma should be similar for 
both substrate material of PMMA and glass.   
 
    From the results of # 5-8 in Table 1, it is 
seen that PETN powder can be ignited by laser 
ablation of ground glass surface without help of 
high temperature plasma.  This means the ini-
tiation is induced simply by the collision of glass 
particles at the PETN powder grains.  It is, 
therefore, evidenced that kinetic energy of glass 

particle cloud is large enough to ignite high ex-
plosive.  Threshold laser fluence for PETN is 
found to be higher than the value for 
plasma-assisted initiation.  In this study, initia-
tion by glass ablation was observed in the case 
of laser fluence 11 J/cm2 or more.   
                                         
#  density  fluence detonation delay  alumi-
num 
   g/cm3    J/cm2            ns     nm 
                                         
1 0.94 5.4 NOGO - 0 
2 0.93 7.5 NOGO - 0 
3 0.73 10 NOGO  0 
4 0.65 11 NOGO  0 
5 0.81 11 GO  0 
6 0.84 13 GO  0 
7 0.95 13.4 GO 330   0 
8  1.1 13.4 GO 750   0 
9 0.9 5.4 NOGO - 100 
10 0.87 7.5 GO 860 100 
11 0.93 13.4 GO 750 100 
12 0.7 13.4 GO 250 300 
                                         
Table 1  Summary of experimental conditions 
and results.   
 
    Among tested, it is found that 
plasma-assisted method only fails in #9 case 
with 100 nm Al thickness and low fluence 5.4 
J/cm2.  This result, however, is not reproducible 
and the fluence might be near the threshold 
value for this experimental condition.   
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Fig. 6  Streak photographs of light emis-
sion associated with detonation of PETN 
powder for two cases.  (a) only ground 
glass, # 7 in Table 1, (b) aluminum layer 
thickness 300 nm on ground glass, #12 in 
Table 1. 

    Figure 6 shows examples of streak photo-
graphs taken with the image converter camera.  
The earliest intense flash is the one by emission 
caused by laser ablation of ground glass surface.  
Long streak of luminescence after some break 
indicates emission caused by detonation of 
PETN powder.  Bright region is seen to spread 
to the direction of camera slit gradually.  Since 
the slope of this bright region corresponds to the 
propagation velocity of detonation, gradual 
change in slope indicates the acceleration of re-
action front approaching the steady state detona-
tion.   
    Break in time between laser irradiation and 
onset of detonation emission is called here the 
ignition delay time.  Value of it is also shown in 
Table 1 only for the case when detonation takes 
place.   

 Figure 7 shows the dependence of the igni-
tion delay time on the laser fluence and alumi-
num layer thickness.  Although ignition delay 
time in the present experiment is not very re-
producible, it is obvious that the thicker alumi-
num layer and higher laser fluence shortens the 
delay time.    

 

Fig.7  Dependence of ignition delay time 
against laser fluence. 

5. CONCLUSION 

 Ground glass ablation has been studied 
experimentally in detail to give evidence on 
the production of small glass particles by 
ablation.  This explains the flash observed 
for ablation of relatively low laser fluence.  
Physical mechanisms of ablation of ground 
glass is suggested to be quite different from 
those of other kinds of materials.  Similar-
ity and non-similarity of the phenomena of 
laser interaction of small glass spheres pre-
pared on the other substrate surfaces might 
be interesting further topics.7,8)  From the 
results of the present study, behavior of glass 
particles might be an important role even in 
the detonating explosive charge, because 
they have ability to ignite the adjacent unre-
acted explosive grains.  
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ABSTRACT 
 
Thermodynamic model is presented to predict unreacted shock Hugoniot compression curve for 
energetic materials.  Model theory is applied to explain the non-linear shock velocity-particle 
velocity data for single crystal PETN explosive.  It is based on the speculation that for weak 
shock compression, dynamic properties such as wave velocity or excitation of vibrational modes 
is determined solely by the weak interaction of large organic molecules of the energetic materials.  
Very few vibron modes have influence on the dynamic properties.  Shock compressed state of 
these materials is supposed to be far from thermal statistical equilibrium in the above sense.  
With increasing shock pressure, energy transfer between phonon and vibron modes proceeds, 
which equilibrates the excitation of all vibrational modes, and tends to equilibrium.  This ten-
dency should also be seen in the curved feature of shock-particle velocity Hugoniot as is given 
by the data for various energetic materials.  According to Slater model for the Grüneisen pa-
rameter, Hugoniot parameters and vibrational mode excitation are related with each other.  A 
quadratic shock-particle velocity Hugoniot function Based on the thermodynamic relationship 
together with Slater model is used to predict PETN Hugoniot.  Model and the available data 
shows a good agreement. 
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1. INTRODUCTION 
 Enormous amount of experimental data and 
theoretical calculations have been made for the 
understanding of the detonation phenomena of 
condensed phase high explosives.1-3)  Equation 
of state (EOS) for the detonation product gases 
is one of the important research topics, which 
attracts many researchers.4-7)  Various kinds of 
calculations8-11) have made to aim at the collec-
tion of information on the basic features of the 
phenomena, although the experimental data set 
may not be so precise to evaluate the theories.   
 Equation of state or shock Hugoniot for 
unreacted energetic materials is another major 
topics.  Although shock Hugoniot measure-
ment of several energetic materials have been 
published12), precision or reproducibility of the 
data is not very good compared with that of inert 
materials.  The reason is considered to be pos-
sibility of onset of partial reaction at the shock 
front that will increase detonation velocity.  
Above two EOS information is quite fundamen-
tal for numerical simulation of detonation phe-
nomena.   
 This paper presents a theoretical model to 
obtain shock Hugoniot function for energetic 
materials based on the minimum set of experi-
mental data other than Hugoniot data..  Key 
idea of the present method is that this kind of 
materials is a molecular crystal consisting of 
relatively large molecules.  Weak shock com-
pression of these materials will excite phonon 
mode vibration exclusively, and almost no exci-
tation of vibron modes.  The situation is similar 
to that of polymeric materials.13)  In this sense, 
shock compressed state of materials is not in 
thermal equilibrium.  Modeled shock Hugoniot 
function together with predicted Grüneisen pa-

rameter gives a sufficient information for EOS 
of unreacted phase of high explosives.   

 
2. UNREACTED SHOCK HUGONIOT OF 
ENERGETIC MATERIALS AND THER-
MAL NON-EQUILIBRIUM MODEL 
 

Figure 1 shows the published Hugoniot 
data for single crystal PETN.  This suggests the 
following: (i) shock velocity-particle velocity 
relationship is non-linear and Hugoniot slope 
decreases with compression, (ii) data scatter is 
seen to be rather large, although the experimen-
tal situation might be as good as similar shock 
experiments of inert solids.   
 Data scatter can be explained by the con-
tribution of partial reaction expected to occur at 
the shock front.  In other words, complete no 
reaction at the shock front of energetic materials 
is not very easy to realize.  Partial reaction is 
expected to increase shock pressure thereby to 
increase shock velocity.  By this consideration, 
lower periphery of the data might be close to the 
accurate values.  This point is discussed again 
in later section by the comparison of the theo-
retical model with the experimental data.  
Curvature of the Hugoniot curve is sometimes 
expressed by the word “softening”.  Some ma-
terials may have structural phase transition un-
der high pressure.  Softening is a word of con-
fusion, since shock velocity increases mono-
tonically with particle velocity as shown in Fig. 
1.  Although the slope decreases with particle 
velocity, the slope does not represent material 
strength, but its change.  In this sense, the de-
crease in slope does not mean softening of the 
material, but the rate to hardening decreases 
with compression.  In the next section, we will 
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Fig. 2 Schematic illustration of compression 
characteristics of typical energetic materials. 

propose a new explanation of this behavior. 
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Fig. 1  Published Hugoniot data for PETN from 
Los Alamos Shock Hugoniot Data.  Solid line is 
a theoretical model calculation. 
 
 Consider shock compression of a material 
consisting of large molecules containing rela-
tively a large number of atoms, such as most 
energetic materials or polymeric materials.  
One may note that the van der Waals interaction 
of these molecules is much weaker than that of 
bonding which is responsible for constructing 
the molecules.   Compressibility of the sub-
stance is determined, therefore, almost solely by 
the interaction potential of molecules, and not 
by the intra-molecular interaction.  In case of 
weak shock compression, excited vibrational 
modes together with volume compression is ex-
pected to be phonon modes associated with the 
interaction of molecules.  Since weak com-
pression of substance shortens weaker spring 
between molecules.   

Here we assume that no modes of vibron 
are not excited for very weak shock compression.  
This is the problem of finite relaxation time of 

the energy transfer between phonon modes to 
vibron modes.  This situation is schematically 
shown in Fig. 2.  In this model, volume com-
pressed states themselves and the induced vibra-
tion or thermal internal energy should be pro-
duced by the same force field, shock Hugoniot 
compression curve and the thermal state vari-
ables are closely related with each other.  Par-
ticularly, thermal states are described by the 
Grüneisen parameter.  In the present model, 
shock Hugoniot compression curve given by the 
nonlinear mechanical properties of volume 
compression, is determined by the excited vi-
brational states.  In this sense, Hugoniot func-
tion at the weak shock limit might be reflected 
by the compression property of molecular crys-
tal which is almost no relationship with mo-
lecular structure.   

According to statistical mechanics, distri-
bution of the excited states of phonons and vi-
brons obeys the Bose-Einstein distribution, and 
expectation value of the number of vibrons is 
much smaller than that of phonon number due to 
the large value of the vibron frequency.  Num-
ber of modes of vibron is expected to be very 
large, so that contribution of vibron excitation to 
the values of specific heat or thermodynamic 
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Grüneisen parameter is quite large even at the 
room temperature.   
 On the other hand, shock compression 
shows peculiar property different from the above 
equilibrium properties.  Difference of shock 
process and equilibrium states is that in a very 
short time of shock process, almost no energy 
transfer from the phonon modes to vibron modes.  
As a result, feature of phonon vibrational modes 
can be seen in the initial slope of the shock 
Hugoniot.  The present image of weak shock 
compression is based on the experimental ob-
servation of relatively large slope of Hugoniot 
of energetic materials or of polymeric materials.  
Value of the slope is larger than 2.  
Non-dimension number Hugoniot slope and the 
Grüneisen parameter has been discussed by 
various theoretical models.  We will calculate 
the Grüneisen parameter of PETN based on the 
Slater model, which is compatible with the De-
bye model for the specific heat of crystalline 
substance.  Two similar theoretical models for 
the Grüneisen parameter has been proposed so 
far, but the difference between them have been 
proved to decrease with compression.   
 According to the Slater model, initial slope 
of Hugoniot and the Grüneisen parameter are 
connected by the relation, 

 

γ 0 = 2 dus

dup 0

− 2
3

      (1) 

 
where �, us and up denote the Grüneisen pa-
rameter, shock velocity and the particle velocity, 
respectively, and suffix 0 denotes the initial state.  
If the initial Hugoniot slope is equal to 2.5, the 
Grüneisen parameter at the initial state is 
 

γ 0 = 4.33.       (2) 
 
This value is much larger than the value of the 
thermodynamic Grüneisen parameter estimated 
by the thermal data of PETN.  This large 
Grüneisen parameter is explained by the phonon 
mode Grüneisen parameter which is the one 
corresponding to very weak non-linear spring by 
van der Waals force between large molecules.  
Experimental data shows that Hugoniot slope is 
seen to decrease with compression, although the 
data themselves had relatively large scatter.  
The change in Hugoniot slope can be explained 
as follows: with increasing shock strength, tem-
perature or amplitude of vibration increases, 
then non-linearity of the vibration increases 
which makes the energy transfer between pho-
non and vibron modes faster, thus the energy 
distribution is approaching thermal equilibrium.  
Hugoniot slope changes due to the approach to 
equilibrium.  Apparently, the Grüneisen pa-
rameter will decrease with compression.  The 
discussion will be similarly applicable both to 
energetic materials and polymeric materials.  
 
3. NON-LINEAR HUGONIOT FOR ENER-
GETIC MATERIALS AND EVALUATION OF 
GRÜNEISEN PARAMETER 
 

Assumption of the previous section leads to 
the conclusion that the unreacted shock Hugo-
niot for energetic materials is inherently 
non-linear.  Here we assume that the shock ve-
locity-particle velocity Hugoniot for energetic 
materials is given by the following quadratic 
equation 
 



- 739 - 

us = A + Bup + Cup
2      (3) 

 
where A, B, C are material constants to be deter-
mined.  Coefficient C is expected to be negative.  
In the following, we will propose a method to de-
termine these three coefficients basically not using 
the measured Hugoniot data.  We will also focus 
our discussion on the Hugoniot of crystalline en-
ergetic material.  Hugoniot of porous materials 
will be obtained by theoretical models for porous 
bodies, once Hugoniot of crystalline solid is estab-
lished.   
 Procedures to obtain three parameters are 
given below: 
(i) Coefficient A: 

This parameter should be equal to bulk sound 
velocity, which is calculated by the measured 
longitudinal and transverse sound velocity of 
the substance. 

(ii) Coefficient B: 
This parameter has no dimension and is re-
lated to the Grüneisen parameter at the initial 
state.  The value is assumed to be given by 
Eq.(1) by the Slater model.  As assumed 
previously, the Grüneisen parameter at the 
initial state should correspond to that of pho-
non Grüneisen parameter having the value of 
3-5.  Non-equilibrium nature of the materials 
of molecular solid with relatively large mole-
cules can also be seen in the pressure de-
pendence of the ultrasonic sound velocity.  
High-pressure study of high polymers have 
produced large Grüneisen parameter which 
really be explained by the phonon mode 
Grüneisen parameter.  In case of energetic 
materials, similar high pressure measurement 
of ultrasonic velocity can provide the phonon 

Grüneisen parameter and theoretical model 
such as Slater model gives the coefficient B. 

(iii) Coefficient C: 
This parameter expresses the approach from 
thermally non-equilibrium weak shock state 
to equilibrium shock state.  Thermodynamic 
Grüneisen parameter at initial equilibrium 
state for PETN is given to be 1.0 calculated 
by equilibrium properties.  As noted initial 
non-equilibrium Grüneisen parameter has the 
value around 3-5, which will decrease with 
approaching thermal equilibrium.  Negative 
value of coefficient C gives the result that the 
Grüneisen parameter decreases with compres-
sion as the model predicts.   
 As the amplitude of vibration of phonon 
frequency, non-linearity of vibration or inter-
mediate modes accelerates the excitation of 
vibron modes, which is the vibration of car-
bon frame, and/or of various molecular com-
ponents.  Vibron mode excitation then trig-
ger the decomposition reaction.  We will de-
termine the value C by the following principle.  
That is, the value C is given so that the 
Grüneisen parameter reaches its equilibrium 
value at the so-called von Neuman spike point.  
The von Neuman spike point is the state that 
chemical reaction will begin without any 
other additional disturbance.  This means 
that at the state vibron mode and other vibra-
tional modes will be fully excited to ensure 
the onset of reaction.  In other words, the 
state is apparently a thermal equilibrium state.  
Spike point is the shock compressed state 
with the condition that the shock velocity is 
equal to detonation velocity, and at that point 
the calculated Grüneisen parameter is equal to 
the value of its equilibrium value.  This is 
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the condition for the value C to be deter-
mined.   
 With compression, the Grüneisen parame-
ter is known to decrease.  In this model, 
however, the value at spike point is set equal 
to that at the initial state with thermal equilib-
rium.  Since we have no further information 
on how the Grüneisen parameter decreases 
with pressure.   

With these three procedures, we can predict the 
unreacted shock Hugoniot for energetic materi-
als.  For this purpose, we have to calculate the 
Grüneisen parameter for the quadratic Hugoniot 
function. 

In the following, we will describe the method 
to calculate the Grüneisen parameter along the 
quadratic shock Hugoniot curve.  The procedure 
itself  has already been published previously.  
As shown later, differential equation governing 
non-linear Hugoniot function is extremely com-
plicated.  We derived here the governing equa-
tion for arbitrary Hugoniot function.  As already 
explained, we assumed Slater model for the 
Grüneisen parameter behavior, but in case of other 
theoretical model, the calculation procedure is al-
most the same.   
In Slater model, the ratio of the volume derivative 
of cold pressure and of the second derivative ap-
pears in the formulation.  Thermal pressure can 
be included to pressure derivative, since the Slater 
approximation should not be affected appreciably 
by adding thermal contribution.  We have pro-
posed a simple procedure of calculating Grüneisen 
parameter by a modified Slater model using pres-
sure instead of cold pressure.  By this method, 
we combine the thermodynamic identity 
 

aH
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us − u p
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with the Slater approximation 
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to obtain a differential equation for the Grüneisen 
parameter 
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     (6) 

 
This is the equation to obtain the volume depend-
ence of the Grüneisen parameter by integrating it 
over particle velocity.  In this sense, integration 
will be made along the Hugoniot compression 
curve whose coefficients themselves are unknown 
to be determined.   
 It is obvious by inspecting Eq.(6) that the 
initial state of up=0 is a singular point of the dif-
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ferential equation.  In order to integrate Eq.(6) 
avoiding this singular point, it is necessary to de-
rive an asymptotic formula around the initial sin-
gular point.  The asymptotic relationship can be 
derived in the form of a quadratic equation.  
Since Eq.(6) contains the information on the 
Hugoniot by several derivatives of the us-up 
Hugoniot function, it is possible to use any com-
plicated form of the Hugoniot function to integrate 
Eq.(6).   

Eq.(6) was integrated by using parameters of 
PETN to obtain Grüneisen parameter up to the von 
Neumann spike point.  This calculation was re-
peated by assuming three parameters of us-up 
Hugoniot for PETN until the value of the 
Grüneisen parameter at the spike point is equal to 
thermodynamic equilibrium value at room tem-
perature zero pressure state.  The estimated three 
parameters of Hugoniot function for PETN are 

 A = 2.32 (km/s), 
 B = 2.333 , 
 C = -0.13 (s/km). 

Value of A is chosen to be the bulk sound velocity 
whose value is available from measured longitu-
dinal and transverse sound velocity.  We have no 
high pressure data for sound velocity to evaluate 
the value of B for PETN, then in this calculation, 
we assumed the value of Grüneisen parameter 
equal to 4 and the value of B is calculated by the 
Slater model.  In this calculation, only the value 
of C is a parameter to be determined in the above 
process.  The result is shown in Fig. 1.  Esti-
mated Hugoniot curve is shown in a solid line.  
Agreement between data and the model theory 
seems very good.  It is noted again that the model 
does not require Hugoniot data except for the 
sound velocity.  As discussed in the previous sec-
tion, relatively large data scatter might stem from 

slight but partial reaction at the shock front, and 
the unreacted shock Hugoniot curve is more likely 
to be the lower limit of the data set.  The model 
theory again shows a good prediction of this be-
havior.  Slight deviation of this behavior at the 
higher shock strength indicates that the value of 
Grüneisen parameter at the spike point may not be 
equal to that at the thermodynamic value but be 
lower than that, since the spike point is the point 
of fairly compressed state of solid explosive mate-
rial.  Even so, the present model gives a very 
good approximation of the unreacted shock Hugo-
niot for energetic material.   
 Calculated value of the Grüneisen parameter 
decreases rather rapidly and smoothly to a very 
small value up to the spike point volume as shown 
in Fig. 3.  Estimated spike point parameters are : 
 
pN = 45.7(GPa),
vN = 0.36(cm3 /g),
us = 8.30(km /s),
up = 3.10(km /s)

       (7) 
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Fig. 3  Volume dependence of Grüneisen pa-
rameter for PETN 
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4. CONCLUSION 
 
 We have developed a simple evaluation 
method to predict unreacted shock Hugoniot 
compression curve for energetic materials.  
Present model is based on the fact that weak 
shock compression leads to the exclusive excita-
tion of phonon modes that cannot be converted 
to vibron modes.  Predicted crystalline PETN 
Hugoniot agrees well with experimental data.  
Volume dependence of the Grüneisen parameter 
evaluated in the present model does not corre-
spond to the normal compression behavior.  
For example, unreacted Hugoniot for low den-
sity explosive can be explained by the tempera-
ture dependent Grüneisen parameter.  The ef-
fort in this direction is now under way. 
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ABSTRACT 
 
The crystalline energetic component ε-CL20 (ε-HNIW, hexanitro-hexaaza-isowurtzitane, crystallized in 
ε-phase) has the potential to be used as ingredient in high performance formulations, for example in high 
burning rate rocket propellants. A closer inspection of the reactivity of ε-CL20 revealed a marked differ-
ence between ε-CL20-GAP and β-HMX-GAP. Experimental data of the reactivity between the 1:1 by 
mass mixtures ε-CL20-GAP diol, β-HMX-GAP diol and of 45:55 by mass formulations ε-CL20/GAP-
N100 and β-HMX/GAP-N100 (GAP-N100 means GAP diol cured with DesmodurTM N100) are pre-
sented. The data have been obtained by the following measurement methods:  
•  mass loss 
•  gas generation 
•  adiabatic self heat rate measured by ARCTM 
•  dynamic mechanical analysis (DMA) 
 
Gas generation determined with a standard vacuum stability test apparatus was used also to sustain the 
evaluation. With all four measurement methods the difference in reactivity between ε-CL20-GAP and β-
HMX-GAP is found. Further to this a difference in reactivity is observed between the mere mixture of ε-
CL20-GAP diol and the 45:55 formulation ε-CL20/GAP-N100. So-named reactivity functions are ob-
tained from the raw data of mass loss, which describe the reactive part between the components. The in-
vestigation of the mechanical properties of the 45:55 formulations ε-CL20/GAP-N100 and β-HMX/GAP-
N100 by dynamic mechanical analysis (DMA) shows the marked difference in binder ageing between 
them.  
 
KEY WORDS 
ε-CL20 (HNIW), β-HMX, GAP, compatibility, reactivity functions, adiabatic self heating, mass loss, 
torsion dynamic mechanical analysis, shear modulus, glass transition temperature shift 
 
 
1. INTRODUCTION 
 
The high energy material ε-CL20 (ε-HNIW) together with energetic binders as GAP-N100 gives a realis-
tic base for new high energy fast burning rocket propellants /1,2/. Besides the successful life time assess-
ment of formulations containing ε-CL20 bonded by GAP-N100 /3,4/, the experimental results indicate a 
difference in the compatibility behaviour of β-HMX-GAP and ε-CL20-GAP. This is surprising because 
both ε-CL20 and β-HMX are nitramines and are stable substances. The thermal stability of ε-CL20 as 

 
Paper presented on the 31st International Pyrotechnics Seminar July 11 to 16, 2004, Fort Collins, Colorado, USA. Organized 
and proceedings by International Pyrotechnics Seminar USA, Inc. and the International Pyrotechnics Society.  
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substance alone is good /5,6/. Two types of component pairs are under investigation presently: (i) 1:1 
mixtures by mass of ε-CL20-GAP diol and β-HMX-GAP diol, (ii) kneaded and cured 45:55 by mass for-
mulations of ε-CL20/GAP-N100 and β-HMX/GAP-N100. The reactivity differences have been deter-
mined by mass loss ML, gas generation GG and adiabatic self heating h. The measurement methods probe 
the materials differently: ML and GG by the split off reaction gases and h by the rate of the net sum of the 
reaction heats. The found result will be assured if both probings reveal the same behaviour. In /7/ results 
obtained with heat generation are presented and discussed and an explanation is given for the found dif-
ferences in reactivity based on molecular modelling. 
 
 
2. SUBSTANCES AND MEASUREMENT METHODS 
 
The chemical formulas of the substances used are shown in Fig. 1. The diol GAP (GAP has in average not 
two OH end groups per GAP chain, it has between 1.3 and 1.85, lot depending) reacts with oligo-
isocyanate by addition reaction to a three dimensional polyurethane elastomer. The 1:1 mixtures by mass 
of ε-CL20-GAP diol and β-HMX-GAP diol were mixed intensively by hand. The GAP diol was from 
SNPE (this corresponding part of SNPE company is named now SME), France, the ε-CL20 and β-HMX 
lots have been: 
 ε-CL20 from Thiokol, USA, with mean particle size of 3.2 µm 
 β-HMX from Dyno, Norway, with mean particle size of 5 µm 
 

 
 
Fig. 1:  The chemical formulas of the substances used. The oligoisocyanate DesmodurTM N100 

and GAP diol are shown with idealized formulas. N100 contains only about 2.5 active 
isocyanate groups per molecule. The unit multiplier n is about 10 with standard GAP diol.  

 
The formulations ε-CL20/GAP-N100 (CGN) and β-HMX/GAP-N100 (HGN) have been made in the 
technical plant of ICT in a kneader /8/. The curing agent DesmodurTM N100 from Bayer Company, Ger-
many, was added at the end of the main kneading. As curing catalyst dibutyltin dilaurate was added in a 
very small amount. The filling of plate like forms was done under vacuum. The curing conditions have 
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been 60°C over 1 day under confinement in the plate and additionally 60°C over 3 days in the mould 
without confinement. The same GAP diol from SNPE (now SME), France was used as with the mixtures. 
The following ε-CL20 and β-HMX lots were taken: 
 ε-CL20 from SNPE (now SME), France, with mean particle size of 8.4 µm 
 β-HMX from Dyno, Norway, with mean particle size of 10 µm 
The ratio of the crystalline energetic materials to the binder GAP-N100 (GN) was 45:55 (0.818 : 1) by 
mass. The relative reduction of the energetics part was done to facilitate the casting of the formulation 
into the plate mould. The molar ratios of the formulations are with molar mass of GAP-N100 mGN = 1871 
g/mol, mCL20 = 438.2 g/mol and mHMX = 296.2 g/mol: 
  • CGN:  0.777 : 0.223 = 3.48 : 1 
  • HGN:  0.838 : 0.162 = 5.17 : 1 
 
The measurement methods used have been: 
• mass loss by storing the samples in loosely stoppered glass vials placed in aluminium block oven 

with PID controlled temperature and remote weighing at intervals adapted to the substance decompo-
sition rate; two samples in parallel, sample amounts 2g each. 

• gas generation determined with the standard vacuum stability test apparature at 100°C over 40h with 
2.5g sample amount, two samples in parallel. 

• adiabatic self heating determined with an ARCTM, made by former company Columbia Scientific 
Industries, now TIAX LLC, 15F/320 Acorn Park, Cambridge, MA 02140-2390, USA; sample 
amounts about 200mg, heat step 4°C, sensitivity limit for detection of exotherme 0.02°C/min, initial 
atmosphere vacuum. 

• dynamic mechanical analyser (DMA) ARESTM (Advanced Rheometric Expansion System) from 
Rheometric Scientific Inc, Piscataway, NJ, USA. Determination of complex shear modulus G*(ω) = 
G’(ω)+iG’’(ω) by torsion DMA with forced sinusoidal deformation (shear) γ(t) = γ0sin(ωt) of a rec-
tangular sample as function of temperature and deformation frequency f, which gives a deformation 
rate dγ(t)/dt = ωγ0cos(ωt). The symbol ω means angular frequency ω=2πf, f is frequency in Hz, γ0 is 
deformation or shear amplitude. Temperature scan mode, 1°C/min with 4 min equilibration time with 
frequency scan at each temperature. Sample dimensions have been: 12mm broad, 4 to 5 mm thick 
and about 50mm long. Deformation with frequency: 0.1 Hz, 1 Hz and 10 Hz. The shear amplitudes 
have been adjusted to deform the samples in the range of linear deformation behaviour. 

 
 
3. METHOD TO DETERMINE REACTIVITY 
 
A chemical reaction between two components is recognizable by its effects, namely formation of reaction 
products, reaction heat and consumption of reaction educts, Eq.(1). 
 
(1) A + B  →  gases  +  liquids  +  solids   +   reaction heat 
 
Ideally compatible components will not create any reaction between themselves when brought into con-
tact, but this is not often the case. To the already existing decomposition reactions of the components 
alone additional decomposition ways generally for both components are created. Educt A forms PA, educt 
B forms PB and A+B form P and each of them open additional reactions with A and B each. An additional 
chemical conversion is created with regard to the chemical conversions of the components alone. Several 
methods can be used to determine the additional chemical conversion: 
  •  gas generation 
  •  mass loss 
  •  heat generation (obtained by integration of heat generation rate) 
  •  analysis of educts and products as function of time 
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For assessing compatibility or reactivity the best is to use a procedure based on the excess chemical con-
version. The excess reaction part or the excess conversion is best obtained by the difference of measured 
quantities P. That means the values of the single components are subtracted from the value of the mixture. 
This is analogous to the thermodynamic description of mixtures with excess quantities. The here used 
reactivity functions RP(t,T) are defined as the difference of measured quantities P, Eq.(2), which are 
scaled in substance amount and taken as absolute or reference value normalized quantities. It can be 
formed also with mixture ratios based on molar amount, volume, surface or number of reactive groups. 
With 1:1 mixtures by mass one has MGi / MG = 0.5. Eq.(3) shows the fully normalized reactivity expres-
sion RPr(t,T), which is a conversion quantity and correctly RPr(t,T) is named excess conversion function. 
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Meaning of symbols in Eq.(2) and Eq.(3): 

RP reactivity function or excess reaction function, determined with measurement quantity P 
RPr normalized reactivity function or excess conversion function, determined with measurement 

quantity P and the corresponding reference values 
  MG mass of the mixture at t=0 
  MG1 mass of component 1 in mixture at t=0 
  MG2 mass of component 2 in mixture at t=0 
  PG measurement quantity P of mixture 
  P1 measurement quantity P of component 1, with sample mass M1 at t=0 
  P2 measurement quantity P of component 2, with sample mass M2 at t=0 
  PG,ref reference value of measurement quantity P of mixture, amount normalized 
  P1,ref reference value of measurement quantity P of component 1, amount normalized 
  P2,ref reference value of measurement quantity P of component 2, amount normalized 
 
To investigate not well known substances, one must use several measurement methods to determine com-
patibility in order to get a high enough reliability for the assessment, if one uses so-named summarizing 
measurement methods as mass loss, heat generation and gas generation. In the mixture of components we 
have ongoing decomposition reactions of the components and between the components with changing 
reaction intensity and possible changes in decomposition mechanisms with temperature. Therefore single 
measurement values often are not enough to assess compatibility, especially with unknown substances. A 
fairly reliable way is to use two methods which probe the samples in a different way, means for example 
with gas generation and heat generation. Three suitable measurement quantities P can be used isother-
mally: 
  •  mass loss ML (ML(t,T) = 1–M(t,T)/M(0)) 
  •  gas generation GG 
  •  heat generation (HG) Q.  
Mass loss is complementary to gas generation, but because of the normalization advantage the mass loss 
is a very convenient measurement quantity. 
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With mass loss, one has immediately the formulation as excess conversion function or normalized reac-
tivity function, Eq.(4) and Eq.(5). With gas generation GG and heat generation Q mostly one uses the 
excess reaction functions, Eq.(6) and Eq.(7). In these equations GGi(t,T) and Qi(t,T) are already initial 
mass normalized. In /7/ and /9/ more can be found to the definition of conversion type reactivity func-
tions. 
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4. ASSESSMENT CRITERIA FOR REACTIVITIES RP 
 
For the assessment of compatibility or reactivity but also for stability, one must fix three conditions with 
‘single point’ measurements: 
•  test temperature 
•  test time 
•  limit value of the excess conversion at test temperature and test time  

for stability:  limit value for conversion at test temperature and test time 
 
To get the data in an effective time period suitable temperature-time data for the tests must be chosen, 
which represent a sufficient use time at ambient temperatures. The compilation in Table 1 shows such 
data extrapolated from some temperature-time data used in stability and compatibility tests. Eq.(8) was 
used to obtain the corresponding times tE at 25°C from test time and test temperature. 
 
To assess mixtures of not well known components some general validity for the limit values must be 
found. Based on the upper limit value from the reactivity test done with gas generation at 100°C, 40h, 
namely 1.0 ml/g (5 ml per 2.5g+2.5g) (lower limit value is 0.6 ml/g), the limit values for the other meas-
urement methods are deduced. With this limit value of excess gas generation 0.25% excess conversion is 
assigned using the reference value of 400 ml/g for the mixture in test, means it is able to produce in aver-
age 400 ml gas per gram of mass at total decomposition. This is a low limit value in order to be on the 
safe side. Because of possible ‘negatively directed’ interactions between the components the limits for 
RGG are defined as -1.0 ml/g ≤ RGG ≤ +1.0 ml/g. The same holds for all other limit values. With the above 
gas evolution limit at 100°C and 40h (=1.667d) we obtain the ML reactivity criterion at 90°C, 18d to be ± 
0.9% excess conversion: ± 0.25% x 18d / (3 x 1.667d) = ± 0.9%. If we go now to 80°C and maintain the 
same degree of excess conversion we could extent the time by a factor of 3. But if measurements not 
longer than 10 days at 80°C are needed, the limit of ± 0.9% is divided by a factor of 3x1.8 = 5.4 and the 
limit excess conversion of ± 0.17% at 80°C, 10d is obtained for RML. 
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(8) d365/F]d[t]a[t FET T/)TT(
TE

∆−⋅=  
tE time in years at temperature TE, here 25°C 
tT test time in days at test temperature TT 
F acceleration or deceleration factor per 10°C change, here 3 
TT test temperature in °C 
TE environmental temperature in °C 
∆TF temperature interval for actual value of factor F, here always 10°C 

 
Table 1: Extrapolated times in years at 25°C from some temperature-time data used in stability and 

compatibility tests. 
 

Temperature, time 
Extrapolated time in years at 
25°C with factor 3 per 10°C tem-
perature change  

100°C,    40h 17.3 
90°C,    18d 62.3 
90°C,     3d 10.4 
80°C,    10d 11.5 
75°C,    15d 9.99 
65°C,    40d 8.9 

 
Table 2: Limit values for the three reactivity quantities RP. The allowed range for RP is from minus 

to plus: low limit ≤ RP ≤ high limit. The master limit values are given in the first line for 
every method. The deduced limit values are obtained with factor 3 per 10°C temperature 
change. 

 

 RP limits for assessment of excess 
conversion reference value PG,ref 

ML RML    [%] 
  ± 0.9 % at 90°C, 18d 
 

  ± 0.9 % at 100°C, 6d 
  ± 0.25 % at 100°C, 40h 

Initial mass MG(0). 
Base is 0.25% at 100°C, 40h. 

GG RGG [ml/g] 
  ± 1 ml/g at 100°C, 40h 
 

  ± 3.6 ml/g at 90°C, 18d 
  ± 3.6 ml/g at 100°C, 6d 

Base is 0.25% of 400 ml/g at 100°C, 
40h. This is the average final mixture 
gas generation value GGG(te,T). 

 
To find the right reference value with gas generation is a sort of problem. The question is what is the total 
gas generated when all the component mixture has reacted to the state where no further gas is generated, 
and this has to be achieved at the chosen test temperature. Additionally the ongoing reactions should be 
the same along the complete reaction coordinate or conversion. Experimentally this is almost never 
achievable, therefore only assumptions are possible, which clearly depend on the nature of the compo-
nents. For completion, the limit values LP to determine the stability of a component or formulation are 
listed in Table 3 for the three measurement methods ML and GG. Again in the first line the master limit 
value is given and below this some deduced limit values, whereby the factor 3 per 10°C temperature 
change was taken. The master limit value for mass loss was taken from the testing of NC-based gun and 
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rocket propellants with the ML stability criterion at 90°C, 18d to be ≤ 3% of conversion, means measured 
mass loss.  
 
Table 3: Limit values LP for the three measurement methods ML and GG to determine the stability 

of a component or formulation. The master limit values are given in the first line for every 
method. The deduced limit values are obtained with factor 3 per 10°C temperature 
change. 

 

 LP limits for stability assessment reference value Pref 

ML LML    [%] 

  ≤ 3% at 90°C, 18d 
 

  ≤ 0.83% at 100°C, 40h 
  ≤ 0.56% at 80°C, 10d 
  ≤ 3% at 85°C, 31.2d 

Initial mass M(0). 
Base is 3% at 90°C, 18d. 

GG LGG [ml/g] 
  ≤ 2 ml/g at 100°C, 40h 
 

  ≤ 7.2 ml/g at 90°C, 18d 
  ≤ 1.33 ml/g at 80°C, 10d 

Base is 0.25% of 800 ml/g at 100°C, 
40h. This is the average final sub-
stance gas generation value GG(te,T). 

 
 
 
5. RESULTS 
 
5.1 Mass loss measurements 
 
The Fig. 2 shows the mass loss curves ML(t,T) at 100°C of the 1:1 mixtures by mass and of their compo-
nents, as well as the reactivity function RML(t,T) of the mixtures. Clearly ε-CL20-GAP diol shows higher 
reactivity than β-HMX-GAP diol. But according to the criteria of stability, 100°C, 6d, ≤ 3% and reactiv-
ity, 100°C, 6d, ≤ 0.9%, the mixture ε-CL20-GAP diol is assessed as stable and ε-CL20 as compatible with 
GAP diol. In Fig. 3 the reactivity functions RML(t,T) of the 1:1 mixture ε-CL20-GAP diol at 90°C, 100°C, 
110°C and 120°C can be seen.  
 
The mass loss curves of ε-CL20/GAP-N100 (CGN) at 70°C, 80°C and 90°C and that of β-HMX/GAP-
N100 (HGN) at 100°C, 110°C and 120°C can be seen in Fig. 4. The choice of temperatures has been such 
to have comparable conversions between CGN and HGN, however for pairs of temperatures different by 
30°C for the two formulations. This indicates the great reactivity difference of these two substances. The 
reactivity rates differ by a factor of about 40 to 50. The stability criterion at 90°C, 18d, ≤ 3%, is exceeded 
by CGN and this is the same at all other temperatures. Fig. 5 shows the mass loss curves of CGN and 
HGN and of the components and the reactivity curves of CGN and HGN at 90°C. HMX is not shown, 
because no mass loss other than some moisture loss could be detected. The information from this figure is 
that the reactivity of CGN is much higher than that of HGN and CGN must be stated as instable and ε-
CL20 incompatible with GAP-N100.  
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Fig. 2:  Mass loss ML at 100°C of ε-CL20, β-HMX, GAP diol, 1:1-mixtures ε-CL20-GAP diol 
and β-HMX-GAP diol and reactivity functions RML of the mixtures. The figure shows 
smoothed curves. 
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Fig. 3:  Reactivity functions RML(t,T) of the 1:1 mixture by mass ε-CL20-GAP diol determined 
from mass loss measurements. 
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mass loss comparison of 
e-CL20 / GAP-N100 (45:55)
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Fig. 4: Mass loss curves ML(t,T) at several temperatures of ε-CL20/GAP-N100 (CGN) and β-
HMX/GAP-N100 (HGN). A strong reactivity difference between CGN and HGN can be 
recognized. To reach with HGN the same mass loss rate as with CGN the temperature of 
HGN must be raised by somewhat more than 30°C.  
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Fig. 5 Mass loss ML at 90°C of ε-CL20/GAP-N100 (CGN), β-HMX/GAP-N100 (HGN), GAP-
N100 (GN) and ε-CL20. ML of HMX is not shown because there was no mass loss. The 
reactivity function RML of CGN exceeds that of HGN very much. 
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The mass loss curves of GAP-N100 can be seen in Fig. 6. GAP decomposes without autocatalytic accel-
eration, the curve at 130°C seems to be caused by a first order decomposition. In detail the decomposition 
is a combination of first order and consecutive reactions in splitting of molecular nitrogen and backbone 
decomposition products. At the beginning the main decomposition reaction is loss of nitrogen from the 
azide group.  
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Fig. 6:  Mass loss as function of time and temperature of cured GAP, GAP-N100. The ML 
reaches a plateau value at about 32%. 
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Fig. 7:  Mass loss of 45:55 formulation β-HMX/GAP-N100 as function of time and temperature. 
For comparison the ML curve of GAP-N100 (GN) at 130°C is shown also. 
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Fig. 8:  Mass loss of 45:55 formulation β-HMX/GAP-N100 as function of time and temperature 
up to ML = 5%. For comparison the ML curves of GAP-N100 (GN) are shown at 110°C, 
120°C and 130°C. 
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Fig. 9:  Mass loss of 45:55 formulation ε-CL20/GAP-N100 as function of time and temperature. 
For comparison the ML curve of GAP-N100 at 130°C is shown. 

 
The 45:55 formulation β-HMX/GAP-N100 (HGN) shows an increasing decomposition rate as found with 
autocatalytic decomposition, especially at the higher measurement temperatures. A plateau value of 42% 
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to 44% of ML will be reached. HGN decomposes much faster than GAP-N100, which can be seen in Fig. 
7 and Fig. 8 in comparison with the curves for GAP-N100. Fig. 9 shows the mass loss curves of the 45:55 
formulation ε-CL20/GAP-N100 (CGN) at temperatures between 70°C and 130°C. Compared to HGN the 
decomposition rate is much higher as already stated with Fig. 4. Also CGN shows autocatalytic type in-
crease of reaction rate and a plateau value is indicated at about 37% of ML. The molar ratio of β-HMX to 
ε-CL20 in the formulations is about 1.48. The mass loss ratio 44% / 37% is 1.19. The difference in the 
plateau values seems to be caused in part by the difference in the molar amounts and in part by the differ-
ent decomposition of ε-CL20 and β-HMX. 
 
 
5.2 Gas generation 
 
Table 4 summarizes the data obtained from gas generation GG at 100°C and 40h. It lists on the left side 
the results for the 1:1 mixtures and their components and on the right side the results of the formulations. 
The reactivity RGG between ε-CL20 and GAP diol is about 4 times that of β-HMX and GAP diol. All 
substances and mixtures are assessed stable and the two mixture reactivity values RGG fulfil the limit cri-
terion, 100°C, 40h, -1 ml/g ≤ RGG ≤ +1 ml/g. The criterion for stability is ≤ 2 ml/g. The formulation ε-
CL20/GAP-N100 must be assessed as unstable and according to RGG ε-CL20 is incompatible in GAP-
N100. 
 
Table 4: Gas generations GG and reactivities RGG at 100°C over 40h of the 1:1-mixtures and their 

components as well as of the two formulations ε-CL20/GAP-N100 and β-HMX/GAP-
N100 and their components, determined with the standard vacuum stability test. Volumes 
normalized to 0°C and 1 atm. 

 
1:1 mixtures by mass and components 45:55 formulations  by mass and components 

 GG [ml/g] assessment  GG [ml/g] assessment 

GAP diol 0.25 stable GAP-N100 0.29 stable 

ε-CL20, 3.2µm 0.06 stable ε-CL20, 25 µm 0.07 stable 

β-HMX, 5 µm 0.02 stable β-HMX, 10 µm 0.08 stable 

ε-CL20–GAP diol 0.42 stable ε-CL20/GAP-N100 3.03 instable 

β-HMX–GAP diol 0.20 stable β-HMX/GAP-N100 0.43 stable 

 RGG [ml/g]   RGG [ml/g]  

ε-CL20–GAP diol + 0.265 compatible ε-CL20/GAP-N100 + 2.85 incompatible

β-HMX–GAP diol + 0.065 compatible β-HMX/GAP-N100 + 0.25 compatible 
 
 
5.3 Adiabatic self heating 
 
The results of adiabatic self heating are presented in Fig. 10 for the mixtures and in Fig. 11 for the formu-
lations, with their components each. It was measured with an ARCTM, for details of the method see 
/10,11/. The adiabatic self heat rate h is shown as function of the inverse absolute temperature, centigrade 
are assigned for convenience. The temperature is the one which the sample has reached by its self heating. 
The adiabatic self heat rate curves start from the onset temperature detected by the apparatus and end at 
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the transition from by the apparatus controlled self heating to deflagration. Only the curves of GAP diol 
and GAP-N100 have fully measured curves until the substance was consumed. The mixture β-HMX-GAP 
diol has an onset temperature coinciding with GAP diol alone, means the onset of self heating of the mix-
ture is controlled by GAP diol. Some reactivity in the mixture is detected, because the slope of the curve 
of β-HMX-GAP diol is greater than the one of GAP diol. With the mixture ε-CL20-GAP diol reactivity is 
clearly detected by the greater slope compared to GAP diol and by the onset temperature of 155°C of the 
mixture compared to GAP diol with 167°C and ε-CL20 with 172°C. The shift of 12°C in onset tempera-
ture between GAP diol and ε-CL20-GAP diol can be assigned as compatible based on the results from 
mass loss, heat generation /7/ and gas generation. The onset temperature of ε-CL20/GAP-N100, Fig. 11, 
is with 123°C largely shifted to lower temperatures compared to the onset of GAP-N100 with 172°C. 
From this the guess is incompatibility. This guess is confirmed by the data of Table 4, right side, and by 
the following results of mass loss and gas generation and heat generation in /7/. The gas generation of ε-
CL20/GAP-N100 exceeds with 3.03 ml/g at 100°C, 40h also the limit of stability, maximum 2ml/g. Com-
pared to β-HMX-GAP diol the formulation β-HMX/GAP-N100 shows some higher reactivity too, see 
Table 4. With adiabatic self heating the higher reactivity of HGN compared to the 1:1 mixture is revealed 
also, because the onset temperature of HGN is shifted below the one of GAP-N100. The ε-CL20/GAP-
N100 curve shows a convex curvature in direction of the abscissa, means an accelerated increase of self 
heat rate. This is the same effect seen with the isothermal curves in Fig. 2 to Fig. 5 and the cause is as-
sumed as autocatalytic acceleration. Also β-HMX/GAP-N100 shows this curvature, not so significant but 
recognizable and also the ε-CL20 and β-HMX alone in the upper part of their self heat rates. Non auto-
catalytic behaviour is shown by GAP-N100 in Fig. 11 and by GAP diol in Fig. 10. They show a maxi-
mum because of substance consumption. 
 

 
 

Fig. 10:  Adiabatic self heating of the 1:1 mixtures and their components, determined with an 
ARCTM. The curve of ε-CL20-GAP diol is clearly shifted to lower temperatures compared 
to GAP alone, indicating a higher reactivity than in β-HMX-GAP diol. The adiabatic self 
heating of the β-HMX-GAP mixture starts at about the same temperature as the one of 
GAP diol alone. 
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Fig. 11:  Adiabatic self heating of the formulations and their components, determined with an 
ARCTM. The great shift to lower onset temperature of ε-CL20/GAP-N100 is indicative for 
a high reactivity between ε-CL20 and GAP-N100. 

 
 
5.4 DMA measurements 
 
Dynamic mechanical analysis in torsion mode was performed with aged sample of GAP-N100 and the 
two formulations. The data of moderate and strongly aged samples are presented here. The measurements 
were made at three different deformation rates distinguished by the frequency of the forced sinusoidal 
deformation. Fig. 12 shows an example with ε-CL20/GAP-N100 aged at 80°C over 2 days. The storage 
modulus G’ and the loss factor tan(δ)= G’’/G’ can be seen as function of temperature and deformation 
frequency. The higher the frequency the higher the deformation rate and the response is like a material 
with increasing strength, recognizable by the shift of the glass transition to higher temperatures. In this 
work the glass transition temperature is taken as the maximum of loss factor tan(δ) = f(T). 
 
Fig. 13 shows the storage modulus G’ and the loss factor tan(δ) of GAP-N100 as function of temperature 
at deformation with 1 Hz at different ageing states. The ageing shifts the glass transition to higher tem-
peratures. This is achieved by additional cross-linking between neighbouring GAP chain. This explana-
tion was discussed already in /12/. But the quite strong ageing has already first effects on the strength in 
the rubbery region. The value of G’ seems to be lower for the sample aged over 50 days in comparison to 
the one aged over 2 days. This means a beginning chain cleavage of the binder in competition to the 
strength increasing cross-linking. The behaviour of formulation β-HMX/GAP-N100 is shown in Fig. 14. 
The ageing temperature was the same as with GAP-N100, but the strong ageing extends to even 80 days. 
There is no indication of chain splitting in the binder. The two curves seem to coincide in the rubbery 
part. However the glass transition temperature is shifted to relatively high temperatures, higher than to be 
expected with GAP-N100 alone. This is indicative for an increased cross-linking in GAP-N100. The ef-
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fect of ageing on the formulation ε-CL20/GAP-N100 is presented in Fig. 15. The ageing temperature was 
only 80°C. From Fig. 8 one knows that CGN ages at the same extend as HGN but at a temperature differ-
ence of about 30°C. The pure binder ageing is therefore not as strong as at 110°C. However, the most 
striking result is the clearly stated decrease in binder strength as shown by significant lowering of the 
storage modulus in the rubbery region compared to the weakly aged and unaged samples. 
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Fig. 12:  Storage shear modulus G’ and loss factor tan(δ) of 45:55 formulation ε-CL20/GAP-N100 

as function of temperature and deformation aged at 80°C over 2 days. 
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Fig. 13:  Storage shear modulus G’ and loss factor tan(δ) of GAP-N100 as function of temperature 
and ageing at deformation with 1 Hz. 
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Fig. 14:  Storage shear modulus G’ and loss factor tan(δ) of 45:55 formulation β-HMX/GAP-N100 
as function of temperature and ageing at deformation with 1Hz.  
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Fig. 15:  Storage shear modulus G’ and loss factor tan(δ) of 45:55 formulation ε-CL20/GAP-N100 
as function of temperature and ageing at deformation with 1 Hz. 
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Fig. 18:  Storage shear modulus G’ as function of temperature at deformation with 1 Hz of 45:55 
formulations CGN, HGN and GAP-N100 (GN) aged at indicated conditions. 
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Fig. 19:  Loss shear modulus G’’ as function of temperature at deformation with 1 Hz of 45:55 
formulations CGN, HGN and GAP-N100 (GN) aged at indicated conditions. 
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Fig. 20:  Loss factor tan(δ) as function of temperature at deformation with 1 Hz of 45:55 formula-
tions CGN, HGN and GAP-N100 (GN) aged at indicated conditions. 

 
Fig. 18, Fig. 19 and Fig. 20 show the storage shear modulus, the loss shear modulus and the loss factor for 
all samples together to allow immediate comparison. A further result is revealed with Fig. 20, in that the 
high temperature tailing of the loss factor shows a clear separation between weakly and strongly aged 
samples. The coincidence of the tan(δ) tails of the two formulations states again the same ageing extent, 
but induced by a temperature difference of 30°C. The lowering of the height of tan(δ) in going from un-
filled GAP-N100 to filled ones, especially to see with weakly aged samples, can be explained by the re-
striction in polymer chain mobility, in part caused by binder-polymer interaction and in part by filling up 
of free volume by the filler material. The restricted possibility for reorientation for the polymer chains in 
going from the rubbery state to the glassy state reduces the extent of energy consumed for these processes 
and therefore the height in tan(δ). A further aspect is that the filler raises the elastic behaviour of the sam-
ple and this reduces the phase shift between source of deformation and measurement of deformation. 
 
 
6. DISCUSSION 
 
The shape of the mass loss curves and of the excess reaction functions RML in Fig. 3 looks like autocata-
lytic decomposition behaviour, means here an autocatalytic excess decomposition is revealed. The model 
‘ML: first order + autocatalytic’ /6/ has been applied to describe these data up to 4% RML.  
 
In Eq.(9) the principal autocatalytic reaction scheme is shown. Eq.(10) describes the decomposition rate 
of component A, which is formulated for masses in Eq.(11) with the corresponding symbols given in 
Eq.(12) using MAr(t,T) = MA(t,T)/MA(0). The integration of Eq.(12) with the initial condition MAr(0) = 1 
results in Eq.(13). 
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       A  
k1 →   B + C + S   intrinsic decomposition 

(9) A + B  
k2 →   2 B + C + S   autocatalytic decomposition 
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The general relation between the measurement quantity M(t,T) and the looked for quantity MA(t,T) is 
given in Eq.(14). The symbol mi means molar mass of substance i. With Eq.(15) and Eq.(16) the relations 
between mass loss ML and measured and looked for quantities are given. 
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The results of the evaluation of the excess reaction in the 1:1 mixture ε-CL20-GAP diol are shown in 
Table 5 and in Fig. 21 as Arrhenius plots. The value 143 kJ/mol was found for the activation energy of 
the autocatalytic part, which dominates the first order part at higher conversions and temperatures.  
 
Table 5: Excess reaction rate constants of the excess thermal decomposition of the 1:1 mixture by 

mass ε-CL20-GAP diol calculated with the reaction kinetic model 'ML: first-order + 
autocatalytic' to the isothermal reactivity function RML(t,T) up to RML = 4% with mC/mA = 
1 and fixed offset value O. 

 

temperature 
[°C] 

1
RMLk  

[1/d] 

2
RMLk  

[1/d] 
offset O

[%] 
correl. coef-

ficient 

90 2.314 E-4 ± 0.02 E-4 1.097 E-2 ± 0.02 E-2 0 0.99980 

100 5.951 E-4 ± 0.09 E-4 5.108 E-2 ± 0.10 E-2 0 0.99924 

110 1.025 E-3 ± 0.03 E-3 1.363 E-1 ± 0.05 E-1 0 0.99846 

120 1.066 E-3 ± 0.03 E-3 1.292 E-1 ± 0.04 E-1 0 0.99839 
i
RMLEa  [kJ/mol] 

i
RMLZ  [1/d] 

lg( i
RMLZ [1/d]) 

correl.coeff. 

86.8 ± 5 
7.556 E+8 
8.878 ± 0.7 

0.9934 

143.4 ± 8.3 
4.975 E+18 

18.697 ± 1.15 
0.9933 
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Fig. 21:  Evaluation of the reactivity functions RML(t,T) of the 1:1-mixtures ε-CL20-GAP diol by 
the model ‘ML: first order + autocatalytic’. The Arrhenius parameters of the formal as-
signment to first order and autocatalytic reactivity between the components are given. 

 

 
 

Fig. 22:  Isothermal mass loss data at several temperatures of the 1:1 mixture by mass ε-CL20-
GAP diol and their kinetic modelling with model ‘ML: first order + autocatalytic’.  

 



- 77 - 

Fig. 22 shows the modelling of the mass loss data of the 1:1 mixture ε-CL20-GAP diol itself. The data are 
described very well, which can be seen from Table 6 and from Fig. 23, which presents the Arrhenius plot 
of the two reaction rate constants. The values of the two activation energies are comparable to the ones of 
the excess reaction regarding the standard deviation limits of the values. This means, the decomposition 
of ε-CL20 in contact with GAP dominates the reactivity and the decomposition of the single substances 
has almost no effect on the overall decomposition of the mixture. 
 
Table 6: Reaction rate constants of the thermal decomposition of the 1:1 mixture by mass ε-CL20-

GAP diol calculated with the reaction kinetic model 'ML: first-order + autocatalytic' ap-
plied to the isothermal mass loss data with mC/mA = 0.8 and fixed offset O. 

 
temperature 

[°C] 
1
MLk  

[1/d] 

2
MLk  

[1/d] 
offset O

[%] 
correl. coef-

ficient 

90 3.024 E-4 ± 1.1 E-4 1.102 E-2 ± 0.60 E-2 0.157 0.99987 

100 9.746 E-4 ± 3.1 E-4 3.699 E-2 ± 1.70 E-2 0.157 0.99864 

110 1.647 E-3 ± 6.5 E-4 1.096 E-1 ± 0.43 E-1 0.157 0.99899 

120 3.256 E-3 ± 1.6 E-3 3.763 E-1 ± 1.40 E-1 0.157 0.99848 
i
MLEa  [kJ/mol] 

i
MLZ  [1/d] 

lg( i
MLZ [1/d]) 

correl.coeff. 

91.1 ± 10 
4.457 E+9 
9.649 ± 1.4 

0.976 

138.6 ± 3.5 
9.226 E+17 

17.965 ± 0.50 
0.9987 
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Fig. 23:  Evaluation of the decomposition of the 1:1 mixture ε-CL20-GAP diol by the model ‘ML: 
first order + autocatalytic’. The Arrhenius parameters of the first order and autocatalytic 
reaction rate constants are given. 
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Fig. 24:  Isothermal mass loss data at several temperatures of the 45:55 formulation by mass ε-
CL20/GAP-N100 and their kinetic modelling with model ‘ML: first order + autocata-
lytic’. 

 
Table 7: Reaction rate constants of the thermal decomposition of the 45:55 by mass formulation ε-

CL20/GAP-N100 calculated with the reaction kinetic model 'ML: first-order + autocata-
lytic' applied to the isothermal mass loss data with mC/mA = 0.36 and fixed offset O. 

 
temperature 

[°C] 
1
MLk  

[1/d] 

2
MLk  

[1/d] 
offset O

[%] 
correl. coef-

ficient 

70 5.297 E-4 ± 0.38 E-4 5.237 E-3 ± 0.51 E-3 0.15 0.99973 

80 1.483 E-3 ± 0.25 E-3 1.892 E-2 ± 0.38 E-2 0.15 0.99912 

90 4.720 E-3 ± 0.82 E-3 6.262 E-2 ± 1.25 E-2 0.15 0.99974 

100 1.466 E-2 ± 0.35 E-2 1.828 E-1 ± 0.50 E-1 0.15 0.99977 

110 4.117 E-2 ± 1.02 E-2 4.433 E-1 ± 1.40 E-1 0.15 0.99948 
i
MLEa  [kJ/mol] 

i
MLZ  [1/d] 

lg( i
MLZ [1/d]) 

correl.coeff. 

120.2 ± 2.6 
9.505 E+14 

14.978 ± 0.38 
0.9986 

122.0 ± 2.7 
2.089 E+16 

16.320 ± 0.39 
0.9985 

  

 



- 79 - 

Arrhenius plot
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description with model 'ML: first order + autocatalytic'

-8

-7

-6

-5

-4

-3

-2

-1

0

0.00255 0.0026 0.00265 0.0027 0.00275 0.0028 0.00285 0.0029 0.00295 0.003

1/T [1/K]

ln(kX [1/d])

first order part

autocatalytic part

Ea2 = 122 kJ/mol
Z2 = 2.09 E+16 1/d
KK = 0.9985

Ea1 = 120 kJ/mol
Z1 = 9.51 E+14 1/d
KK = 0.9986 70°C

80°C

90°C

100°C

110°C

 
 

Fig. 25: Evaluation of the decomposition of the 45:55 formulation ε-CL20/GAP-N100 by the 
model ‘ML: first order + autocatalytic’. The Arrhenius parameters of the first order and 
autocatalytic reaction rate constants are given. 

 
Table 8: Arrhenius parameters of ε-CL20 alone, for the excess reaction of the 1:1 mixture ε-CL20-

GAP diol and of the mixture itself and of the formulation ε-CL20/GAP-N100. All data 
used for evaluation are isothermal mass loss measurements. 

 
 ε-CL20 alone /6/ 

thermal decomposi-
tion 

160°C to 185°C 

ε-CL20-GAP diol
thermal excess 

reaction 
90°C to 120°C 

ε-CL20-GAP diol
thermal decom-

position 
90°C to 120°C 

ε-CL20/GAP-N100
thermal decomposi-

tion 
70°C to 110°C 

 first ord. autocat. first ord. autocat. first ord. autocat. first ord. autocat. 
Eai [kJ/mol] 185.2±4.0 183.3±0.4 87 ± 5 143 ± 8 91 ± 10 139 ± 4 120 ± 3 122 ± 3 
lg(Zi [1/s]) 15.98±0.5 17.78±.05 3.942 13.760 4.71 13.03 14.978 16.320 
KK = R2 0.99896 0.999989 0.9934 0.9933 0.976 0.9987 0.9986 0.9985 

 
The modelling of the ML data of the formulation ε-CL20/GAP-N100 can be seen in Fig. 24. Also here the 
description of the data is very good, see Table 7 and Fig. 25 for the Arrhenius plot. The values of the acti-
vation energies differ from those of the 1:1 mixture. The first order reaction has a higher value, from 
about 90 kJ/mol to 120 kJ/mol and the autocatalytic part shows a decrease from 140 kJ/mol to 122 
kJ/mol. In Table 8 all the data are compiled for comparison. It also includes the Arrhenius parameters of 
the ε-CL20 alone. From this comparison one states a marked reduction in the values of the decomposition 
of ε-CL20 in contact with GAP. In part this can explain the higher burning rates of ε-CL20-GAP formula-
tions in comparison to β-HMX-GAP formulations. In Table 9 the Arrhenius parameters of the thermal 
decomposition of GAP-N100 are given determined from mass loss in the temperature range 90°C to 
130°C. Fig. 26 shows the Arrhenius plot. The data from the linear region of mass loss increase have been 
taken only, means a mass loss range up to 1% and 5%, depending on the temperature. With 150 kJ/mol 
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GAP-N100 has a higher activation energy than all the ε-CL20-GAP combinations. Therefore the accelera-
tion of the thermal decomposition is caused by the contact between ε-CL20 with GAP.  
 

GAP-N100
Arrhenius plot

description of mass loss data with reaction of zero order
ML range between 1% and 5%
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Fig. 26:  Evaluation of the thermal decomposition of GAP-N100 by the model ‘ML: zero order’. 
 
Table 9: Arrhenius parameters of GAP-N100 determined from the mass loss data. For the model-

ling a reaction of zero order was used to describe the linear part of the data in the begin-
ning. 

 
 GAP-N100 

thermal decomposition 
90°C to 130°C 

Ea [kJ/mol] 150.0 ± 2.5 
lg(Z [1/s]) 11.986 
lg(Z [%/d]) 18.923 ± 0.34 
KK = R2 0.99917 

 
 
 
7. SUMMARY AND CONCLUSION 
 
The reactivity of the nitramine ε-CL20 with GAP diol and GAP cured with oligoisocyanate N100 is 
higher than the one of the nitramine β-HMX in these environments. This was confirmed by measurements 
of mass loss, gas generation and adiabatic self heat rate. They probe the samples in two different ways: by 
split off gas products and by reaction heat. The results of both probings are the same. Mass loss is com-
plementary to gas generation but it has a normalization advantage compared to gas generation. The reac-
tivity is formulated as excess reaction or as excess conversion as function of time and temperature. Addi-
tionally it was found that the reactivity of ε-CL20 with GAP-N100 is much increased over that with GAP 
diol. Dynamic mechanical analysis in torsion mode of aged samples of cured binder GAP-N100, 45:55 
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formulation ε-CL20/GAP-N100 (CGN) and 45:55 formulation β-HMX/GAP-N100 (HGN) confirm this 
reactivity difference also. However with this method a further result was found. By ageing the glass tran-
sition temperature shifts to higher temperatures for all three sample types, but the shift is highest with 
HGN. With CGN the binder is weakened at stages of stronger ageing indicated by the lowering of the 
storage modulus G’ compared to the values of G’ of the unaged sample in the rubbery region. With HGN 
the conclusion is that the cross-link density in the GAP-N100 is more increased than for unfilled GAP-
N100. The activation energies obtained by evaluation of mass loss measurements of ε-CL20-GAP diol 
and ε-CL20/GAP-N100 are significantly smaller compared to the one of thermal decomposition of ε-
CL20 alone. The higher reactivity of ε-CL20 with GAP compared with that of β-HMX can be seen as one 
cause for the higher burning rates of ε-CL20 based formulations. The results indicate that an adjustment 
of the component mixture must be made to handle ε-CL20 in the presence of the binder GAP-N100.  
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ABSTRACT 
 
Combustion front velocity measurements in systems consisting of silicon and iron oxide as well as Ti-
Mo-Si powders have been conducted experimentally under strongly non-adiabatic conditions. It was 
found that the propagation velocity in a metal cavity (non-adiabatic condition) in silicon, aluminum, and 
iron oxide system may vary between 0.005 and 0.02 m/s depending on the composition of reactants. It 
was determined that the combustion front velocity increases with increasing silicon content in the range 
between 20 and 40 wt% regardless which iron oxide powder was used. The research studies have been 
focused on the investigation of burn velocities as a function of composition, relative density, average 
particle size of reactants, initial temperature, and diameter of the cavity. In addition, the measurements 
were conducted under different uni-axial gas pressure gradients in order to simulate propagation 
characteristics in ignition delay systems. The measurements under “almost” adiabatic conditions were 
used for evaluation of activation energy and pre-exponential factor in Ti-Si system.  The experimental 
research has been accompanied by mathematical modeling of combustion front propagation in condensed 
reacting system, both with and without the presence of a uni-axial gas pressure gradient.  
 
 

INTRODUCTION 
 
 Many heterogeneous reactions between solid powders may generate sufficient energy to become 
self-sustaining. The mechanism of such reaction and mathematical description of combustion front 
propagation has been investigated for many years [1, 2]. Ignition delay mixtures fall into that category of 
self-sustaining reactions. Ignition delays are pyrotechnic systems that cause a time delay between the 
ignition of the device and the cause of the main pyrotechnic effect. All pyrotechnic devices function base 
on the reaction between an oxidizer and fuel. A large number of delay systems consisting of mixtures of 
fuel and oxidizers are known [3]. There exist a significant number of ignition delay mixtures (e.g. B-
BaCrO4, Mn-PbCrO4-BaCrO4, and W-BaCrO4-KClO4). Many of currently used ignition delay mixtures 
are not environmentally friendly due to the toxicity of individual components. Recently it was found that 
Ti-Mo-Si, Al-Si-Fe2O3, and Si-Al-Fe3O4 could be considered as potential replacements of commercial 
formulations. These mixtures appear to be very safe when tested by impact or friction and they are rather 
insensitive to electrostatic discharge. Ignition temperatures are close to 1000o C [4-6]. The advantages of 
Fe2O3 or Fe3O4 are their insolubility in water and resistance to moisture and that they are being 
environmentally benign. 
 

The objectives of this paper were: i) the investigation of the effect of composition, loading 
pressure, and gas pressure gradient on combustion front propagation velocity; ii) non-isothermal 
determination of activation energy in Ti-Si system; and iii) mathematical modeling of combustion front 
propagation in the presence of uni-axial gas pressure gradients. 



- 830 - 

EXPERIMENTAL METHODS AND SETUP 
 
 MATERIALS 
 

All reactant powders were obtained from commercial suppliers: silicon (Elkem Metals Company, 
mean particle diameter 3.6 micron); Fe2O3 (Landers-Segal Color Co., Inc., mean particle diameter: 0.39 
micron); Fe3O4 (Columbian Chemicals Company, mean particle diameter 2.9 micron); molybdenum 
(Atlantic Equipment Engineers, mean particle diameter 1- 5 micron); and titanium (Chemetall Chemical 
Products, Inc., mean particle diameter: 10 micron). 
 
 
BURN TEST APPARATUS 
 
 Propagation velocities under uni-axial gas pressure gradients were measured using the setup 
shown in Figure 1. A laser source sends a pulse to ignite a delay mixture, which is pressed into a steel 
capsule.  One side of the delay column is pressurized using argon gas. The laser beam passes through the 
glass window, and ignites the A1A mixture, initiating the reaction and sends the first signal to the data 
acquisition through photodiode 1.  The mixture burns and upon completion a second signal is sent to the 
data acquisition as a response from photodiode 2.  The time difference between two signals allows 
calculation of the burn rate.  

 
 
Figure 1.  Experimental setup for measurement of propagation velocities under uni-axial gas 

pressure gradients. 
 

 
EXPERIMENTAL SET-UP TO DETERMINE KINETIC DATA  
 

A test reactor is a form of aluminum cylinder, 0.55 m in length, 0.33 m in diameter, with flanges 
at either ends (Figure 2). The reactor is equipped with ports for ignition coil, thermocouples, inert gas 
inlet, vacuum, and pressure relief safety valve. The ignition coil is connected to a variable voltage 
regulator. The thermocouples are connected to Data Acquisition System (IOtech, Inc).  
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Figure 2.  Schematic of the experimental set-up for the measurement of activation energy. 

 
 
MEASUREMENT OF PROPAGATION VELOCITY UNDER UNI-AXIAL PRESSURE 
GRADIENTS 
 
 In an actual close column cartridge, pressure is rapidly built up in the ignition cavity, which 
causes hot gases to flow through the porous reactant mixture. These hot gases preheat reactants causing 
faster combustion front propagation. The source of the pressure may be gas output from the ignition 
source, temperature increase, or desorption of volatile species [7]. In an attempt to better understand the 
effect of pressure on the burning time, experiments were conducted under uni-axial gas pressure gradients 
in Ti-Mo-Si and Al-Si-Fe3O4 systems. The results are shown in Figures 3 and 4. 
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Figure 3.  Effect of gas pressure gradient on propagation velocity in Ti-Mo-Si system. 
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Figure 4.  Effect of gas pressure gradient on propagation velocity in Al-Si-Fe3O4 system system. 

Composition: 70 wt% Fe3O4, 28.5 wt% Si, and 1.5 wt % Al). 
 

It can be seen from Figures 3 and 4 that gas pressure gradient has a significant effect on burn rates in both 
systems but more pronounced effect was found in Ti-Mo-Si system. 
 
 
EFFECT OF TEMPERATURE AND COMPOSITION ON PROPAGATION VELOCITY IN Si-   
Fe2O3 SYSTEM 
 
 Wet mixing in acetone was used to prepare the reactants. After mixing for 2 hours; the mixture 
was dried and sieved three times using a 140-size mesh. The reactant mixture was loaded into aluminum 
capsules (dia = 0.204 inch) at 30,000 psi and burn tests were conducted at -65o F, 70o F, and 200o F.  

Figure 5. Propagation limits in Si-Fe2O3 system. 
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It was found that concentration of silicon in Si-Fe2O3 system at -65o F, 70o F, and 200o F corresponding to 
lowest propagation limit were 30 wt%, 22 wt%, and 15 wt% Si, respectively. It was also found that 
concentration of silicon corresponding to upper propagation limit at -65o F, 70o F, and 200o F was 35 wt%, 
38 wt%, and 40 wt% of silicon, respectively.  An increase of the fuel (Si) to oxidant ratio increases burn 
rate of the ignition delay mixture, although to a lesser extent than observed in the case of Si to Al 
replacement. In Al-Si-Fe2O3 delay system the range of propagation is significantly expended. At 70o F the 
lowest silicon concentration limit was extended by additional 5 wt % when 2.5 wt% Al was added. 
 
 
EFFECT OF LOADING PRESSURE ON BURNING RATE OF DELAY MIXTURE 
 
 One of the factors to be considered in the performance of ignition delay devices is a loading 
pressure of the delay mixture. In order to study this effect, different experiments were carried out on the 
Al-Si-Fe2O3 and Ti-Mo-Si systems. The reactant mixtures were pressed into 0.0254 m long, 0.0051 m 
diameter aluminum cartridges at various loading pressures. Loading pressures of 7,500 psi, 15,000 psi, 
22,500 psi, and 30,000 psi were applied in the preparation of cartridges. Figure 6 shows the dependence 
of burn rate as a function of the loading pressure. 
 

 
Figure 6.  Effect of loading pressure on propagation velocity in Ti-Mo-Si 58 wt% and Al-Si-

Fe2O3 system. 
 
 

It can be seen from Figure 6 that propagation velocity of the Ti-Mo-Si ignition delay mixture 
increases with increase in loading pressure but in Al-Si-Fe2O3 system as loading pressure increases 
propagation velocity decreases. These unexpected changes in combustion behavior of both systems may 
be explained by a change in thermal properties of both systems. However, further investigation is needed 
to find a more definitive answer to that behavior. 
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DETERMINATION OF ACTIVATION ENERGY IN THE Ti-Si SYSTEM 
 

The direct reaction between titanium and silicon can be represented as:  
 
                              5Ti+ 3Si  Ti5Si3 
 
Ti and Si were mixed according to the above shown stoichimetry. The reactant mixture was diluted with 
Ti5Si3 powder, in order to obtain a relationship between combustion front and combustion temperature. 
The amount of Ti5Si3 added to 5Ti+3Si was between 0 and 25 wt %. The mixture of 5Ti+3Si with Ti5Si3 
as burn rate modifier, was then pressed into cylindrical pellets with a diameter of 0.019 m at 34 MPa 
pressure. Larger diameter of test pellets was used in order to conduct the experiment under almost 
adiabatic condition.  
 
The velocity of combustion wave was calculated as u= d/∆t (m/sec) where d= 0.02 m. The velocity of the 
combustion wave and combustion temperature were used to calculate the activation energy using the 
following relation [1]: 
 
 
 
 
Figure 7 shows the plot of ln (u/Tc) vs. (-1/Tc) for 5Ti-3Si system with different percentage of burn rate 
modifier. The slope of the straight line in Figure 7 was calculated to be; E/2R = 1.3717 × 104. The 
activation energy and frequency factor were E = 230 kJ/mol, and ko = 1.4 × 1010, respectively. 
 
 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 

 
 

Figure 7. Plot of ln (u/Tc) vs. (-1/Tc) for 5Ti-3Si system with different percentages of burn 
rate modifier (Ti5Si3). 

 
Table 1 presents the comparison of the results obtained by Wang et al. [8], NAVSEA Naval Surface 
Warfare Center Indian Head, MD, and Department of Chemistry and Chemical Engineering, South 
Dakota School of Mines and Technology [6]. 
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Table 1. Comparison of Kinetic Data for 5Ti-3Si System with Ti5Si3 as Burning Rate Modifier 
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MATHEMATICAL MODELING 
 

The main objective of mathematical modeling was to simulate the combustion wave propagation 
in condensed reacting systems, both with and without the presence of uni-axial gas pressure gradient. The 
model assumes that the pressure drop along the cylindrical specimen can be described by the Ergun 
equation [9]. These models also assume gasless and elementary character of the combustion process. This 
reaction can be represented as: 
 

A (solid) + B (solid) → P (solid).                                                                                                   (1) 
 
The governing equations describing the condensed-phase reacting system under adiabatic 

conditions for the semi-finite cylindrical body are: 
 

Mass balance 
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Where Cpρ  and gCp  are defined as: 
 

( ) ggss CpCpCp ρρρ Φ+Φ−= 1                                                                                                 (5) 
2cTbTaCpg ++= .                                                                                                                   (6) 

 
Continuity equation 
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Ideal gas law 
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Ergun equation 
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The superficial mass velocity, G, in Equation 9 is defined as 
 

gg vG Φ= ρ                                                                                                                                  (10) 
 
Substituting Equation 10 into Equation 9 gives: 
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The initial and boundary conditions for semi-finite cylindrical specimen can be written as 
 
 0,0,,:00 ====<<= goo vppTTLzt η                                                        (12) 

hc ppTTzt ===> ,:00                                                                                             (13) 
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dz
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It is convenient from the numerical analysis point of view to rewrite the governing equations 2 through 14 
into dimensionless forms. The exponential function in the reaction rate expression, Equation 3, may be 
approximated using the Frank-Kamenetskii approximation written as follows [10]: 
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Equation 15 was simplified into 

 ( )1exp −Θℜ=





−

RT
E

                                                                                                                  (16) 

Where:  
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cRT
Eexp                                                                                                                            (17) 

Thus, the governing equations in dimensionless form are: 
 

Mass balance 
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Where: 

 
λ

ρρ gogo CpLvv ∗∗

=Ψ                                                                                                                (20) 

 
( )

cLim

oRpLimfracs

TM
kHWL

λ
ρ ∆−

=Υ ,
2

                                                                                                  (21) 

 
Continuity equation 
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Ideal gas law 
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Ergun equation 
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Where: 
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The initial and boundary conditions can be rewritten as;  
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Additional dimensionless variables and parameters used in Equations 15 through 31 are defined 

in the nomenclature. For simulation purposes, the first and second order spatial derivates were 
approximated by an upwind and a central finite different scheme, respectively [11, 12].   

 
 
NUMERICAL RESULTS AND DISCUSSION 
 

In this numerical study, only the reaction between Ti-Si powders was considered. The kinetic and 
physico-chemical data for Ti-Si were taken from Table 1 [6].  

 
The numerically calculated dynamic profiles of dimensionless velocity, temperature, pressure, 

density, and conversion profiles are presented in Figures 8 through 12. A good qualitative agreement 
between the experimental results and numerical calculations was found regarding the effect of gas 
pressure gradient on the propagation velocity. It was observed that as the gas pressure increases the 
propagation become faster. This may be due to the fact that an increase in gas pressure during the 
combustion allows the gas to preheat the unreacted mixture ahead of a combustion front.  A more 
extensive study, however, including the change in porosity in this system as well as the analysis of other 
systems, is required to fully justify the use and applicability of this model. 
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Figure 8. Dimensionless pressure profile for ∆p = 50 bars with ∆τ = 0.005. 
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Figure 9. Dimensionless density profile for ∆p = 50 bars with ∆τ = 0.005. 
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Figure 10. Dimensionless temperature profile for ∆p = 50 bars with ∆τ = 0.005. 
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Figure 11. Dimensionless velocity profile for ∆p = 50 bars with ∆τ = 0.005. 
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Figure 12.  Conversion profile for ∆p = 50 bars with ∆τ = 0.005. 

 
Figure 13 shows the effect of gas pressure gradient on the combustion front velocity. It can be clearly 
seen that this velocity increases significantly with increased gas pressure gradient. These results agree 
well qualitatively with experimental data shown in Figures 3 and 4. 
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Figure 13. Dimensionless velocity profile at various gas pressures. 
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CONCLUSIONS 
 

It was found in this research studies that: 
• Gas pressure gradient applied during the combustion has a significant effect on the propagation 

velocity of the combustion front. 
• Silicon-aluminum-iron oxides mixtures have shown to be promising candidates for replacement 

of currently used delay systems, with burn rates in the range between 0.005 and 0.02 m/s. 
• The activation energy in Ti-Si system was found to be 227 kJ/mol. 
• The qualitative agreement between experimental and modeling studies was achieved. 

 
 

NOMENCLATURE 
 

pη   Conversion 
E   Activation energy, J/kmol  
R   Universal gas constant, J/mol.K 
T   Temperature, K 

ok   Pre-exponential factor, 1/s  
Φ   Porosity 

gv   Gas velocity, m/s 

sg ρρ ,   Gas and pellet densities, kg/m3 
λ   Thermal conductivity, W/m.K 

cba ,,   Gas viral coefficients 

gs CpCp ,  Pellet and gas heat capacities, J/kg.K 

RP∆Η   Heat of reaction, J/kmol 

LimfracW ,  Weight fraction of limiting reactant 

LimM   Molecular weight of limiting reactant, kg/kmol 

pD   Diameter of particle, m 

cg   Conversion factor, 1 kg.m/s2/N 
µ   Viscosity of a gas, kg/m.s 
p   Pressure, Pa 

G  Superficial mass velocity, kg/m2.s 
Θ   Dimensionless temperature, ( ) cc TTT /−  

∗t   Reference time, s ( λρ /2LCp ) 
τ   Dimensionless time, ∗tt /  
z   Axial coordinate, m 
Φ   Porosity 

p∆   Pressure difference, Pa 
∗ρ   Dimensionless density, 

ogg ρρ /  

γ   Heat capacities ratio, CvCpg /  

ov   Speed of sound, oRTγ  
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∗v   Dimensionless velocity, og vv /  

op   Initial pressure, Pa 
∗p   Dimensionless pressure, opp /  

L   Length of cylindrical specimen, m 
ξ   Dimensionless axial coordinate, Lz /  

hp   Chamber pressure, Pa 

cT   Ignition temperature, K 

oT   Initial temperature, K 
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ABSTRACT 

 

Thermal batteries are thermally activated, primary reserve, hermetically sealed power sources, 
generally consisting of series or series-parallel arrays of cells. Each cell is comprised of an anode, an 
electrolyte-separator, a cathode, and a pyrotechnic heat source. The cell is activated by igniting a chain of 
pyrotechnic components which provides sufficient heat to melt the electrolyte.    

Generally a thermal battery includes a sensitive initiator which ignites a pyrotechnic fuse roll, 
which in turn ignites pyrotechnic heat pellets located between the electrochemical cells. 

In this paper a thermal battery design which does not include pyrotechnic fuse roll for activation 
is presented. In this design the initiator ignites directly the pyrotechnic heat pellets without the need of a 
fuse roll. The design is simpler and more reliable. Battery design will be presented. Parameters affecting 
battery initiation such as igniter caloric output, and pyrotechnic heat pellet density, specific caloric 
content, and relative dimension, will be also discussed.  

 

 

Introduction 

 

Thermal batteries can be initiated by two modes of ignition [1-3]. In the first mode, the initiator 
(electrical igniter or percussion primer) ignites a fuse roll located in the center hole of the cells stack. The 
fuse roll in turn ignites Fe/KClO4 heat pellets in the battery. In the second mode, the initiator ignites 
directly the heat pellets; therefore, there is no need for a pyrotechnic fuse roll. Figure 1 illustrates a 
thermal battery design showing the two activation modes: with fuse roll (a), and without fuse roll (b). 
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FIG. 1: Thermal battery structure. Fuse roll design (a), and no-fuse roll design (b). 

 

The advantage of the fuse roll design is the close contact between igniter and fuse roll, and 
between fuse roll and each one of the heat pellets in the battery. However, some fuse rolls designs suffer 
from undesired self-ignition phenomenon. In addition, fuse rolls contain poison, toxic, and carcinogenic 
materials such as chromates and asbestos fibers. Moreover, the use of fuse rolls requires special handling 
due to its sensitivity to static electricity. Obviously, the main advantage of the no-fuse roll concept is the 
elimination of these inherent problems and of the hazardous materials. As a result, no-fuse roll thermal 
batteries are more reliable and more environmental friendly to be produced. 

Several papers had studied these two modes of ignition in thermal batteries. Callaway et al. [4] 
reviewed the properties of iron-potassium perchlorate pyrotechnic mixtures for thermal batteries. They 
characterized several pyrotechnic mixtures and found the more suitable powders for pyrotechnic heat 
pellets. In their work, the authors did not measure ignition sensitivity of the pellets neither discuss pellets 
direct ignition mode. Guidotti and Reinhardt [1] studied the ignition process that take place during 
activation of a short 16 cells, center-hole-fired no-fuse roll thermal battery. The authors compared the 
activation time of the battery activated by different igniters and pyrotechnic heat pellets having different 
center-hole diameter. The study did not include tests of batteries longer than 50 mm. Faul and McKirdy 
[3] investigated the feasibility of direct ignition of pyrotechnic pellets for thermal batteries. They tested 
slotted pyrotechnic pellets that improve pellets burning rates. The authors did not discuss the ignition of 
batteries. 

No fuse roll design (b) Fuse roll design (a)

Pyrotechnic pellet 

Electrochemical 
cell 

Fuse roll 

Center hole 

Igniter  
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The present paper studies the direct ignition of very long thermal batteries without using 
pyrotechnic fuse rolls. Parameters affecting battery initiation were investigated. The main goal of this 
work was to achieve the best pyrotechnic components design to be used in no-fuse roll thermal batteries.  

  

Experimental 

The first stage of this work was to study the effect of different parameters on ignition of heat 
pellets directly by the igniter. For this purpose, a special apparatus which imitates internal shape of a 
thermal battery was built. Figure 2 shows a general scheme of this apparatus. 

 

 
FIG. 2. Test apparatus scheme. 

 

The apparatus consists of an electrical igniter connected to the header, facing a center-hole. A 
stack of pyrotechnic heat pellets and 20 mm thick Aluminum spacers were aligned to the firing direction 
of the igniter. By activating the igniter, hot particles are fired directly through the center hole. They 
collide and ignite the pyrotechnic pellets. The maximum distance in which the pyrotechnic pellets were 
ignited was measured. 

The second stage of this work was to study activation behavior and reliable ignition distance in 
standard thermal batteries using no-fuse roll design. For this purpose very long thermal batteries, up to 10 
inches, were built. The batteries were divided to 6 sections, each one of 15 cells. Once activated, the 

Igniter 

Pyrotechnic pellet 

Aluminum spacer  
with center-hole
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voltage output of each section was monitored using a multiple channel battery discharge tester. The 
number of sections which exhibit voltage indicates the maximum distance of the successful ignition. The 
maximum ignition distance was measured. 

In both stages of this work, different parameters were examined during the tests. Those 
parameters include, working temperature, igniter caloric output, and pyrotechnic pellets center-hole 
diameter, density, and caloric content. All components used for the experiments are in routine production.  

Extreme working temperatures ranged from -54°C to +79°C, meeting normal military 
specification requirements, were applied. The tested igniters were NEI-11 with a minimum of 20 calories 
output (Network Electronic Corp, USA), 3022N48B with about 100 caloric output, N48B with less than 
10 caloric output (Davey Bickford, France), and EP-250 with about 100 caloric output (Eagle Picher, 
USA). Potassium perchlorate (Merck, Germany) and iron powder (NX-1000, Ametek, USA), both with 
grain size of 4-7 micron, were mixed to prepare mixtures with specific energy output between 265 cal/gr 
to 318 cal/gr. The powders were pressed into pyrotechnic pellets with center-hole diameter of 4 and 6.3 
mm; and densities between 3.4 gr/cm3 to 4.32 gr/cm3.  

 

Results and discussion 

The effect of working temperatures on pyrotechnic pellets ignition distance was tested using 
standard thermal batteries. The batteries, consisting of 49 pyrotechnic pellets (49 cells), 265 cal/gr, 3.77 
gr/cm3 in density, and 6.3 mm center-hole diameter, were activated by NEI-11 igniters at different 
working temperatures. Fig. 3 shows the maximum ignition distance as a function of working 
temperatures. 

 

0
20
40
60
80

100

-60 -30 0 30 60 90

Temperature (oC) 

Ig
ni

tio
n 

D
is

ta
nc

e 
(m

m
)

 
FIG. 3. Maximum ignition distance vs. battery temperature. 
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As can be seen in Fig. 3, at -54°C no pyrotechnic pellets ignition was achieved (ignition distance 
= 0). As working temperature is increased, the maximum ignition distance increases. At temperature of 
+79°C a maximum ignition distance of 85 mm was measured. Those results indicate that ignition of 
pyrotechnic pellets is more difficult to achieved at low temperatures. Therefore, in order to achieve a 
robust design, all the following tests were performed at -54°C, which represents extreme ignition case. 

The effect of igniter caloric output on pyrotechnic pellets ignition distance was tested using the 
apparatus described in Fig. 2. Pyrotechnic pellets, 6.3 mm in center-hole diameter and 4.32 gr/cm3 pellet 
density, were assembled between the Aluminum spacers of the apparatus. Ignition tests using N48B (<10 
calories output), NEI-11 (>20 calories), and EP-250 (~100 calories) igniters were carried out at -54°C.  

Maximum reliable ignition distances of about 10 mm, 60 mm, and 100 mm were measured with 
N48B, NEI-11, and EP-250 igniters, respectively. These results indicate that maximum ignition distance 
is significantly improved as the caloric output of the igniter increases. It seems that igniters with higher 
energy output generate hotter particles capable of delivering their energy to longer distances, so that 
distant pellets can be ignited. 

Several thermal batteries were tested using N48B, NEI-11, and 3022N48B igniters. The last 
igniter has similar energy output as EP-250 igniter. All tests were performed at -54°C. Maximum ignition 
distances of 20 mm, 57 mm, and longer than 121 mm were measured with N48B, NEI-11, and 3022N48B 
igniters, respectively. These results are very similar to those obtained using the test apparatus. The same 
trend can be observed. 

The effect of specific caloric content of the pyrotechnic pellets on the ignition distance was 
preliminary studied using the test apparatus. NEI-11 was used to ignite pyrotechnic pellets, 4 mm in 
center-hole diameter and 3.77 gr/cm3 average pellet density. Ignition tests using 265 cal/gr and 318 cal/gr 
pellets were carried out at -54°C. Maximum reliable ignition distances of about 10 mm and 60 mm, were 
measured with 265 cal/gr and 318 cal/gr pyrotechnic pellets, respectively.  

The results show that pyrotechnic pellets with high specific caloric content were ignited at much 
longer distance than those with low specific caloric content. Since that the same igniter (i.e. same caloric 
output) was used in both tests, it can be assumed that the generated hot particles reach the same distance 
through the center-hole of the pellets. However, it seems that due to the difference in their specific caloric 
content, ignition sensitivity of pyrotechnic pellets changes. The more specific caloric content of the 
pellets, the higher the sensitivity of being ignited. 

In order to verify results obtained with the test apparatus, thermal batteries were tested using 
pyrotechnic pellets with different specific caloric content. Pellets, 3.77 gr/cm3 average density, having 
265 cal/gr, 295 cal/gr, and 318 cal/gr caloric content were tested in long thermal batteries. The batteries, 
consisting of 90 pyrotechnic pellets (90 cells), were activated by NEI-11 igniters at -54°C. Fig. 4 shows 
the maximum ignition distance as a function of specific caloric content of the pyrotechnic pellets.  
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FIG. 4. Maximum ignition distance vs. specific caloric content of the pyrotechnic pellets. 

 

In Fig. 4, solid circles represent tests carried out in batteries with pyrotechnic pellets having 4 mm 
center-hole and electrochemical cells 6.3 mm internal diameter. Diamonds represent tests with 
pyrotechnic pellets having 6.3 mm center-hole and electrochemical cells 6.3 mm internal diameter. It can 
be seen that by increasing the specific caloric content of pyrotechnic pellets, the ignition distance 
significantly increases. These results are consistent with those obtained using the test apparatus.  

In both set of tests, by changing caloric content of the pyrotechnic pellets, the ignition distance is 
increased similarly. However, ignition distance measured in tests done with 4 mm center-hole pellets 
(circles) is about 60 mm longer than tests done with 6.3 mm center-hole pellets (diamonds). 

When electrochemical cells and pyrotechnic pellets have the same internal diameter (6.3 mm), a 
smooth center-hole is then created in the battery. In contrast, when electrochemical cells and pyrotechnic 
pellets have different internal diameter (6.3 mm and 4 mm, respectively), a zigzag shape center-hole is 
formed. Then, the effective pyrotechnic pellet area exposed to the igniter hot particles is significantly 
larger. When large pellet area is exposed to the igniter, higher number of hot particles collides with each 
pellet, then increasing the probability of ignition. For this reason, a zigzag-shape design allows longer 
ignition distances than smooth-designs. Fig. 5 illustrates this concept. 
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FIG. 5. Smooth (a) and zigzag (b) shape design. 

 

Finally, the effect of pyrotechnic pellets density on ignition distance in thermal batteries was 
preliminary studied using the test apparatus. NEI-11 and EP-250 were used to ignite pyrotechnic pellets, 
265 cal/gr, 6.3 mm in center-hole diameter. Ignition tests using pellets density of 3.45 gr/cm3 and 4.32 
gr/cm3 were carried out at -54°C. When NEI-11 ignites the pyrotechnic pellets, maximum reliable ignition 
distances of about 60 mm and 100 mm, were measured with low and high pellet density, respectively. 
Similarly, when EP-250 was used, ignition distances of about 100 mm and 160 mm, were measured with 
low and high pellet density, respectively. It seems that pyrotechnic pellets with low density are ignited at 
much longer distance than those with high density. These results probably indicate that ignition sensitivity 
of pyrotechnic pellets changes with density. The relationship between ignition sensitivity and pellets 
density is currently being studied by the authors. 

 

Conclusions 

In this work a thermal battery design which does not include pyrotechnic fuse roll for activation 
was presented. In this design the initiator ignites directly the pyrotechnic heat pellets without the need of a 
fuse roll. Parameters affecting battery initiation such as igniter caloric output, and pyrotechnic heat pellet 
density, specific caloric content, and relative dimension, were discussed. It was found that higher igniter 
caloric output increases battery ignition distance. In addition, it was shown that pyrotechnic pellets having 
high specific caloric content, zigzag shape design, and low pellet density, improves significantly the 
battery ignition distance. Ignition of no-fuse roll thermal batteries as long as 10 inches was demonstrated. 
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ABSTRACT 
 
An advanced study on the thermal behaviour of double phase (boost and sustain phase) rocket motor 
propellant used in a ground to air missile has been carried out by Differential Scanning Calorimetry 
(DSC). The presence of two phases as well as the different experimental conditions (open vs. closed 
crucibles) influence the relative thermal stability of the energetic materials. The study focuses on the 
prediction of the thermal stability of the different phases both in extended temperature ranges and under 
temperature conditions for which experimentation is difficult. Using advanced numerical tools [1], 
thermal ageing is predicted taking into account the influence of different external temperature profiles, 
such as isothermal, non-isothermal, stepwise, modulated, shock, adiabatic conditions and additionally 
temperature profiles reflecting real atmospheric temperature changes (yearly temperature profiles of 
different climates with daily minimal and maximal fluctuations). Applications of Finite Element Analysis 
(FEA) and appropriate decomposition kinetics enable the determination of the effect of scale and 
geometry of the container as well as the heat transfer, thermal conductivity and ambient temperature on 
the process of the heat accumulation. This analysis enables the optimal choice of critical design 
parameters of the containers such as critical radius, isolation and safe storage or transportation conditions 
(i.e. determination of the best storage container size, isolation and/or optimal transport temperatures). 
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1. Introduction 
 
In the early nineties of the last century several rocket motors of a ground to air missile started burning 
after a fire in a rock cavern. Due to this heavy accident the Swiss General Staff were interested to 
understand the time of ignition for stored rocket motors after a fire in a storage facility. One example of a 
rocket motor is shown in figure 1.  
 

 
Figure 1:  
(A) Rocket motor for a ground to air missile. 
(B) Rocket propellant. Boost phase (black), sustain phase (brown).  
 
The motor contains two propellants: 
 

• Boost propellant 
• Sustain propellant 

 
Table 1: Composition of the investigated rocket propellants 
 
Composition of the boost and sustain propellants 
 
Glycerol nitrate 
Cellulose nitrate 
Stabilizers 
Other Components 
 
Generally, all energetic materials liberate heat during decomposition. Processing, design, quality control, 
and operational applications all require an evaluation of thermal hazards and an ability to predict the 
safety limits and the course of the decomposition process in extended temperature ranges [1-4]. The 
present paper is aimed to answer the following questions:  
 
• What is the reaction progress of the explosive under any temperature profile?  
• Does a thermal hazard exist?  
• At what temperature does the thermal hazard begin?  
• What is the Time of Maximum Rate under adiabatic conditions (TMRad) at any temperature? 
• What is the temperature of maximum self-heating?  
• What is the influence of isolation/heat transfer on the heat accumulation conditions?  
• What are the critical storage container sizes or transport temperatures?  
• What is the influence of the surrounding temperature profiles on the reaction progress and on the heat 
accumulation conditions?  
 



- 15 - 

2. Analysis process 
 
 
 The analysis process requires determination of the kinetic characteristics of the reaction. The 
application of these techniques is widely recognized for the characterization of the degradation of solids [5]. 
 
The kinetic parameters can be extracted in principle from experimental data gathered by any of the 
following dynamic thermo-analytical methods: 
  
· DSC (Differential Scanning Calorimetry) 
· DTA (Differential Thermal Analysis) 
· EGA (Evolved Gas Analysis TG-MS or TG-FTIR) 
· TG (Thermogravimetry) 
 
The use of advanced kinetic analysis enables prediction of the reaction progress of materials in broad 
temperature range that may be difficult to explore for time, sensitivity or safety reasons.  
 
The correct kinetic analysis of a decomposition reaction has at least three major stages: (1) collection of 
experimental data; (2) computation of kinetic parameters, and (3) prediction of the reaction progress for 
required temperature profiles applying determined kinetic parameters. Kinetic evaluation of the reactions 
should be carried out with thermoanalytical data obtained at several heating rates (non-isothermal) or 
temperatures (isothermal) to ensure reliable results. Kinetic methods that use single heating-rate 
experimental results should be avoided because they tend to produce highly ambiguous kinetic descriptions 
[6,7]. At least there heating rates or temperatures are recommended. 
 
Applying the results obtained by thermoanalytical techniques (DSC, DTA, EGA, TG), the kinetic analysis 
presented in this paper enables accurate prediction of the reaction progress of materials in a broad 
temperature range under various temperature modes such as: 
 
- isothermal, non-isothermal and stepwise 
- modulated temperature or periodic temperature variations and rapid temperature increase (temperature 

shock) 
- real atmospheric temperature profiles for investigating properties of low-temperature decomposed solids 

under different climates (yearly temperature profiles with daily minimal and maximal fluctuations) 
- adiabatic (safety analysis) 
 
The presented method of the kinetic calculations was used for the evaluation of the experimental results 
obtained by DSC under isobaric (open crucibles) and isochoric (closed crucibles) conditions. For this 
investigation a Mettler Differential Scanning Calorimeter (DSC) type DSC 821e was used. The thermal 
behaviour of both propellants was examined at different heating rates ranging from 0.25 to 10 °C/min. 
Figure 2 shows the DSC heat flow curve and the baseline subtracted heat flow curve of the sustain 
propellant at 0.25°C/min under isochoric conditions (closed crucibles).   
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Figure 2: 
DSC heat flow curve and the baseline subtracted heat flow curve of the sustain propellant at 0.25 
°C/min under isochoric conditions (closed crucibles).   
 
Figure 3 presents the normalized non-isothermal DSC-signals as a function of the temperature or time for 
the decomposition of a double phase rocket motor propellant (boost-phase and sustain-phase materials). 
Experimental data are represented as symbols. Solid lines represent the calculated signals. The 
comparison between experimental and calculated reaction extents indicates that the presented numerical 
technique enables accurate prediction of the reaction course under any experimentally chosen temperature 
mode.  
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Figure 3:  
Advanced kinetic description of normalized non-isothermal DSC-signals as a function of the 
temperature for the decomposition of double phase rocket motor propellants. Experimental data 
are represented as symbols, solid lines represent the calculated signals. The values of the heating 
rate in °C/min are marked on the curves. 
Closed crucibles (isochoric conditions):  (A1): Boost propellant, (B1): Sustain propellant.  
Open crucibles (isobaric conditions):  (A2): Boost propellant, (B2): Sustain propellant.   
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3. Kinetics for milligram scale - thermal stability predictions 
 
3.1 Confidence interval for the prediction of the reaction progress  
 
 Verification of numerical computations can be readily achieved by graphical comparison of the 
calculated reaction progress or rate with subsequently obtained experimental data. Figure 4A presents the 
comparison of experimental and calculated DSC signals for the step-wise temperature program and 
isothermal conditions. In this program, heating with a rate of 3 °C/min was followed by an isothermal run 
at 160°C. Accurate prediction of the thermal stability is achieved. Under isothermal conditions (Fig. 4B, 
T=110°C) the maximum of the reaction rate is reached after 43.5 hours and the corresponding predicted 
value is 47 hours. The numerical method predicts the 'mean value' (47 hours), which is here defined as 
that value, for which the chance of the good reproducibility on subsequent measurements is maximal. 
  

 
Figure 4:  
(A) Experimental data for the boost propellant decomposition (step-wise temperature program: 
heating rate of 3°C/min followed by an isothermal run at 160°C, closed crucibles i.e. isochoric 
conditions) are presented together with the reaction rate predictions. Experimental data are 
represented as symbols, solid lines represent the calculated relationships of dα/dt over t. Accurate 
prediction of the thermal stability is achieved. 
(B) Reaction extent (DSC, normalized signals) and confidence interval (95% probability) of the 
boost propellant as a function of time under isothermal conditions (T = 110°C, closed crucibles). 
 
When measuring the progress of a reaction one tries to eliminate the systematic errors, so that only 
accidental errors have to be taken into account. In that case the measured values will spread around the 
average value, in a shape of a Gaussian distribution. The Gaussian distribution (i.e. the normal 
distribution) is assumed to occur in the situation that each measurement contains a large amount of small, 
independent error sources. These errors have to be of the same magnitude, and as often both, positive and 
negative. It can be proven that in the case when the average value of a measured value is the 'best value' 
or 'central tendency', a Gaussian distribution is expected. The illustration of these remarks for the 
investigation of the boost propellant (isochoric conditions) is presented in figure 4B. The mean value of 
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the prediction for reaching the reaction progress of 65% (which corresponds to the maximum rate under 
isothermal conditions at T=110°C) is 47 hours. The lower and upper limits of the confidence intervals are 
38 and 58 hours, respectively. These values indicate that there is a 95% probability that the mean time 
required for reaching 65% reaction progress is greater than 38 hours and lower than 58 hours.  
 
3.2 Cyclic temperature changes 
 

The kinetic parameters calculated from the non-isothermal and stepwise experiments enable 
prediction of the reaction progress for any temperature mode: isothermal, non-isothermal and therefore 
intermediate intervals in the heating rate, expressed, e.g. in oscillatory temperature modes. The prediction 
of the reaction progress in oscillatory temperature mode (widely applied in temperature-modulated 
calorimetry) is given below. 

 

Figure 5: 
(A) Temperature profiles in isothermal and oscillatory temperature modes. 
1/ Temperature variations 40°C ± 10°C, 24 h period 
2/ Isothermal 40°C 
(B) Corresponding reaction extents α of the decomposition of boost propellant in isothermal and 
oscillatory temperature modes (isochoric conditions, closed crucibles). 
 
Figure 5A shows the temperature profiles applied for the investigation of the decomposition of the boost 
propellant. The arithmetic mean temperature (40°C) of the oscillatory temperature mode is the same as in 
the isothermal experiment. However, the presence of the temperature amplitudes greatly influences the 
reaction progress (see figure 5B). The prediction of the decomposition of the boost propellant under 
isochoric conditions at 40°C with ± 10°C amplitude and 24h period indicates that after one year the 
sample will reach about 0.015% decomposition extent. For the same mean temperature (40°C) under 
isothermal conditions, the boost propellant will decompose three times less (reaction extent is about 
0.005%).  
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3.3 Prediction of the reaction progress under temperature mode corresponding to real 
atmospheric temperature changes 

 
One of the main reasons for investigating the kinetics of thermal decompositions of solids is the 

need to determine the thermal stability of substances, i.e. the temperature range over which a substance 
does not decompose at an appreciable rate. The correct prediction of the reaction progress of unstable 
materials such as some pyrotechnics, propellants, food, drugs, polymers, etc. under ambient conditions 
requires accurate knowledge of both:  
- the kinetic parameters 
- the exact temperature profile for a given climate  
 
 
3.4 Influence of the temperature profile changes on the reaction extent  
 

As an example one may predict the extent of the decomposition of the boost propellant in Riyadh 
(Saudi Arabia) and Seoul (South Korea).  

 
Figure 6: 
(A) Average minimal and maximal temperatures recorded for each day of the year between the 
years 1961 and 1990 for the Riyadh (Saudi Arabia) and Seoul (South Korea) temperature profiles.  
(B) Zoom of the temperature profiles of Riyadh and Seoul with daily minimal and maximal 
temperatures from January 1st until January 10th (average of 30 years). 
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Figure 7: 
(A) Activation energy of the decomposition of the boost propellant as a function of the reaction 
progress. (B) Predictions of the extent of boost propellant decomposition for the Riyadh and Seoul 
temperature profiles under isochoric conditions (closed crucibles). The substance exposed to daily 
temperature changes decomposes slightly more than 1% after 60 years in Riyadh whereas in Seoul 
only a very weak decomposition extent is noticeable. 
 

The temperature profile is the average of all daily minimal and maximal temperatures recorded 
for each day of the year between the years 1961 and 1990 as presented in figure 6A. These temperature 
fluctuations will be applied in the calculations of the thermal properties with cyclic temperature changes 
over the years. Figure 6B presents a zoom of the temperature profile of Riyadh and Seoul with daily 
minimal and maximal temperatures from January 1st until January 10th (30 year daily temperature 
summary). The calculation of the kinetic parameter E (activation energy) as a function of the reaction 
progress (Fig. 7A) enables calculation of the thermal stability of the propellant expressed in figure 7B as a 
function of time. The boost propellant under isochoric conditions exposed to daily temperature changes in 
these two places decomposes only slightly over this period. These results show that within 60 years, the 
reaction reaches slightly more than 1% extent in Riyadh whereas in Seoul the degree of the 
decomposition is by order of magnitude lower.  
 
3.5 Influence of the kinetic parameters on the reaction extent occurring under real temperature 

profiles 
 
 

As a general rule, decomposition reactions are to be considered as having strong multi-step 
characteristics. The assumption that the decomposition of an energetic material will obey a simple rate 
law is rarely true. Therefore an advanced kinetic analysis of the process is usually necessary for achieving 
accurate description of the experimental data. A simple kinetic analysis may not unravel the time or 
temperature dependence of a selected property.  
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Figure 8: 
(A) Experimental (points) and calculated (solid lines) reaction rates of the decomposition of the 
boost propellant under isochoric conditions. For the calculations the following kinetic triplet was 
applied: model (‘First order reaction’), pre-exponential factor (A = 3.02e7 s-1), activation energy (Ea 
= 87.6 kJ mol-1). T1(t) = stepwise temperature profile : heating rate of 3°C/min followed by an 
isothermal run at 160°C. Note: very bad fit of the calculated curves indicates that a simplified 
kinetic analysis can not lead to an accurate description of the experimental data.  
(B) Predictions of the transformation progress using the simplified reaction model for the Riyadh 
and Seoul temperature profiles.  

 
The results presented in figure 8A indicate that the elaboration of the experimental non-

isothermal data using simplified kinetics does not lead to the correct description of the process. The best 
kinetic triplet used in the simplified kinetic analysis was following: reaction model: ‘First order reaction’, 
pre-exponential factor: A=3.02e7 s-1, activation energy: Ea=87.6 kJ mol-1. It is obvious that this model 
cannot be used for the prediction of the reaction progress after a few years because even the simulation of 
the reaction rates under experimental conditions applied (Fig. 8A) is incorrect. The comparison of the 
prediction of the thermal stability applying advanced kinetic tools (Fig.7B) and simplified kinetic model 
(Fig. 8B) clearly indicates that without the correct description of the kinetics of the investigated reaction 
any prediction of the thermal stability under complicated temperature profiles is of little value. Results of 
the calculations for the reaction with the simplified analysis indicate that after 8 years the reaction will be 
fully completed in Riyadh. Advanced kinetic analysis shows however that the reaction will progress much 
less in this period of time (transformation progress is slightly higher than 1% after 60 years for the same 
climate).  
 
4. Kinetics and scale up - thermal stability and safety analysis 
 
4.1 Calculation of adiabatic thermal transformation and heat accumulation from non-isothermal 

DSC measurements 
 

The precise prediction of reaction progresses in adiabatic conditions is necessary for the safety 
analysis of many technological processes. Calculations of an adiabatic temperature-time curve for the 
reaction progress can also be used to determine the decrease of the thermal stability of materials during 



- 23 - 

storage at temperatures near the threshold temperature for triggering the reaction. Due to insufficient 
thermal convection and limited thermal conductivity, a progressive temperature increase in the sample 
can easily take place, resulting in an explosion.  
 
Several methods have been presented for predicting the reaction progress of exothermic reactions under 
heat accumulation conditions [8-10]. However, because decomposition reactions usually have a multi-
step nature, the accurate determination of the kinetic characteristics strongly influences the ability to 
correctly describe the progress of the reaction. The use of simplified kinetic models for the assessment of 
runaway reactions can, on one hand, lead to economic drawbacks, since they result in exaggerated safety 
margins. On another hand, it can cause dangerous situations when the heat accumulation is 
underestimated. For adiabatic self-heating reactions, incorrect kinetic description of the process is usually 
the main source of prediction errors.  
 

 
Figure 9:  
(A) Adiabatic runaway curves for the boost propellant (isochoric conditions) showing the 
confidence interval for the prediction (Tbegin=92°C and ∆Tad=∆Hr/cp=2651±233°C). The confidence 
interval was determined for 95% probability. (B) Starting temperature and corresponding 
adiabatic induction time TMRad relationship of the boost propellant under isochoric conditions. 
The choice of the starting temperatures strongly influences the adiabatic induction time. 
(Confidence interval: 95% probability). 
 
 
The decomposition of the boost propellant is a highly exothermal process. Using the reaction heat (∆Hr) 
and the heat capacity (cp), one can calculate the reaction progress due to self-heating for different values 
of ∆Tad (with ∆Tad = ∆Hr/cp). In figure 9A, the simulated T-time relationships with a starting temperature 
of 92 °C are presented for ∆Tad = 2651±233°C (boost propellant, isochoric conditions). Figure 9B presents 
the starting temperature and corresponding adiabatic induction time TMRad relationship. The confidence 
interval was determined for 95% probability.  
 
The adiabatic induction time is defined as the time which is needed for self-heating from the start 
temperature to the time of maximum rate (TMRad) under adiabatic conditions. Depending on the 
decomposition kinetics and ∆Tad, the choice of the starting temperatures strongly influences the adiabatic 
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induction time and, therefore, the boundary conditions valid for achieving necessary safety (e.g. storage or 
transport of self-reactive substances). It can be observed that the reaction is more exothermal (higher ∆Tad) 
and less stable (lower starting temperatures for the same TMRad) for the boost-phase compound than for the 
sustain-phase propellant. The same observation is also valid for the isochoric conditions (closed crucibles) 
compared to the isobaric conditions (open crucibles). 
 
Table 2: Starting temperatures for TMRad of 24 h and 1 year for the boost and sustain 
propellants under isochoric and isobaric heat accumulation conditions.   
 cp ∆Hr ∆Tad = 

∆Hr/cp 
Starting 

temperature for 
TMRad = 24 h 

Starting 
temperature for 
TMRad = 1 year 

Closed crucibles/ 
isochoric conditions : 

J/g/°C J/g °C °C °C 

     Boost-phase (A): 1.5 3977 2651 92 51 
     Sustain-phase (B):  1.5 2994 1996 100 57 
Open crucibles/ 
isobaric conditions : 

     

     Boost-phase (C): 1.5 1400 933 121 94 
     Sustain-phase (D): 1.5 979 653 125 96 
 
The second field of application for numerical simulation techniques in process safety is the solution of 
partial differential equations as they are encountered in the heat conduction problems. One very important 
criterion for thermal safety is for example the "critical radius", defined as the largest radius above which a 
specific material of a specific size, shape and environment will self-heat catastrophically. Depending on 
the radius self-reactive chemicals can either: (i) decompose quietly, (ii) ignite and burn, or (iii) self-heat 
to explosion or detonation [11-12]. 
 
More generally, applications of Finite Element Analysis (FEA) and accurate kinetic description enable the 
determination of the effect of scale, geometry, heat transfer (isolation), thermal conductivity and ambient 
temperature on the heat accumulation conditions. In fact, the assumption that it is safe to handle an energetic 
material at any temperature below the first appearance of an exothermic signal on the DSC curve can be 
false and even dangerous. The highest safe temperature for handling any energetic material depends on 
several factors such as its size, shape, and prior thermal history. Safe storage or transport conditions with 
tailored safety margins can be defined using numerical simulation. Since the rocket has a small radius, we 
can examine the effect of isolation material for preventing explosion in case of a sudden heat source (e.g. 
fire) for a short period of time. 
 
As an example one may consider the rocket motor with cylindrical geometries (Fig.10A). It is composed by 
four serial layers. The boost component is at the center surrounded by the sustain propellant. It is assumed 
that the propellants form a cylinder of two cylindrical layers of 4 cm each. The thickness of the wall 
containing the two propellants is 3 mm. The rocket is then embedded in an isolation material of 5 cm 
thickness. With a rocket radius of 8.3 cm, an initial temperature of 20°C in each layer and an environment 
temperature following a stepwise temperature profile, the temperature evolution inside the self-reactive 
propellants can be simulated. 
If the isolation is well designed the temperature may increase rapidly and then decrease as presented in 
figure 10B. The emergency procedure can thus operate safely. However, if the rocket is not sufficiently 
isolated the process suddenly deteriorates catastrophically. Figures 10C and 10D present the simulated 
explosion after about 332 min for the rocket with weak isolation. The temperature evolution and reaction 
progress during the early (induction), intermediate (acceleratory), and late (decay) periods of the self-
heated reaction are now considerably different.  
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Figure 10:  
The temperature evolution of the ignition by the stepwise temperature profile. Finite Element 
Analysis enables the computation of the isolation effect on heat accumulation conditions.  
Example: (A) Rocket motor with sustain phase layer in contact with the heated wall, isochoric 
conditions. (B) If the isolation is well designed the temperature increases rapidly inside the sustain 
phase layer and then decreases. However, if the rocket is not sufficiently isolated the process 
suddenly deteriorates catastrophically (C and D). 
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Consumption of the boost and sustain propellants with respect to temperature and reactant concentration 
leads to a combustion front which initial and final stage during the explosion is illustrated in figure 11. 
Using FEA, it is possible to follow very precisely the temperature distribution and propagation of the 
reaction front during the explosion. The latter occurs extremely fast and reaction progress increases 
accordingly at every point in time and space. It can be observed that the temperature distribution of the 
combustion front depends strongly on the decomposition kinetics and of the sustain- and boost- phases. 
The structure of the combustion front associated with the multi-step decomposition reactions of the boost 
and sustain phases is, naturally, more complicated than in the case of a single step-reaction and is 
determined by the interaction of the various stages of the process. Knowledge of the decomposition 
kinetics combined with FEA can be used to determine the propagation velocity of the combustion front 
relative to the combustion mass flux.  
 
The examination of the isolation design is therefore very important for energetic materials. The analysis 
can be extended to any other critical design parameter that could lead to explosion. Note that under 
strictly adiabatic conditions, a thermal runaway is observed as presented in figure 9. Thus, FEA enables 
more precise description of processes that would have been declared unsafe by simplified methods 
because they result in exaggerated safety margins. More generally, applications of FEA and accurate 
kinetic description of complex reactions enable the calculation of accurate heat balances and the 
determination of safe storage or transportation conditions (i.e. determination of the best storage container 
size or transport temperatures). The method can also be used for shelf life prediction during transport. 
 

 
Figure 11: 
The temperature distribution in the combustion front for the sustain and boost propellants 
(isochoric conditions). The spatial and temporal variation of the combustion front is created by 
ignition of the sustain propellant at the hot wall. (A) Initial stage of the explosion - Unburnt 
propellants. (B) Final stage.   
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5. Conclusions 
 
 

With at least three DSC experiments done under isothermal or non-isothermal conditions it is 
possible to compute the kinetics of decomposition of the products of interest. For these calculations the 
results obtained by thermoanalytical techniques  recording  e.g. change of the mass (TG), heat generation 
(DSC, DTA), the rate of evolution of the gaseous products (TG-MS, TG-FTIR) as well as the change of the 
pressure under isochoric conditions (isoperibolic calorimetry) can be used. Employing effective and 
efficient mathematical modeling, AKTS-Thermokinetics software and AKTS-Thermal Safety software 
enable the calculations of the progress of decomposition reactions under temperature conditions different 
from those at which the experiments were carried out. The method allows calculation of the reaction 
progress in extended temperature ranges and under temperature conditions for which the experimental 
collection of the data is difficult. These difficulties are prevalent at low temperatures (requiring very long 
investigation times), as well as under specific temperature fluctuations.  
 
Thermal safety simulation of self-reactive chemicals depends on the properties of the energetic substance 
(decomposition kinetics, heat conductivity, specific heat, loading density), properties of the container (e.g. 
size, geometry, the rate of the heat transfer to the environment) and surrounding temperature. Finite 
Element Analysis (FEA) and advanced kinetic description enable determination of the effect of scale, 
geometry, heat transfer, thermal conductivity and ambient temperature on the heat accumulation 
conditions. Influence of complex thermal environment on the heat accumulation conditions can be 
computed for any surrounding temperature profile such as isothermal, non-isothermal, stepwise, 
modulated, shock and additionally temperature profiles reflecting real atmospheric temperature changes 
(yearly temperature profiles of different climates with daily minimal and maximal fluctuations). 
Application of Finite Element Analysis (FEA) enables the determination of the effect of properties of the 
sample and of the system on the reaction progress and on the heat accumulation conditions. This analysis 
can then be applied for the determination of the critical design parameters such as critical radius of a 
cylinder or sphere, the thickness of the isolation, influence of the surrounding temperature for safe storage 
or transport conditions.  
 
The proposed method has several advantages: 
• It is convenient: Adiabatic devices of the required complexity are not available in every safety 

laboratory; DSC devices are however more widely available. 
• It is versatile: With one set of measurements different adiabatic and non-adiabatic scenarios can be 

calculated. The method can be used to predict the rate of the reaction progress dα/dt and temperature 
rise dT/dt for any temperature profile. If the pressure rise is measured, the rate of the pressure rise 
dP/dt can be determined for any temperature profile as well. 

• It is secure and economical: The calculation of adiabatic reaction progress and/or explosion 
conditions requires only a small amount of material.  
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ABSTRACT 

This paper reports a new numerical approach to study detonation initiation by modern CFD method, 
the Space-Time Conservation Element and Solution Element, or CESE method. The flow of concern is 
one-dimensional detonation initiation by a reflected shock. The present approach is synergy of a 
time-accurate shock-capturing flow solver, realistic finite-rate chemical models, and thermodynamic 
models. A propane/air mixture is considered. We adopt a newly developed reduced chemical mechanism 
composed of two reaction steps and seven species. First, we compared the ignition delay time in a 
well-stirred reactor with a detailed mechanism consisting of over 174 reaction steps. Then, the detailed time 
accurate processes of the detonation development are analyzed. Finally, we compared the detonation 
parameters, i.e., detonation velocity, pressure, temperature ratio, and mass fractions of each species with  
results obtained by using the CEA program by NASA Glenn. The present research reported here provides a 
possible indication of the two-step mechanism into further practical applications such as the detonation in 
the air of thermobaric mixture and the Pulse Detonation Engines (PDEs). 

 

 

1. INTRODUCTION 

 It is well known fact that the ultimate choice 
for a chemistry model that can produce accurate 
simulations of detonations is to use the realistic 
reaction mechanisms. In this case, the chemical 
time scales have a wide range since a list of 
reaction take place at different rates. In general, the 
chemical time scales are much faster than the fluid 
dynamics time scale. Thus, this requires the 
sub-iteration processes to integrate the stiff 
chemical reactions so called “classical stiff source 
term problem”. Such integration techniques 

involve the calculation of Jacobian matrices, which 
dimension is typically increased by considering 
species. Thus, this requires extremely expensive 
computational time. 
 For computational efficiency and its 
simplicity, a single irreversible reaction model has 
been extensively used by researchers for many 
years. However, this one-step reaction model has 
crucial drawbacks; (i) by artificially choose the 
detonation parameter; it is almost impossible to 
give a realistic simulation of detonation dynamics, 
(ii) there is no information for induction length, 
and (iii) it is difficult to provide the quenching 



- 846 - 

mechanism for the initiation simulation for 
detonation. 

In case of the situation requiring a more 
realistic simulation and an efficient computational 
time, the final choice is to use the reduced 
mechanism. In this case, the model requires much 
smaller species and definitely less reaction steps. 
All calculation procedures are the same as the 
detailed reaction mechanism including the 
assumption of thermally ideal gas for each species. 
But, the size of the Jacobian matrices is greatly 
reduced and thus, results in a much efficient 
computational time. 
 In this paper, we revisit the application of 
the CE/SE method to detonation with realistic 
finite-rate chemistry. The specific goal of the 
present paper is twofold: (1) numerical approach 
here is validated through comparisons with the 
previous published results and thermodynamic 
equilibrium results, (2) we apply it to a newly 
developed two-step reduced chemical mechanism 
of propane/air system.  

 

2. THEORETICAL MODEL 

2.1 Governing Equations 

 We consider the unsteady, inviscid, and 
chemically reacting flow equations in one spatial 
dimension with Ns species. The equations of the 
mass, momentum, energy, and species 
concentrations can be written in a vector form: 
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are the vectors of conservative flow variables, the 
convective flux, and the source terms, respectively. 
In Eqs. (2.2), ρ, u, p, and E are density, velocity, 
pressure, and specific total energy of the gas 
mixture, and ρi for i=1,…,Ns-1 are the density of 
species i. the density of the gas mixture, ρ is the 
summation of all species density 

∑
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kρρ                               (2.3) 

The total energy E is defined as 

2/ueE 2+=                      (2.4) 

where  e  is the internal energy of the gas mixture 
per unit mass and it is calculated based on a 
mass-weighted average of the specific internal 
energy of each species ek, i.e., 

k
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=
                                      (2.5) 

In Eq. (2.5), ρρ /y kk = is the mass fraction of 
species k.  

Varatharajan et al [1] showed that a 
common characteristic of temperature histories in 
homogeneous adiabatic systems, calculated with 
the detailed mechanism, is an extended period of 
approximately isothermal chemistry, terminated by 
abrupt temperature increase, then followed by 
another extended period of gradual temperature 
increase and this behavior has been seen for 
acetylene, ethylene, propane, and JP-10.  Based on 
their these results, they proposed the two-step 
reaction model, the first step pertaining to the 
nearly isothermal induction and subsequent abrupt 
temperature increase and the second to the later 
slow temperature rise. 

The two-step mechanism for propane 
(C3H8) can be written as 
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Here the k’s denote the specific-rate constants for 
the element reactions shown in Table 1. The 
subscript ∞ identifies downstream equilibrium 
conditions, to be calculated thermochemically 
using CEA by NASA Glenn.[2] That is, [H]∞, 

[OH]∞, and [H2O]∞   are concentration at 
equilibrium CJ condition at given initial condition, 
T=To, and p=po. k1∞ , k2∞,. k3∞, and k4∞, are 
evaluated at T=TCJ. 
 
Table 1 Relevant elementary reactions and rate 

parameters [1] 
No. Reaction A N E 

1 

2 

3 

4 

5 

2 H OH M H O M+ + → +  

2 H O M H OH M+ → + +  

2 CO OH CO H+ → +  

2 CO H CO OH+ → +  

3 8 2 3 7 2C H O C H HO+ → +  

2.20×1022 

2.18×1023 

4.40×106 

4.97×108 

8.00×1013 

-2.00 

-1.93 

1.50 

1.50 

0.00 

0.0 

499.0 

-3.1 

89.7 

198.7 
n /=AT E RTk e− ; units mols, 3cm , s, K and kJ/mol 

Third body efficiencies [M] : CO=1.9, CO2=3.8, H2O=12.0, 
others=1.0 

 
The rates of these two steps for propane are as 
follows. 
 

[ ][ ]1 5 3 8 2=50k C H Oω                                 (2.12a) 

[ ][ ][ ] [ ][ ]( )2 1 2 2
3= k M k M
2

H OH H Oω −                                                                  

(2.12b) 
Then, the source terms, kS  for k=1,2,3,..,Ns-1 in 
the species equations, Eq. (2.2), are formulated as  

( )
2

" '
j j

1

=W kj kj k
k

S ν ν ω
=

−∑ , 1,2, , 1sj N= −L  (2-13) 

                                                                    
 2.2 Numerical Method 

The space-time Conservation Element 
Solution Element (CESE) method [3-6] is used to 
solve the detonating flow. The space-time CESE 
method is a high-resolution and genuinely 
multidimensional method for solving conservation 
laws. It has a solid foundation in physics and yet is 
simple in mathematics. Its nontraditional features 
are: (i) a unified treatment of space and time, (ii) 
the introduction of conservation element (CE) and 
solution element (SE) as the vehicles for enforcing 
space-time flux conservation, and (iii) a time 
marching strategy that has a space-time staggered 
stencil at its core and, as such, can capture shocks 
without using Riemann solvers. Note that 
conservation elements are non-overlapping 
space-time subdomain introduced such that (i) the 
computational domain can be filled by these 
subdomains; and (ii) flux conservation can be 
enforced over each of them and also over the union 
of any combination of them. On the other hand, 
solution elements are non-overlapping space-time 
subdomains introduced such that (i) the boundary 
of any CE is covered by a combination of SEs; and 
(ii) within a SE, any physical flux vector is 
approximated using a simple smooth function. 

 

3. RESULTS AND DISCUSSION 

3.1 Ignition Delay 

To test the thermodynamics and chemical 
kinetics modules, we performed simulation for the 
ignition induction time of a propane/air mixture at 
the reflected shock temperature in a well-stirred 
reactor. Initially, a stoichiometric of   propane/air 
are filled in a constant volume adiabatic vessel. 
Three different pressure, i.e., 1, 10, 100 bar, are 
calculated. Since no transport phenomenon is 
considered, the evolution of the reacting system 
depends only on the chemical reactions. The 
induction time is defined as the point at which the 
initial temperature increases by 20 K. Figure 1 
shows the comparisons of the ignition delay time 
with detailed mechanism for the propane by 
Varatharajan  et al. [1]  
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(a) Varatharajan  et al. [1] 
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 (b) Present result 
 

Figure.1 Comparisons of ignition delay and 
temperature histories in a well-stirred reactor. 

 

3.2 Detonation Initiation 

The detonation in the present paper is 
generated by a reflected shock at the closed end of 
a long tube as shown in Fig. 2. Initially, the tube is 
filled with a mixture of stoichiometric propane/air. 
An incident shock wave is created which travels 
from right to left. When the incident shock reflects 
from the closed end, the detonation wave is formed 
by the shock heating. 

 

L

Inc iden t
S hock

R e flec ted
S hock

x-d ir  
Figure. 2 Schematic of shock tube  

configuration. 
 

The stoichiometric mixture of  propane/air 
(C3H8+5O2+18.8N2) at initial pressure=311244Pa, 
temperature 826.8K ,and  Mach number =3.2 are 
considered. The CFL number of the calculation is 
about 0.44 and ∆x=0.000025m. The total 
calculation length varies from 15cm  to 20cm for 
the solution to reach a stable detonation.   Based on 
the elementary steps and related rate parameters, 
the two-step reaction coefficients and the rates of 
two-step are calculated in a manner that the first 
step is designed to give initiation of elementary 
chemistry and the second step to give slow 
heat-releasing, recombination and dissociation of 
the key radicals. 

Fig. 3 shows the time evolution of 
detonation ignition process in terms of pressure 
and density properties. Different stages of the 
detonation can be early discerned, including 
ignition, development, and finally full-fledged 
detonation. The reaction wave created after 
induction time continuously evolves until it 
becomes a detonation wave at about 32 µs. The 
detonation wave catches up with reflected shock 
wave at about 55 µs. When two waves merge, an 
expansion wave is generated and moves down 
towards the wall. Eventually, the traveling 
detonation approaches the Chapman-Jouguet(C-J) 
detonation wave.  
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(a) 

 
(b) 

Figure. 3 Time evolution of detonation 
initiation;     (a) pressure profile, (b) 
density profile 

 
Table 2 shows the results between the 

present study and CEA program by NASA Glenn. 
The relative error of the detonation velocity, and 
post detonation properties are acceptable. However, 
mass fractions of burned mixture are including a 
quite difference deviation, especially O2 species. 
This may be caused by the fact that we used 
two-step kinetics.  

Table 2 Result Comparison with CEA 

 Present CEA 
T/T1 3.745 3.538 
ρ/ρ1 1.7310 1.898 
P/p1 6.967 7.193 
Dvel 1815.9 1835.1 

C3H8 0.00000 0.00000 
O2 0.09351 0.02309 
CO 0.06382 0.04788 
H2O 0.10826 0.09050 

H 0.00023 0.00019 
OH 0.00390 0.01212 
CO2 0.10569 0.10560 
N2 0.62455 0.72071 

 

4. CONCLUDING REMARKS 

In this paper, we report the results of 
applying modern CFD method, the CESE method 
to chemically reacting flow with a newly 
developed reduced chemical mechanism composed 
of two reaction steps realistic chemistry for 
propane/air system. Favorable comparison with the 
previously published numerical results and 
thermodynamic equilibrium results has been 
demonstrated. The present research reported here 
provides a possible indication of the two-step 
mechanism into further practical applications such 
as the detonation in the air of thermobaric mixture 
and the Pulse Detonation Engines (PDEs).  

 

REFERENCES 

1. B. Varatharajan and Forman A. Williams, 
“Two-Step Chemical-Kinetic Descriptions for 
Detonations,” 10th ONR meeting, 2001. 

2. B.J. McBride and S. Gordon, “ Computer 
Program for Calculation of Complex Chemical 
Equilibrium Compositions and its 
Applications,” NASA-RP-1311,  June 1996. 

3. S.-C. Chang, “The Method of Space-Time 
Conservation Element and Solution Element- A 
New Approach for Solving the Navier-Stokes 
and Euler Equations,” Journal of Computational 
Physics, Vol. 119, pp.295-324,1995. 

4. S.-C. Chang, X.-Y. Wang, and C.-Y. Chow, 
“ The method of Space-Time Conservation 
Element and Solution Element-A New High 
Resolution and Genuinely Multidimensional 
Paradigm for Solving Conservation Laws,” J. 
Comput. Phys., Vol. 156, pp.89-136, 1999.  

5. S.T. Yu and S.C. Chang, “Treatment of Stiff 
Source Terms in Conservation Laws by the 
Method of Space-Time Conservation Element 
and Solution Element,” AIAA Paper 97-0435, 
the 35th AIAA Aerospace Sciences Meeting, 
January 1997, Reno, NV. 

6. K.-S. Im, C.-K. Kim, and S.-T. J. Yu, 
“Application of the CESE Method to 
Detonation with Realistic Finite-Rate 
Chemistry,” AIAA-2002-1020 the 40th 
Aerospace Sciences Meeting and Exhibit, 
January 2002, Reno, NV. 



- 850 - 

 



- 133 - 

A study on the factors affecting the firing sensitivity 
of exploding foil initiator 

 
 

Jun-Sik Hwang, Moon-Ho Lee, Sang-Moo Lee, Hyun-Jin Ko, Dong-Il Kang, Ki-Bok Bang* 
Agency for Defense Development, Explosive Trains and Pyrotechnics Team, Yuseong P.O. Box 35-

5 Daejon, Korea 
* Hanwha Co, R&D center, 50 Kojan-dong Namdong-gu, Incheon, Korea 

 
 

ABSTRACT 
 

Agency for Defense Development (ADD) has developed a reliable, pin type exploding foil 
initiator (EFI). The design goal was to develop a detonator that was extremely reliable and has a 
low firing energy through optimization of design parameters. 

All of the detonators components, including the explosive materials, were manufactured from 
reliably available starting materials. The HNS IV explosive meets ADD specifications based on 
military specification. 

The study of design parameters affecting the firing sensitivity of EFI was carried out by 

changing one parameter from basic design model. The basic design parameters were 5 μm 
thickness metal foil, 25 μm thickness flyer, 125 μm barrel length, Cu/Ni tiecoat. Experiments 
showed that there were no serious differences of mean firing level with barrel length 125 ~ 225 μ
m. Also the variation of mean firing level was within 0.4 mJ with foil thickness range of 3 ~ 6 µm 

and was over 9.5 mJ per increase every 12.5 μm from 12.5 μm flyer thickness. 

 
 

1. Introduction 
In the past, the various detonators were 

designed for a specific purpose or a family of 
similar purpose. The main reason for the specific 
design was that each program had unique 
environmental requirements, size and weight 
constraints, and input and output requirements. It 
was necessary to produce many unique 
detonators because no one program would pay 
for the development and qualification testing of a 

universal detonator that would be suitable for 
many applications. 

ADD had to produce a detonator that would be 
able to meet the requirements for multiple 
programs. The design requirements were to make 
a detonator that was safe from inadvertent 
functioning, environmentally robust, and 
hermetically sealed. The detonator should also 
have relatively low firing energy for functioning 
and should provide output sufficient to initiate 
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almost next stage device of explosive trains. 
The main purpose of this study is to reduce the 

level of firing energy through the optimization of 
the design parameters such as foil thickness, 
flyer thickness and barrel length. 

 

2. Design and fabrication 
2.1 Bridge Assembly 
The schematic diagram of the bridge 

assembly is shown in Figure 1. The material of 
substrate (tamper), flyer and barrel were 
polyimide films and their thickness of basic 

model were 50 μm, 25 µm, 125 µm, respectively. 
Foil assembly samples were manufactured by 
using adhesiveless flexible laminate which was 
fabricated by depositing the copper metal on 
polyimide. The copper films were deposited by 
sputtering and electroplating method. Various 
tiecoat materials were deposited on polyimide 
before sputtering the copper metal process. The 
foil thickness was 3 ~ 6 µm. Bridge shape was 

square and its size was 200 μm x 200 μm. 
 

 

Figure 1. Bridge assembly 

2.2 Explosives 
The explosive used in the detonator was HNS 

IV and its specific surface area was 10.48 m2/g. Table 

1 shows the properties of HNS IV explosive. The 

explosive 130 mg was loaded into sleeve in powder 

type and then fixed in to the housing.  

 

Table 1. Properties of HNS IV Explosives 

Applicable Spec. & DWG   WS 32972A 

Requirement Spec. Test 

Surface moisture and 
volatiles 

percent(%)by weight 
0.05 Max 0.0158 

Insoluble particles 
% by wt.(DMF) 

0.1 Max 0.083 

Chemical analysis, % 
- HNS 
- HNBiB or DPE 
- Photolysis products 
- DMF 
- wash solvents 

  
  
98.5 min  
0.65 Max 
0.25 max 
0.5 Max  
0.1 Max  

  
  
96.72  
2.93  
-  
-  
-  

Surface area analysis, 
m2/g 

5 ~ 25 
(10~15) 

10.48 

 

3. Experiment and analysis 
3.1 Firing Circuit 
The firing device consists of the high 

voltage D.C. power supply, EFI firing circuit and 
power source for triggering the spark gap switch. 
D.C Power supply can supply the voltage to 3 kV 
and firing circuit is EFI test module (P/N 188-
7374 of RISI). The test module consists of 0.209 
µF capacitor, spark gap switch, electrical 
transmission line, and circuit for triggering and 
CVR (Current Viewing Resistor, 0.005 Ω).  
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3.2 Threshold tests 
These tests were conducted to determine the 

mean firing energy that was correspondent to 
50 % firing probability at 95 % confidence level. 
A Neyer D-optimal threshold tests were 
performed accordingly the method described by 
Barry T. Neyer. 

 

4. Results and Discussion 
The effect on copper thickness for firing 

energy was tested in the range from 3 µm to 6 µm. 
As shown in Table 2, it was expected the thicker 
foil thickness, the higher the firing energy level. 

 

Table 2. Results of pretest for foil thickness 

Copper thickness (µm) Voltage 
(kV) 3.0 4.0 5.0 6.0 

1.40  3/3   

1.35   3/3 5/5 

1.30 5/5* 5/5 5/5 3/5 

1.25 5/5 0/1 2/3 0/1 

1.20 1/2 0/1   

* : No. of fired / No. of tested 
 
Table 3 shows the results of threshold test 

with variation of copper foil thickness. Mean 
firing energy level increased as foil thickness 

increased except for the case of 5 μm thickness. 
The difference of the mean firing level between 3 

μm and 6 μm was about 57 V or 0.4 mJ energy. 
 

Table 3. Mean firing level for foil thickness 

Thickness 

(μm) 

Mean firing level 
(kV) 

3.0 1.252 

4.0 1.281 

5.0 1.264 

6.0 1.309 

The mean firing energy levels of samples 
with barrel length 125 µm, 175 µm, 225 µm were 
1.264 kV, 1.260 kV, 1.270 kV and were almost 
same as shown in Figure 2. This means that the 
flyer was accelerated fully before the first 125 
µm of travel and its velocities were not changed 
seriously at the remain region of barrel length. 

Barrel length (um)
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Figure 2. Mean firing levels for barrel length 
 

Table 4 shows the mean firing energy levels 
according to the thickness of the flyer. The flyer   

thickness of each test group were 12.5 μm with 
copper 3.0 μm, 25.0 μm with copper 5.0 μm, 
37.5 with copper 4.0 μm, 50.0 μm with copper 
3.0 μm. The ticker the flyer thickness was, the 
higher the mean firing level. This means that the 
energy consumption for formation of the flyer 
increased with the flyer thickness. 
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Table 4. Mean firing levels for flyer thickness 

Flyer thickness (μm) Mean firing level (kV)

12.5 0.956 

25.0 1.264 

37.5 1.513 

50.0 1.864 

 
Figure 4 shows the variation of mean firing 

energy level of each group. For increasing the 

flyer thickness with 12.5 μm, mean firing levels 
increased about 308 ~ 350 V (9.5 ~ 12.2 mJ 
energy) and slope was almost linear. 
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Figure 4. Variation of mean firing energy 
levels according to flyer thickness 

 
Table 5 shows the variation of mean firing 

level with various tiecoat, which gave the high 
peel strength between polyimide and copper 
metal film. It was known that the peel strength of 
Cr tiecoat was the highest and those of Ni/Cr, 
Ni/Cu were lower than that of Cr. Test result 
shows that effects of the tiecoat influenced on the 
mean firing levels as expected. 
 

Table 5. Mean firing levels for various 
tiecoat 

Tiecoat 
 

Mean firing level 
 (kV) 

Ni/Cu 1.264 

Ni/Cr 1.291 

Cr 1.302 

 

 
5. Conclusion  

The mean firing energy difference 
according to copper thickness in the range of 3 ~ 

6 μm on the mean firing level was within 0.4 mJ. 
The flyer velocities were kept unchanged during 

traveling time in barrel length from 125 μm to 
225 μm and this means flyers reached the 
maximum velocity after passing at 125 μm. 
There were some differences of mean firing level 
according to various tiecoat. The mean firing 
levels were dependent on flyer thickness almost 
linearly and energy over 9.5 mJ was higher as 
flyer thickness increased. 
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Abstract 
 
Tungsten tri-oxide is of interest as an oxidant for metals in metastable intermolecular composites (MICs), 
a reactive nano-scale powder useful for such applications as electric matches and gun primers.  Smaller 
particles typically lead to fast reaction rates in this class of energetic material, and we have synthesized 
nano-scale WO3 _ H2O using wet chemistry.  Analysis by electron microscopy (EM) revealed 
approximately 100nm x 7nm platelet morphology.  Ammonium paratungstate was dissolved in acid and 
tungstic acid was precipitated by addition to distilled water and the resulting powder was dried and 
annealed.  We observed annealing temperature to influence the performance metrics of peak pressure and 
burn rate when using MIC formulated with nano-scale aluminum as a fuel.  Annealing conditions 
included ambient air atmosphere and temperatures ranging from 100 °C to 600 °C for durations of 1 hour 
to 15 hours.  Peak pressures and peak pressurization rates decreased from a maximum of approximately 
250 psi and 17 psi/microsecond, respectively, to 50 psi and 0.7 psi/microsecond with increasing annealing 
duration and temperature.  Burning velocity decreased from 500 m/s to 180 m/s, also with increasing 
annealing duration and temperature.  Thermogravimetric analysis (TGA) and x-ray diffraction (XRD) 
show the loss of structural water at an annealing temperature of ca. 200 °C. Structural water aids in gas 
generation upon reaction, promoting convective heat transfer and better performance.  Its removal leads to 
the observed decrease in reaction rate at annealing temperatures up to 200 °C.  At more severe annealing 
conditions, structural phase transformations and morphological changes may account for the continued 
decrease reaction rate.  These changes are under investigation by TGA, XRD, EM, and Brunauer, Emmet, 
Teller surface area measurement to elucidate the mechanistic reason for reactivity changes. 
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ABSTRACT 
 

Spurred by significant progress in the area of nanoenergetic materials, the availability and variety 
of nanoscale fuel and oxide powders has grown considerably.  This variety has allowed for much 
progress to be made in the tailor ability of a mixture for certain applications as well as a better 
understanding of the mechanisms by which nanoenergetic reactions occur.  Specifically, it has 
been discovered that certain oxides (i.e. bismuth oxide and copper oxide) react differently than 
molybdenum and tungsten trioxides. It has also been shown that the behavior of nanoenergetic 
reactive systems, containing aluminum, is affected by particles size, morphology, coating and 
reactive metal content of the aluminum nano-powder.  Aluminum nano-powders react readily 
with moisture, and therefore, to prevent this reaction, the use of various coatings has been 
investigated. This paper focuses on measurements of ignition temperature of binary reacting 
systems consisting of nanosize aluminum and MoO3, WO3, Bi2O3, and CuO using differential 
scanning calorimetry (DSC).  The effect of reactant particle sizes, coating, and aging of 
individual aluminum powders on burn velocities measured under unconfined conditions was 
investigated as well. 
 
 
INTRODUCTION 
 
 Metastable intermolecular composites 
(MIC), also referred to as super-thermites or 
nanoenergetic mixtures, have been an area of 
interest for some years now.  The use of 
nanoscale reactants in the thermite mixture 
allows for a much faster release of energy upon 
ignition compared to conventional thermites 
using micron sized particles1. MIC mixtures are 
generally comprised of a fuel, such as 
aluminum, and a metal oxide. Much of the 
research that has been published recently in the 
area of nanoenergetic mixtures has focused on 
the optimization of such mixtures for the fastest 
release of energy.  Quantitative studies of 
propagation rate under both confined and 
unconfined conditions, as well as closed-volume 
pressure cell tests, have been performed on these 
optimized mixtures.  Certain systems that have 
received extensive study have been Al/MoO3

2, 
Al/CuO3, and Al/WO3

4. 
 Although each metal oxide behaves 
differently under elevated temperatures, there 

does not appear to be significant differences 
between propagation rates or pressurization 
behavior of such mixtures.  One of the 
objectives of this paper has been investigation of 
the effect of each of the metal oxides, MoO3, 
WO3, Bi2O3, and CuO on the ignition 
temperature of MIC in both argon and air 
atmospheres.  Characterization of the oxides as a 
function of temperature was examined as well. 
 In addition, other factors such as particle 
size, aging, and particle coating also affect the 
reaction rate of the mixture.  Using the Al/CuO 
mixture as a model system, the effect of these 
factors on propagation rate and ignition delay 
time was studied.  
 
EXPERIMENTAL SETUP 
 
TGA/DSC Analysis 
 
 Thermal gravimetric analysis (TGA) 
and differential scanning calorimetry (DSC) 
were performed using a SDT Q600 
Simultaneous TGA/DSC.  Each of the individual 
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components used in MIC systems was heated in 
air up to 1400 oC.  MoO3 and WO3 are known to 
melt and under certain conditions, sublime,5 
while Bi2O3 and CuO melt and decompose to 
release oxygen.  The DSC experiments allow 
determination of temperatures at which these 
changes occur.   
 For investigation of ignition behavior of 
the individual MIC systems, aluminum 
nanopowder, supplied by Nanotechnologies Inc., 
with an average particle size of 50 nm was used.  
Thermal gravimetric analysis of the powder 
showed the reactive aluminum content to be 71 
wt%.  MoO3, WO3 hydrate, Bi2O3, and CuO 
were each individually mixed with the 
aluminum powder.  Since a stoichiometric 
mixture would have caused significant 
disturbance when ignited in the equipment, 
dilute mixtures of 10 wt % Al were prepared for 
each metal oxide.  The powders were 
ultrasonically mixed in isopropyl alcohol.  A 
few mg of each powder were then heated to 
~800 oC in both argon and air atmospheres to 
determine ignition temperatures. 
 
Propagation Velocity 
 
 Propagation velocity measurements 
under unconfined conditions were performed in 
an open burn tray apparatus similar to the 
schematic shown in Figure 1. The burn test 
equipment consists of an open tray 43 mm long, 
18 mm wide, and 8 mm deep, in which the 
reactant mixture is placed.  Two 1 mm holes are 
bored in the tray 2 cm apart running the length 
of the tray and centered in the width.  A set of 
baffles was place into the reactant mixture to 
minimize the displacement of the reactant during 
propagation and to prevent premature recording 
of the light signal.  
 Upon ignition by piezoelectric spark the 
reaction front propagates down the tray emitting 
light.  The emitted light is collected by the fiber 
optics and sent to an optical to electrical signal 
converter.  The oscilloscope readout displays 
two curves each with a peak in voltage.   The 
average propagation velocity is then calculated 
by dividing the distance between the holes (2 
cm) by the difference between the peaks (time).  
 
 

 
Ignition Delay Time 
 
 Ignition delay time measurements were 
performed in a constant volume pressure vessel 
similar to the schematic shown in Figure 2. A 
piezoelectric igniter is used to initiate reaction of 
powders held in a sample cup inside the vessel. 
As the reaction takes place, pressure inside the 
vessel increases due to the vaporization of the 
reaction products and gas expansion due to heat 
generated by the reaction.  A pressure transducer 
measures pressure responses.  The pressure 
transducer sends a signal to the signal 
conditioner, which amplifies the input signal.  
An oscilloscope then collects the output from the 
conditioner.   
 The oscilloscope also records the 
voltage of the piezoelectric igniter as well.  The 
voltage generated by the igniter is used as the 
trigger for the oscilloscope.  Ignition delay is 
defined as the time from the trigger of the 
reaction (generation of the piezo electric spark) 
to the time the reaction begins to propagate as 
signaled by an increase in system pressure. 
 
Aging of Aluminum Powder 
 
 The aging procedure consisted of 
exposing aluminum nano-powders to constant 
humidity level of 97 %RH over a period of time. 
Humidity level was maintain in an air tight 
vessel by K2SO4 saturated salt solution and the 
temperature held constant at 40 oC.  
 The samples of the exposed powders 
were taken at various hourly time intervals and 
tested for total reactive aluminum content.  A 
portion of the sample was then mixed with 
copper oxide powder to keep the same reactive 
aluminum to CuO ratios and propagation 
velocity was determined.  
 
Coating of Aluminum Powder 
 

The coatings investigated were oleic 
acid and Dow Corning Z6124 silane.  Dow 
Corning Z6124 silane is an arylalkoxy silane 
designated as phenyltrimethoxy silane. Coatings 
were applied by dispersing aluminum powder 
and coating material in ethanol.  The slurry was 
then sonicated for 10 minutes.  After sonication 
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the ethanol was allowed to evaporate leaving 
behind aluminum with the applied coating. 
 
RESULTS 
 
Effect of Temperature on Individual MIC 
Components 
 
 The aluminum powder, used in all MIC 
systems studied, was heated in air up to 1200 oC.  
DSC analysis showed a sharp, exothermic peak 
at 589 oC, indicating rapid combustion of the 
powder.  This value has served as a basis for 
comparison to determine the magnitude of effect 
that each oxide has on combustion. 
 MoO3 melts at 795 oC and sublimes at 
1155 oC6.  Testing of the material confirmed the 
endothermic peak at ~ 797 oC.  The used WO3 
powder was the hydrated form containing 10.7 
wt % water.  It has been found from experiments 
that the reactivity with aluminum increases by 
using the hydrated form in comparison to 
anhydrous WO3. The increase in reactivity of the 
hydrated form may result from higher vapor 
pressure, however, vaporization of the material 
does not occur until ~1200 oC.  During heating 
of the hydrated WO3, water is also released 
which can in turn react with the aluminum as 
well.  CuO has a listed melting point of 1326 
oC6.  DSC analysis in air, however, indicates 
endothermic behavior at approximately 1036 oC.  
This endothermic behavior is accompanied by a 
weight loss of 18.2 wt % which was determined 
from TGA.  Considering that oxygen makes up 
20.3 wt % of the CuO powder, it is reasonable to 
assume that decomposition of the material takes 
place.  This decomposition releases the oxygen 
which then becomes available for reaction with 
the aluminum powder.  Tests on bismuth oxide 
show that the material is stable until 1200 oC 
when the material gradually begins to either 
vaporize or decompose above that temperature. 
 
Effect of Temperature and Atmosphere on 
Behavior of MICs 
 
 Each of the MIC systems was subjected 
to TGA/DSC analysis for determination of 
ignition temperature and effect of gas 
atmosphere on that parameter.  Experimental 
results show that the Al/MoO3 mixture has the 

lowest ignition temperature. The mixture with 
the second lowest ignition temperature is 
Al/WO3 followed by Al/Bi2O3 and the mixture 
with the highest ignition temperature is Al/CuO. 
The choice of gas atmosphere did not effect the 
order of ignition temperature and the difference 
in ignition temperature between the different 
systems was minimal.  Ignition temperatures of 
each system can be seen in Table 1.  The 
exothermic flow of energy, however, did 
increase significantly for each sample when the 
tests were run in air. A standard dilute mixture 
of 10 wt % aluminum was used for each system. 
 Previous research has shown that the 
Al/MoO3, Al/WO3 and Al/CuO systems have all 
been optimized to have propagation velocities in 
the range of 450 – 500 m/s.  From the DSC 
analysis, it is apparent that although there is 
some variation in ignition temperature between 
the different systems, it is not significant enough 
to create a large difference in propagation 
velocity.  Behavior of the oxides at elevated 
temperatures does seem to correlate with 
propagation velocity in three systems listed 
above.  MoO3 sublimes at 1155 oC.  WO3 begins 
to vaporize at ~1200 oC and CuO decomposes at 
1036 oC.  All three oxides react with Al powder, 
resulting in similar propagation velocities. 
 The Al/Bi2O3 is one system that is of 
recent interest because of it’s surprisingly high 
rate of energy release.  Extensive studies on 
reactivity of that system will be published 
elsewhere. 
 
Effect of aging on propagation velocity 
 

It has been shown that aluminum nano-
powder reacts readily with moisture, reducing 
the reactive aluminum content.7  It was expected 
that reduction in reactive aluminum content 
would decrease the propagation velocity of MIC 
reactants.  However, it was not known how 
significant the decrease in propagation velocity 
would be.  

A series of experiments were performed 
in which aluminum nano-powders were aged in 
air with 97 %RH at 40 oC.  The powders were 
sampled at various time intervals and reactive 
aluminum content was determined.  In the first 
set of experiments only the time zero samples 
were mixed according to stoichiometry and the 
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subsequent aged samples were mixed using the 
same weight of aluminum powder as the time 
zero sample.  The results show that slight 
reductions in reactive aluminum content (by 
aging) of the aluminum powder significantly 
reduce the reaction rate of Al/CuO.  In fact 
reducing reactive aluminum content of the 
aluminum powder from 78 to 74 wt% decreased 
the propagation velocity by almost 50 %.  A 
reduction from 78 to 68 wt% aluminum 
decreased the propagation velocity by over 75 % 
and ignition does not take place when the 
reactive aluminum content is below 50 wt%.  
These results are shown in Figure 3. 

A second set of experiments were 
performed in which all Al/CuO samples were 
mixed according to stoichiometry taking into 
account the reduction in reactive aluminum 
content in the aluminum nano-powder.  It was 
assumed that if the aluminum and copper oxide 
were present in stoichiometric quantities that the 
propagation velocity should not be affected in a 
significant amount.  The results for 
Nanotechnologies 50 and 100 nm aluminum 
powder samples are shown in Table 2. It is 
however shown that slight reductions in reactive 
aluminum content of the aluminum powder 
greatly affect the propagation velocity of 
Al/CuO.  A reduction of reactive aluminum 
from 77 to 67 wt% for the 50 nm sample 
decreased the propagation velocity by 32 % and 
a reduction from 84 to 80 wt% for the 100 nm 
sample decreased the velocity by 75 % despite 
compensation with additional aluminum powder. 
 The reduction in propagation velocity 
with aging of the aluminum powder is likely due 
to two factors; 1) increase in the oxide barrier 
layer thickness and 2) increase in physisorbed 
and chemisorbed water.  The first factor, 
increase in the oxide layer thickness, increases 
the separation between reactants, which 
increases the distance of diffusion for reaction to 
occur.  Furthermore, it is likely that a greater 
amount of energy is needed to breakdown the 
thickened oxide layer, both of which slow the 
reaction rate. 

The second factor, increase in water 
content, is likely to slow the reaction rate due to 
creation of an additional diffusion barrier and 
energy utilization for evaporation of H2O.  
Oxygen from the reactant oxide must diffuse 

through the water vapor evolved during the high 
temperature reaction.  In addition, a significant 
desorption flux of water during the combustion 
prevents diffusion of reactive gaseous species 
(e.g. oxygen, vaporized oxides). 
 
Effect of Aging on Ignition Delay Time 
 

Aging of aluminum nano-powder also 
had a significant affect on ignition delay of 
Al/CuO.  It should be noted the reactants in this 
experiment were mixed with 10 % excess 
aluminum (over the stoichiometric amount) to 
ensure that ignition would take place.  It was 
found that reducing the reactive aluminum 
content of the aluminum nanopowder from 70 to 
66 wt% increased the ignition delay time more 
than 2.8 times.  In addition a reduction of 
reactive aluminum from 70 to 47 wt% increased 
the ignition delay by 38 times.  The explanations 
for this phenomenon are the same as those 
presented for propagation velocity.  The results 
are shown in Figure 4. 
 
Effect of Coating on Aging 
 
 Aluminum powder was coated with both 
Z6124 Dow Corning silane and oleic acid to 
provide the powder surface with a hydrophobic 
functionality.  Two samples of 80 nm 
Nanotechnologies aluminum were coated, one 
with 5 wt% silane and the other with 5 wt% 
oleic acid.  The samples were then aged in 97 
%RH at 40 oC.  The aging results are shown in 
Figure 5.  Both the oleic acid and Z6124 silane 
coated samples were approximately 74 % 
reactive aluminum at time zero.  After 384 hours 
(16 days) of aging in 97 %RH, the reactive 
aluminum content still remained around 70 %.   
In comparison, an uncoated sample of aluminum 
was almost completely reacted after 72 hours of 
exposure.  Oleic acid and Z6124 silane both 
prove to be effective coatings for preventing the 
reaction of aluminum with moisture.  
 
Effect of Coating on Propagation 
 
 Although effective at preventing the 
aging of aluminum, it was not known what 
effect coating would have on the reactivity of 
MIC reactant mixtures (specifically 
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aluminum/copper oxide) containing coated 
aluminum.  Samples of aluminum containing 0, 
1, 3, 5, 10, and 15 wt% coating (silane or oleic 
acid) were mixed with CuO and tested in the 
open burn tray.  The results can be seen in Table 
3 and Figure 6. 

It is shown that as oleic acid 
concentration is increased up to 10 weight 
percent there is a dramatic increase in the 
propagation velocity.  In all, there is almost a 50 
% increase in propagation velocity for the 10 
weight percent sample compared to the uncoated 
sample.  Data appears to be leveling off between 
5 and 10 weight percent and at 15 weight 
percent oleic acid ignition does not take place.  
This indicated there is an optimal concentration 
around 10 weight percent. 

The Z6124 silane coated samples show 
a similar but less dramatic trend.  In fact if the 
standard deviation is taken into account the 
velocities measured cannot be considered 
different with any reasonable confidence.  As 
was seen with oleic acid, the mixture with 15 
weight percent coating also was unable to ignite.   

Propagation velocity was increased due 
to enhanced mixing of the reactants with 
increased coating concentration.  It is known for 
50 nm aluminum that Z6124 silane in excess of 
3 wt% is not chemically bonded to the 
aluminum and would disperse in the mixing 
solvent (hexane)7.  The excess silane then acts as 
a surfactant improving mixing.  The bonded 
silane acts as a surfactant as well, helping to 
suspend the aluminum particles in solution.  
However, too much coating can be a detriment 
as shown by these result.  At 15 wt% both 
coatings are in too great a concentration and 
prevent contact between the aluminum and 
copper oxide particles.  If the particles are not in 
contact ignition is not possible. 
 
Effect of Particle Size on Propagation  
 
 It was assumed that increasing the 
particle size of aluminum powder, in the 
nanometer range, would decrease the 
propagation velocity in Al/CuO system.  
Experimental results show this assumption to be 
correct.  The propagation velocity measured for 
the 50, 80, and 100 nm average particle sizes 

were 528, 423, and 348 m/s respectively.  The 
results are shown in Figure 7. 
 
 
Effect of Particle Size on Ignition Delay 
 

It was assumed that aluminum particle 
size would not have a strong effect on ignition 
delay time because there should not be a 
significant difference between the thickness of 
oxide layers.  The oxide layer that needs to be 
penetrated to initiate the reaction should be the 
same thickness regardless of particle size,.  The 
experimental results show this assumption to be 
true.  Varying the average particle size of the 
aluminum in Al/CuO did not affect the ignition 
delay.  The results are shown in Table 4. 
 
CONCLUSIONS 
 
 It was determined in these research 
studies that: 
 
• There were not significant differences 

between the ignition temperatures of the 
MIC systems investigated. 

• A correlation between oxide behavior at 
elevated temperatures and propagation 
velocity was noticed. 

• Aging of the aluminum nanopowder 
significantly lowers the propagation velocity 
in Al/CuO mixtures.  Aging also increases 
the ignition delay time. 

• Both oleic acid and Dow Corning Z6124 
silane are effective coatings for deterring the 
reaction of aluminum powders with 
moisture.  The presence of these coatings on 
aluminum powders used in Al/CuO, 
increases propagation velocity due to 
enhanced mixing of reactants.   

• As particle size of aluminum nano-powder is 
decreased the propagation velocity  
increases.  However, particle size has no 
effect on ignition delay time. 
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MIC Sample Argon Air
Al/MoO3 520 489

Al/CuO 549 551
Al/WO3 ---- 529

Al/Bi2O3 540 538  
 
 
 
 
 
 
 
 
 

Figure 1: Schematic of open tray burn test equipment. 

Table 1: Ignition temperatures in Celcius degrees of MIC systems in both argon and 
air atmospheres. 
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Figure 2: Schematic of equipment used to measure the ignition delay. 

Figure 3: Propagation velocity vs. reactive aluminum content in Al/CuO system.  
Aluminum nanopowder aged in 97% RH in air. 
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Sample
Weight % 

Reactive Al
Propagation 

Velocity
50 nm 77 528

67 357
100 nm 84 405

80 104

Table 2: Propagation velocities in the Al/CuO system using 50 and 100 nm 
Nanotechnologies aluminum.  Aluminum samples aged in 97% RH in air. 
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Figure 4: Ignition delay times as a function of weight % reactive aluminum in 
the Al/CuO system. 
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Figure 5: Aging of 80 Nanotechnologies aluminum with 5 wt% coatings of Z6124 silane 
and 5 wt% oleic acid.  Aging results for an uncoated sample provided for comparison.  

Aging done in 97% RH in air. 

Figure 6: Results for the measurement of propagation velocity of Al/CuO as a 
function of weight percent coating on the aluminum nano-powder.  The coatings 

used were Z6124 Dow Corning silane and oleic acid. 
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Weight % 
Coating

Propagation 
Velocity (m/s) Std dev

Propagation 
Velocity (m/s) Std dev

0 528 27 528 27

1 538 30 589 49

3 500 46 673 67

5 576 47 747 56

10 580 70 780 14

15 no ignition ------------ no ignition ------------

Z6124 Silane oleic acid

Table 3: Results for the measurement of propagation velocity in Al/CuO system as a 
function of weight percent coating on the aluminum nano-powder.  The coatings 

used were Z6124 and oleic acid. 

Figure 7: Propagation velocity vs. aluminum particle size in the Al/CuO 
system. 
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Average Particle 
Size (nm)

Ignition 
Delay (ms)

50 89
80 84
100 88

Table 4: Ignition delay time in Al/CuO system as a function of average 
particle size of aluminum nanopowder. 
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Characterization of Ultra-fine Aluminum Nanoparticles 
 

M. M. Sandstrom, B.S. Jorgensen, B. L. Smith, J. T. Mang, S. F. Son 
 
ABSTRACT 

Aluminum nanopowders with particle sizes ranging from ~ 25 nm to 80 nm were characterized 
by a variety of methods. We present and compare the results from common powder characterization 
techniques including transmission electron microscopy (TEM), high resolution transmission electron 
microscopy (HRTEM), BET gas adsorption surface area analysis, thermogravimetric analysis (TGA), 
photon correlation spectroscopy (PCS), and low angle laser light scattering (LALLS).  Aluminum 
nanoparticles consist of an aluminum core with an aluminum oxide coating. HRTEM measurements of 
both the particle diameter and oxide layer thickness tend to be larger than those obtained from BET and 
TGA.  LALLS measurements show a large degree of particle agglomeration in solution; therefore, 
primary particle sizes could not be determined.  Furthermore, results from small-angle scattering 
techniques (SAS), including small-angle neutron (SANS) and x-ray (SAXS) scattering are presented and 
show excellent agreement with the BET, TGA, and HRTEM.  The suite of analytical techniques presented 
in this paper can be used as a powerful tool in the characterization of many types of nanosized powders. 

 
INTRODUCTION 

Novel properties associated with nanostructured materials have attracted a great deal of interest in 
recent years. Ultra-fine aluminum nanoparticles provide an example of such materials. The aluminum 
nanoparticles are prepared by a variety of techniques including dynamic gas condensation [1], 
cryomelting process[2] and by the plasma explosion process (ALEX) [3]. The cryomelting process 
produces particles with diameters of about 40 nm. By varying the conditions of dynamic gas 
condensation, the average particle sizes obtained are generally in the range of 20nm to 200nm, but larger 
sizes are possible.  The particles obtained from ALEX tend to be somewhat larger, about 180 nm with a 
wide particle size distribution. Conventional aluminum particles are generally available in sizes that range 
from 5µm to 1000 µm. A thin aluminum oxide layer on the nanoparticles maintains stability in air. 
Without this layer, the material would be pyrophoric.  Characterization of the particle diameter, size 
distribution, oxide layer thickness, morphology of the particles and other features is important in 
predicting their performance for specific applications.  With the advent of these nanoscale materials, new 
characterization methods are needed. 

A number of methods have been used for determining the characteristics of nanoparticles.  High 
resolution transmission electron microscopy (HRTEM) and transmission electron microscopy (TEM) 
have been used to determine both the particle diameter and oxide layer thickness.  However, these are 
very labor-intensive processes and only probe a small sampling of the total powder volume.  Additional 
complications arise because of the irregular particle morphology and because only the smaller particles 
have low enough mass to allow sufficient transmission and thus visualization of the oxide layer.  A TEM 
image of some particles is shown in Figure 1.  Rutherford backscattering spectroscopy has also been used 
to determine the oxide layer thickness based on the amount of atomic oxygen in the sample [4].  X-ray 
photoelectron spectroscopy (XPS) was used to measure the oxide layer thickness by the amount of Al3+ 
and Al0 present in the sample [5].  BET (Brunhaer, Emmet and Teller) surface area analysis has been used 
to measure the average particle diameter of ALEX particles and uptake of nitrogen in thermogravimetric 
analysis (TGA) to form AlN was used to measure the oxide layer thickness [6],[7].  Small angle scattering 
(SAS) techniques such as small angle neutron scattering (SANS) and small angle X-ray scattering 
(SAXS) have been used to determine the particle size distributions, morphology, and oxide layer 
thickness [8].  Light scattering techniques, including static light scattering (SLS), photon correlation 
spectroscopy (PCS), and laser diffraction or low angle laser light scattering (LALLS), have also been 
used extensively to measure particle size distributions and morphologies of a wide variety of nanosize 
materials[9-11]. 
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Our interest at Los Alamos National Laboratory in these materials is for ultra-fine thermite 
powder mixtures referred to as metastable intermolecular composites (MIC). Mixtures of aluminum and 
molybdenum trioxide nanoparticles undergo the reaction shown in equation 1, 

 
  2Al + MoO3 → Al2O3 + Mo + ∆H.     (1) 

 
The reaction rate appears to be dependent on factors such as the particle size, the size distribution, the 
aluminum oxide layer thickness, stoichiometry of the powder mix, the degree of intermixing of the 
powders and morphological characteristics of the powders. 

We characterized the particles using a variety of techniques and comparing the results of the 
various methods.  Average diameter measurements were made using BET, TEM, and SAS.  Particle 
agglomerations were characterized by LALLS and PCS.  The oxide layer thickness was measured by SAS 
and HRTEM, and also determined indirectly by measuring the amount of active aluminum in a sample 
and then calculating the thickness of the layer using the surface area measurement from BET analyses. 
The amount of active aluminum was measured by TGA (thermogravimetric analysis) and a wet chemical 
analysis.  Helium pycnometry was used to determine the particle density.  The measured density was used 
in the calculation of the particle diameter from the BET surface area analysis and the oxide layer 
thickness.  Several of the analytical techniques assume a spherical particle shape but TEM images show 
necking and other irregular shapes.   
 
EXPERIMENTAL PROCEDURE 

Nano-aluminum was synthesized at Los Alamos National Laboratory using dynamic gas 
condensation. These include sample numbers 13100, 31500, RF-B, 31000, 32000, 32200, and 31300. We 
also purchased nano-aluminum from Technanogy (Irvine, California) [12] and Nanotechnologies (Austin, 
Texas).  The Nanotechnologies’ powders were synthesized by proprietary methods and include sample 
numbers NT-Al-44 and NT-Al-80.  

BET measurements were performed using a Micromeritics ASAP 2000 Accelerated Surface Area 
and Porosimetry System. Aluminum powder samples of 0.2g to 1.6g were loaded into sample tubes with a 
filler rod and seal frit. The samples were dried and degassed at 90oC until a vacuum of 10-6 torr was 
maintained.  The ASAP 2000 performs fully automatic analysis with ultra-high purity nitrogen, collects 
data and performs calculations to obtain BET surface area. 

A Polymer Laboratories Thermobalance 15000 was used for thermogravimetric analysis.  A 
platinum crucible was used and 0.5 mg to 6.0 mg samples were heated from ambient temperature to 
700oC or 900oC at a rate of 10oC/min in static air. The percent weight gained was determined using 
Polymer Laboratories analysis software. 

A Micromeritics Helium Pycnometer (AccuPyc 1330) was used to determine the particle density.   
HRTEM analysis was preformed on a JEOL 3000F at an accelerating voltage of  300kV.  The Al 

particles were suspended in hexanol and deposited on holey-carbon Cu-mesh grids.  Particle size 
distributions were determined by manual methods utilizing over 10 images and several hundred particles 
per sampling.   

SAXS experiments were performed at the University of New Mexico/Sandia National 
Laboratories Small-Angle X-ray scattering Laboratory using both the pinhole and Bonse-Hart cameras 
[13].  Data were collected on a relative scale and corrected for instrument resolution and smearing effects. 
Small-angle neutron scattering measurements were performed on the Low-Q Diffractometer (LQD) at the 
Manuel Lujan Jr., Neutron Scattering Center of Los Alamos National Laboratory [14]. Data were reduced 
by conventional methods and corrected for empty cell and background scattering. Absolute intensities 
were obtained by comparison to a known standard and normalization to sample thickness.  Both SAXS 
and SANS measurements were performed on dry powders. For SAXS measurements the samples were 
sealed inside an aluminum ring with tape and for SANS measurements the powders were loaded into 
rectangular cells made of fused silica, having a 1 mm path length.  For a detailed discussion of the SAS 
experiments, see reference [8]. 
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A Horiba LA900 was used for LALLS.  The principle of this measurement is light diffraction for 
particles that are larger than the laser wavelength, while for smaller particles Mie theory is employed. The 
particles were briefly subjected to ultrasonic vibration in isopropanol, placed in the instrument and 
circulated through the sample cell.  Ultrasonic vibration was then repeated until the measured particle size 
distribution was stable.  

The hydrodynamic diameter (dh) of the particles was measured by PCS using a Brookhaven 
Instruments 900 AT-200SM with a BI-900AT autocorrelator.  The dh includes the particle diameter plus 
anything that is attached to the particle and moves with the surface in solution.   Al particles were 
suspended in deionized water and sonicated for 20 minutes before analysis.  In order to dissociate large 
agglomerates, the pH was adjusted to ~8 with NH4OH on two solutions, one from Los Alamos and one 
from Nanotechnology.  Readings were taken at approximately 1 minute intervals after the addition of the 
base to monitor any changes in the particle size distributions. 

The principle of the concept of the wet chemical analysis is a selective reaction between 
aluminum and water in the presence of sodium hydroxide:  Al + 3H2O → Al(OH)3 + 1.5H2 (g).  The 
amount of hydrogen released is measured by displacement of water in a buret.  The amount of active 
aluminum is calculated from the volume of hydrogen released using the Ideal Gas Law.  The oxide layer 
thickness is then calculated in a manner similar to the TGA method.  [15]  
 
Calculating the Average Oxide Thickness from Thermogravimetric Analysis (TGA)  

When the aluminum nanoparticles are heated in air to around 500°C, they begin oxidizing and as 
a result show a weight gain.  If the particles are ~ 40nm or smaller, complete conversion takes place.  
Larger particles do not oxide completely due to the formation of a thick oxide layer.  The amount of 
oxygen uptake is measured as a percentage of the original sample weight.  Since the amount of oxygen 
uptake is proportional to the amount of aluminum in the core of the particles by the reaction 2Al + 23  
O2 → Al2O3, the moles of aluminum contained in the core can be calculated and the moles of alumina 
contained in the oxide layer obtained by the difference in weight.  Lower oxides such as AlO and Al2O 
can also form [16], as well as aluminum nitrides from air, but Al2O3 is the predominant species.  For the 
purposes of this study, complete conversion to α-Al2O3 is presumed. The molar fraction of aluminum 
present is determined by equation 2, 
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Where, MF = molar fraction of Al in particle, r = particle radius, t = oxide layer thickness. 
ρ1 = density of Al core, and ρ2 = density of Al2O3 layer.  The atomic weight of oxygen  is 26.98, and 
the molecular weight of Al2O3 is 101.09. 
Solving equation 2 for t, we obtain, 

                                           t = r − 0.26M F r 3ρ2
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RESULTS AND DISCUSSION 
Diameter and Surface Area Measurements 

BET is a method of measuring the specific surface area (m2/g) through multimolecular layer gas 
adsorption. An average particle diameter can be calculated from BET surface area measurements 
assuming that the particles are spherical and monosized.  By combining the equations for the volume and 
surface area of the spheres, the average particle diameter, D, is obtained by equation 4, 



- 244 - 

D = 6
Aρ

.       (4) 

Where A is the specific surface area, and ρ is the particle density as measured by helium pycnometry 
[12]. As can be seen in the TEM image in Figure 1, the particles are not truly spherical or monosized.  
However, the average diameter obtained by this method is still useful since there is a correlation between 
the surface area and the average particle diameter, even though this average diameter is not necessarily a 
number weighted or even a surface weighted average.  Other methods for measuring particle diameters, 
such as sedimentation and light scattering can be deceptive when used on very small particles.  The 
particles are difficult to disperse and agglomerates may be detected giving anomalously large diameters. 
A source of error in BET measurement comes from surface area lost at junctions through inter-particle 
contact.  The degree of surface area lost is related to the packing of the particles. Loosely packed particles 
should show less effect than compressed particles.  For our measurements, the particles were loaded 
loosely. Also, as seen in the TEM image, some particles are connected, resulting in a loss of surface area. 
In addition to providing information regarding the surface area, the type of gas adsorption isotherm 
obtained is indicative of the particle surface porosity [17]. The type of isotherm obtained with the 
nanoparticulate aluminum indicates a non-porous surface.  HRTEM also shows a smooth, non-porous 
surface.  Therefore, there is a significant degree of confidence that the BET number obtained can be 
directly correlated to an average diameter of the particles.  

In addition to diameter measurements, TEM also provides information regarding particle size 
distribution. As seen in Fig.2, most particles fall within a fairly narrow diameter range.  However, due to 
a small sampling size and artifacts that result from sample preparation, the calculated average may not be 
representative of the entire population of particles.  A comparison of particle diameters obtained by the 
other methods is shown in Table 1.  The TEM numbers tend to be larger than the BET results.  This may 
be attributed to the fact that necking and other small particle formations are measured by BET, whereas in 
TEM, only the more spherical particles are measured.    

SAS results for particle diameter and surface area are also presented in Table 1.  Based on SEM 
images of the powders produced at Los Alamos, the scattering data was interpreted using a model of mass 
fractal aggregates having spherical primary particles with a core-shell structure.  SEM images of the 
powders that were purchased from Technanogy and Nanotechnology appeared to be highly polydisperse 
with large individual particles. These powders tend to form very large aggregates over length scales 
outside the range of the instruments (>1000nm).  Therefore, these particles were modeled as polydisperse 
particles with a core-shell structure [8].   

The particle diameters are determined by adding the mean core radius, calculated from the 
particle size distribution determined from SAS analysis, and the oxide layer thickness. The particle 
diameters are comparable to the results obtained by BET and TEM, but tend to be slightly smaller.  This 
may be due the loss of surface area as the result of particle packing in the BET measurement as 
mentioned previously.  Furthermore, SAS techniques are able to distinguish between aggregates and 
primary particles, which allows a more accurate and unambiguous measurement of the particle size.   

The surface areas calculated from the particle size distributions are also less than the surface area 
measured by BET.  This may be due to the fact that BET probes on a smaller length scale than SAS.  
Surface roughness and small artifacts are not measured by SAS, but are by BET. 

Our laser light scattering data may provide a clue to other significant characteristics of the 
nanoparticles.  Particles that have diameters of ~ 47 nm as measured by BET, showed diameters of about 
200 nm by LALLS.  As seen in Fig. 3, the sample (# 13100) at first shows agglomerates in the micron 
range.  Further sonication broke up these agglomerates and all the particles occurred within a Gaussian-
like distribution with a peak slightly below 200 nm. Further sonication was unable to create a change.   

Figure 4 shows another sample (#32200), which after sonication, showed no changes in the 
particle size.  This sample was measured by BET to have a diameter of 25 nm and by TEM to have a 
diameter of 38 nm.   
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Similar results are observed with PCS.   Figure 5 shows particle size distributions for samples 
31500 and NT-Al-44.  Both figures show large agglomerations in the 1-10µm size range and smaller 
agglomerations between 100 and 300 nm.  The NT-Al-44 sample even shows evidence of free primary 
particles at ~50nm. By increasing the pH to ~8 with the addition of NH4OH, the Van der Waals forces 
between the particles in the large, soft agglomerates are disrupted, causing them to quickly break apart 
into the smaller, hard agglomerates.  Meanwhile, the smaller hard agglomerates that were present before 
the base was added appear to be dissolving uniformly. Figures 6 and 7 show the change in particle 
distribution over time after the addition of base.  Note that the large agglomerates in sample 31500 break 
up more quickly than the NT-Al-44.   

These results indicate that the primary particles are forming hard agglomerates during processing, 
while the soft agglomerates are probably formed in solution. A tentative conclusion is that the particles 
are physically connected during process or during the passivation step and that the degree of connection 
depends on processing or passivation conditions.  
 
Oxide Layer Thickness Measurements 

A typical TGA scan of aluminum nanoparticles in static air is shown in Fig. 8.  A weight loss of a 
few percent is seen initially.  This is due to adsorbed moisture and other possible contaminants.  At 
around 250 oC, a slow increase in weight gain is seen.  Thin-walled or very small particles would be 
expected to react at lower temperatures.  The weight gain increases dramatically around 500 oC.  This 
may be due to either rapid diffusion of oxygen through the oxide layer or the thermal expansion of 
aluminum may be causing the oxide layer to crack at this temperature, thus causing a rapid increase in 
oxidation.  A small amount of weight gain appears to occur between 500 and 900 oC.  While there may be 
some oxidation still occurring, the apparent weight gain may also be due to buoyancy.  This is often 
observed in TGA at higher temperatures and is due to thermal expansion of the gases surrounding the 
sample, thus providing less buoyancy to the sample and therefore an apparent weight gain. 

Other samples of nanoparticles showed TGA traces as seen in Fig. 9.  Here, further oxidation is 
seen up to about 750oC. In these samples there appear to be particles that are larger or have thicker oxide 
layers and do not oxidize until higher temperatures. This weight gain appears to not be due to buoyancy, 
but rather due to particles being oxidized at a higher temperature. 

It was somewhat difficult to determine the point where oxidation is complete and where 
buoyancy is the primary source of apparent weight gain.  A change in buoyancy is due to the fact that at 
high temperatures the gas surrounding the sample becomes less dense due to the heating. As a result of 
the decrease in density of the surrounding gas, the sample is supported less by the gas and therefore 
shows an apparent slight weight gain which increases with temperature.[18] To avoid underestimating the 
oxide layer thickness, the percent weight gain was determined at the point where no further reaction 
appeared to be occurring.  In the case of samples that showed a TGA scan as in figure 8, the percent 
weight gain was measured at ~ 550 oC. The difference in oxide layer thickness between measuring the 
weight gain at 550 oC and 700 oC is about 0.5 nm. In the case of samples that showed a TGA scan as in 
Fig.9, the measurement was taken at ~ 750 oC. 

Sample TN-Al-40 was also analyzed by the wet chemical volumetric method. The result is shown 
in Table 2 along with measurements obtained by TGA and SAS. As can be seen, there is good agreement 
among the various methods.  The wet chemical method is a particularly good approach for larger 
particles.  We have observed that nanoparticles above 80 nm do not totally oxidize in TGA but are totally 
degraded by the wet chemical analysis. 

The oxide layer thicknesses obtained by TEM tends to be larger than measurements made by 
BET/TGA, as seen in Table 1. In some cases the number is significantly larger.  This may be due to the 
small sample size and perhaps visual artifacts.   Another important contributing factor to the observed 
difference is that an entire particle is imaged, and not just a cross-section.  The oxide layer will appear 
thicker due to the curvature of the particle.  A HRTEM image of an aluminum nanoparticle is shown in 
Fig. 10.  
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The SAS oxide layer thickness was determined by fitting the data to a core-shell model that 
assumes that the primary particles have a uniform Al core surrounded by a layer of Al2O3. The oxide layer 
thickness value calculated from this analysis is dependent on the choice of density of the aluminum oxide 
shell. The density of Al2O3 is a function of its structure and can range from 3.50 – 3.99 g/cm3.  The values 
presented in this paper were calculated using 3.99 g/cm3, which corresponds to the � phase of Al2O3.  
This density of alumina was chosen because it gave the most consistent results between the SAXS and 
SANS measurements. The error associated with the oxide layer thickness presented in Table 1 reflect the 
range of possible densities for Al2O3. 

The oxide layer thicknesses obtained by SAS are very similar to both TEM and TGA, but they 
tend to be larger than the TGA results. In both analyses, the assumption is made that the oxide layer is �-
Al2O3, which may not be the case.  There are five different phases of each aluminum oxide and aluminum 
hydroxide [19]. The phase of the passivation layer is dependent upon the conditions under which it was 
formed.  If it is formed in the presence of water, it will form a hydrated aluminum oxide, which has a 
lower density than an anhydrous oxide.  Furthermore, the HRTEM images show that the oxide layer is 
amorphous[12, 20], which has a density of 3.756 g/cc [21] rather than 3.99 g/cm3. These assumptions and 
processing conditions may explain the variability observed in the results, however it should be noted that 
the results are very similar, and are close to 3-5 nm, a range that is commonly quoted in the literature[12, 
20, 22, 23]. 
 
CONCLUSIONS 

The average particle diameter and oxide layer thickness of several samples of aluminum 
nanopowders with particles sizes ranging from ~ 40 to 80 nm were characterized by a variety of methods.  
The results for particle size, particle size distribution and oxide layer thickness from several powder 
characterization techniques including HRTEM, BET, TGA, SAS, PCS and low angle laser light scattering 
(LALLS) where compared.  HRTEM measurements of both the particle diameter and oxide layer 
thickness tend to be larger than those obtained from BET, TGA, and SAS.   

LALLS and PCS measurements show a large degree of particle agglomeration in solution; 
therefore, primary particle sizes could not be determined. The suite of analytical techniques presented in 
this paper can be used as a powerful tool in the characterization of many types of nanosized powders. 
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Table 1 Particle diameters and oxide shell thicknesses obtained by TEM, BET, SANS and SAXS 

on several batches of aluminum nanoparticles. 
 

 

Sample Particle Diameter (nm) Surface Area 
(m2/g) 

Oxide Shell Thickness 
(nm) 

 BET TEM SAS BET A. SAS BET/TGA TEM SAS 

   
number 

weighted 
average

surface 
area 
weighted 
average 

 

     

13100 46 -- 36±6 38±12 43.0 41 1.6 2.83 2.4±0.6

31500 30 39.8 ±  
7.9 28±2 30±8 63.7 56 1.6 4.62 3.1±0.4

RF-B 46 -- 32±8 36±14 47.3 46 3.0  3.0±0.6

TN-Al-40 44 -- 32±4 36±8 49.8 43 2.0  2.5±0.7

NT-Al-44 44 -- 32±4 37±8 52.0 36   5.0±1.0

NT-Al-80 70 -- 44±4 48±12 30.2 30 2.8  2.6±0.6

31000 30 40.2 ±  
8.1     1.6   

32000 30 45.1± 
9.7     1.4   

32200 25 38.0 
±12.3     1.6   

31300 34 40.2 ± 
8.9     1.6   
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Table 2  Oxide layer thickness measurements obtained by various methods show good 
agreement. 

 
Sample TGA SAS Volumetric Analysis

TN-Al-40 2.0 nm 2.5±0.7 nm 1.8 nm 
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Figure 1 TEM showing difficulty in measuring particle size 
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Figure 2.  Particle size distribution by TEM 
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Figure 3  LALLS particle size distirbution for sample # 13100 
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Figure 4.  LALLS particle size distribution of another sample after sonication showing no more 

changes in the particle size sample # 32200 
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(a) 
 
  

(b) 
 
 
Figure 5  PCS particle size distributions for samples  (a) 31500 and (b) NT-Al-44 
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Figure 6  Change in particle size distribution after the addition of NH4OH for sample  #31500 
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Figure 7  Change in particle size distribution after the addition of NH4OH for sample  NT-Al-44 
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Figure 8   TGA trace of nanoparticles showing rapid weight gain above 500oC 
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Figure 9  TGA trace of aluminum nanoparticles with weight gain seen above 700oC 
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Figure 10   HRTEM images of a single Al particle 
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ABSTRACT 
 
Small-angle scattering (SAS) techniques, employing x-rays (SAXS) and neutrons (SANS) were used to 
characterize several nano-particle systems having different morphologies and surface properties. The 
combination of the two techniques allowed a wide range of lengthscales to be probed, providing a more 
complete characterization of the materials and a unique sensitivity to the surface properties of the nano-
particles. With the aid of microscopy techniques, physical models were developed to describe the 
measured scattering data, allowing for a quantitative determination of particle morphology, mean particle 
size, particle size distribution (PSD) and surface layer thickness. The methods described here are general 
and can be applied to a wide range of nano-systems. We present characterization results based upon 
analysis of scattering data for six different Al nano-powders and nano-powders composed of MoO3 and 
WO3. Comparison of our results to the results of more common techniques such as gaseous absorption 
(BET) and thermo gravimetric analysis (TGA) is made. 
 
 
INTRODUCTION 
 

Nano-sized particles have found wide 
application1,2. Recent interest in the use of nano-
particles in energetic materials (e.g., a thermitic 
mixture of aluminum and iron oxide) has shown 
a need for more quantitative characterization of 
the individual components, with particular 
emphasis on determination of particle sizes and 
distributions.  

Small-angle scattering (SAS) 
techniques, employing x-rays (SAXS) and 
neutrons (SANS) are widely used for 
microstructural investigation. They have been 
applied to a variety of systems, including 
polymers3, high explosives4, and particulate 
systems5,6. SAS probes a statistically significant 
number of particles and can provide a 
quantitative measure of particle morphology, 
size distribution and aggregation properties. X-
rays and neutrons interact differently with 
matter. X-rays interact primarily with the 
electron shell surrounding an atom, whereas 
neutrons interact with the nucleus of an atom. 
The combination of SAXS with SANS can thus 
lead to a more thorough understanding of a 
particle’s structure. Both techniques are 

sensitive to changes in chemical compositional 
through the corresponding changes in scattering 
length density4. This sensitivity is especially 
useful when considering coated systems.  

For the current studies, we have 
combined the SAXS and SANS techniques in 
order to characterize nano-particles composed of 
aluminum, molybdenum trioxide (MoO3) and 
tungsten trioxide (WO3). The combination of the 
two scattering techniques allowed us to probe 
lengthscales ranging from 1 to 1000 nm. SEM 
images of the different materials were used to 
guide the development of structural models to 
describe the observed small-angle scattering and 
to provide an initial estimation of particle size 

In what follows, we first introduce the 
general features of the small-angle scattering 
technique. We then discuss the results of SAS 
measurements of several nano-particle systems. 
Comparison of our results to those of more 
common techniques such as BET and TGA is 
made.  

 
SMALL-ANGLE SCATTERING 
 

In a SAS experiment, a beam of x-rays 
or neutrons impinges upon a sample 
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characterized by a scattering length density, 
ρ(r)7. A fraction of the incident radiation will be 
scattered through an angle, 2θ, from fluctuations 
in the scattering length density. ρ(r) then reflects 
microscale structure in the sample in both 
density and chemical composition. 

The intensity of the scattered radiation, 
I(Q), is measured as a function of the scattering 
vector, Q, of magnitude Q = (4π/λ)sinθ, where λ 
is the wavelength of the incident radiation and θ 
is half of the scattering angle (2θ). For a 
polydisperse system of interacting particles 
dispersed in a uniform media, I(Q) can be 
expressed as7, 

∫ρ∆=
∞

0

22 dR)R,(S)R,(P)R(V)R(N)Q(I QQ  (1) 

where P(Q,R) is the normalized, single particle 
form (shape) factor and is related to Fourier 
transform of ρ(r). S(Q,R) is the structure factor, 
which accounts for interparticle correlations. 
The structure factor can take different forms 
depending upon the type of interparticle 
correlations8. The brackets in Eq. 1 indicate a 
spherical average over particle orientation. V is 
the particle volume and ∆ρ is the scattering 
length density contrast between the average 
scattering length density of the particle ( ρ ), and 
that of the surrounding media (ρm), 

mρρρ −=∆ . The normalized number density 
function, N(R), represents the number of 
particles per unit size in the population having 
sizes between R and R + dR. For the current 
work, the lognormal distribution is an 
appropriate representation for the shape of 
N(R)9.  
 
MATERIALS AND EXPERIMENT 
 

Eight different nano-powders which can 
be separated into three groups based upon there 
surface, aggregation, and morphological 
properties were studied. The samples were 
chosen because of their relevance to the 
development of nano-energetics and to 
demonstrate the power of SAS techniques to 
quantify microstructural parameters. 

 The first group of powders (TN-Al-40, 
NT-Al-44 and NT-Al-80) consists of 
commercially available Al from Technanogy10 

(TN) and Nanotech11 (NT), and was produced by 
proprietary methods. The second set of powders 
consists of both uncoated and Viton-coated Al 
obtained from Aveka and Al coated with SnO2, 
that was produced at the University of Colorado. 
The primary particles of these two groups of Al 
powders possess a common morphology. They 
can be described as core-shell structures Fig. 1, 
having a spherical Al core surrounded by a 
passivation layer. Two oxides (MoO3 and WO3) 
make up the third set of powders. The MoO3 
was produced by Climax, Inc., whereas the WO3 
was produced at LANL.  

Figure 1: Sketch of model Al particle 
 

SAXS experiments were performed at 
the University of New Mexico/Sandia National 
Laboratories Small-Angle X-ray scattering 
Laboratory using both the pinhole and Bonse-
Hart cameras12. SANS measurements were 
performed on the Low-Q Diffractometer (LQD) 
at the Manuel Lujan Jr., Neutron Scattering 
Center of Los Alamos National Laboratory 
(LANL)13. Data were reduced by conventional 
methods and corrected for empty cell and 
background scattering. The use of the Bonse-
Hart instrument enabled us to obtain scattering 
data over an additional order of magnitude in Q 
(0.0002 – 0.35 Å-1) than typical pinhole 
cameras, allowing measurement of lengthscales 
which are an order of magnitude larger than 
those obtained by most instruments. This 
provides for a more complete assessment of 
particle microstructure and particle interactions. 
For ease in interpretation and comparison of the 
SAS data, all data shown here are on a relative 
scale. All measurements were performed on dry 
powders.   
  
RESULTS 
 

Al Core, ρi 

Passivation 
layer, ρo Ro 

Ri 
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For the current studies, both SAXS and 
SANS measurements were performed in order to 
verify fine details of particle morphology. SEM 
images of all of the samples were obtained and 
used to provide a physical basis for the 
development of scattering models. The 
scattering models were then fit to the SAS data, 
using a non-linear least squares method. Details 
of the analysis can be found elsewhere14.  

Figure 2 shows an SEM image of the 
TN-Al-40 powder which is representative of the 
first set of aluminum powders. In the image we 
can see that the powder is highly polydisperse. 
No significant aggregation of the Al particles 
over the lengthscales probed by our  

 
Figure 2: SEM image of TN-Al-40 Al. 

 
measurements is seen. Additional SEM images 
made at a lower magnification reveal larger 
particles than those shown in Fig. 2 and large-
scale agglomeration over lengthscales outside 
the range of our measurements (> 1000 nm). A  
representative SAXS scattering curve of the first 
set of Al powders is shown in Fig. 3. An initial 
power-law (I(Q) ∝ Q-α) fall-off can be seen, 
followed by a broad transitional region and then 
a second power-law fall-off. The initial power-
law scattering is most likely a result of scattering 
from the larger structures seen in the SEM 
images. The transitional region is known as the 
Guinier region7 and its position along the Q-axis 
is indicative of a characteristic size of the Al 
particles. The breadth of the Guinier region is 
indicative of the highly polydisperse nature of 
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Figure 3: SAS curves for NT-Al-44 sample. 
 
the Al particles and suggests a multimodal PSD. 
Independent low-angle light scattering 
measurements15 have confirmed the multimodal 
nature of the PSD. The slope of the scattering 
curve in the high-Q region depends upon the 
relative sizes of Ri and Ro and the ratio of ρi to 
ρo (Fig. 1) and hence a variation in chemical 
composition within the particle. For the SAXS 
data, α ranges from 3.7-3.8 above Q = 0.02 Å-1. 
The corresponding SANS data is also shown in 
Fig. 3. No initial power-law fall-off is seen in 
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Figure 4: SAS-determined PSDs for the first 

        group of powders. 
 
the SANS data because of the smaller range of Q 
explored and because the mean particle size 
approaches the limits of the instrument, the 
Guinier region is limited. α ranges from 3.1 – 
3.2 for the SANS data. The difference between 
α measured by SAXS and SANS is a result of 
the change in chemical composition from the 
inner to the outer shell of the Al particles and the 
difference in the interaction of x-rays and  
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TABLE I: Comparison of Average Particle Parameters from SAS, BET and TGA 

 
Sample Dav, SASa 

(nm) 
DavS, SASb 

(nm) 
tav, SASa 

(nm) 
Dav, BET 

(nm) 
t, TGA 
(nm) 

TN-Al-40 32 ± 4 46 ± 4 2.5 ± 0.7 44 2.0 
NT-Al-44 32 ± 4 51 ± 5 5 ± 1 44 4.3 
NT-Al-80 44 ± 4 69 ± 8 2.6 ± 0.6 70 2.8 

 
a – number averaged value and standard deviation of SAXS and SANS results 
b – average value from SAS surface area                       

 
neutrons with the material and highlights the 
sensitivity of the two techniques to surface 
properties. 

The SAS data for the first set of 
powders was modeled as polydisperse core-shell 
particles according to Eq. 1, with S(Q,R) = 1. 
N(R) in Eq. 1 was represented by a sum of two 
lognormal functions. An additional power-law 
term was added to Eq. 1 to account for the initial 
slope seen in the SAXS data. Analysis results 
are shown as solid lines in Fig. 3. Good 
agreement between the model and data was 
found and the model was found to be consistent 
with the type of incident radiation. The results 
for both the SAXS and SANS analysis are 
summarized in Table I. The number-weighted, 
average PSDs determined from the analysis are 
shown in Fig. 4. 

Table I also shows a comparison of 
particle parameters obtained from SAS analysis 
with those obtained from BET and TGA. For the 
SAS results, the average diameter was 
determined from the average core radius and the 
average oxide layer thickness. The mean particle 
diameter based upon BET measurements is 
given by, 

Sd
6D = ,           (2) 

where S is the surface area per unit gram as 
measured by BET and d is the average particle 
density obtained from HE pycnometry. More 
details of the BET, TGA, and HE pycnometry 
measurements can be found in reference 15. As 
seen in Table I, the overall agreement among the 
SAS and complementary techniques is good. 
The mean particle diameters (Dav) as measured 
by SAS are smaller than those obtained from 
BET.  This may be due to a loss of surface area 

as the result of particle packing in the BET 
measurements and that SAS analysis 
distinguishes between aggregates and primary 
particles. In addition, the average diameter from 
the SAS analysis is a number-weighted average; 
whereas the BET values are not necessarily a 
number weighted or even a surface weighted 
average. The surface areas calculated from the 
SAS PSDs are also smaller than the surface 
areas measured by BET. This may be due to the 
fact that BET probes on a smaller length scale 
than SAS and thus, small surface (< 1 nm) 
defects, which are not detected by SAS because 
of instrument resolution, are measured with 
BET. 
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Figure 5: SAS curves for the Aveka Al. 

 
We would expect that for a given 

particle density, the smaller surface area would 
yield a larger average particle size. Here the 
SAS results show both a smaller average particle 
size and a smaller surface area when compared 
to the BET results. The apparent inconsistency 
may be caused by the manner in which the mean 
values are calculated for the two techniques, as 
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mentioned above. So, we have calculated the 
mean particle size (DavS) of the SAS data 
according to Eq. 2. A comparison of these 
results to the BET results is shown in Table I 
and as can be seen, there is very good agreement 
between the two techniques.  
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Figure 6: PSDs of Aveka Aluminum. 

 
The second group of powders consists 

of coated Al particles. Fig. 5 displays the SAS 
scattering curves for both uncoated and coated 
(with Viton-A) Al obtained from Aveka. For 
these powders, the SEM images showed 
evidence of aggregation over the lengthscales 
probed by our measurements. This was 
evidenced in the SAS measurements by the 
initial power-law slope of the scattering curves. 
The solid lines in the figure are the results of 
analysis according to a model of mass fractal 
aggregates, having spherical primary particles. 
The primary particles were modeled as core-
shell structures. In performing the measurements 
of the uncoated and coated Al, we anticipated 
seeing a change in the final slope of the 
scattering curves due to the presence of the 
Viton layer. But, in comparing the SAXS 
curves, no such change was found. We did see a 
slight shift in the location of the Guinier region, 
which indicates a change in the mean particle 
size and a change in the initial slope which 
suggests different aggregation properties, but no 
apparent change in the surface properties. So 
from the SAXS measurements alone, we could 
not detect the Viton coating. SANS 
measurements on the same powders however, 
showed a significant change in the scattering 
signal arising from the particle surface. This was 

seen as a change in the power-law exponent 
measured above Q = 0.02 Å-1 from 3.3 to 2.7. It 
appears that the SAXS measurements could not 
resolve the Viton coating because the x-ray 
scattering length density for Viton is not 
significantly different from that of Al2O3. So to 
x-rays, the two surfaces look the same. The 
difference in neutron scattering length density, 
however, is sufficient to see the change in 
surface properties and reinforce the utility of 
using both x-rays and neutrons to characterize 
these materials. The PSDs for both coated and 
uncoated materials are shown in figure 6. We 
found a smaller mean particle size for the coated 
materials as well as a thinner passivation layer. 

SAS data for Al coated with SnO2 is 
shown in Fig. 7. Again, we see the usefulness of 
using both x-rays and neutrons as the signal 
from the surface layer is much more pronounced 
in the case of the SANS results. The data for this 
sample was modeled as polydisperse core-shell 
structures. The model is consistent between the 
two techniques and the extracted PSD is shown 
in Fig 8. 
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Figure 7: SAS curves of SnO2 coated Al. 

 
The final set of powders (MoO3 and 

WO3) studied had a sheet-like structure. For 
both powders, the length and width of the sheets 
appear to be much larger than the sheet 
thickness and large-scale agglomeration can be 
seen in SEM images. The SAS data for the two 
samples is shown in Fig. 9. Both powders show 
an upturn at the lowest Q-values, resulting from 
the presence of large-scale structures, followed 
by a power-law region, with slope α = 2, 
suggesting an infinite sheet-like structure. The 
final slope of the data is monotonic, indicating a  
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high degree of polydispersity in the sheet 
thickness, and falls-off as Q-4 for both the SAXS 
and SANS data. This behavior, in contrast to the 
previous Al data, indicates a uniform structure 
with smooth interfaces. The data were fit using a 
model for polydisperse sheets14. The scattering 
signal for the large-scale structure was taken into 
account with the addition of a power law term, 
having α = 4. The results of the analysis are 
shown as solid lines in Fig. 9 and the resulting 
average size distributions are shown in Fig. 10. 
The average value of the MoO3 sheet thickness 
was found to be ~ 3 times larger than the WO3 
sheet thickness. 
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Figure 9: SAS curves of oxide particles. 
 

SUMMARY  
  

Small-angle scattering methods have 
been used to characterize eight different nano-
materials. Detailed structural models were 
developed, based upon SEM images, to analyze 

the SAS data. The combination of these 
techniques makes a powerful tool for the 
characterization of nano-particle systems. Our 
models describe the data very well and enabled 
details of the particle microstructure to be 
quantified. Our results agree with BET and TGA 
results and at the same time provide a more 
detailed understanding of the particle 
microstructure. 

We have demonstrated the ability of 
SAS techniques to distinguish between 
aggregates and primary particles as well as 
particles of different morphology. This ability 
allows a more accurate and unambiguous 
measurement of particle size and size 
distribution. The combination of SAXS and 
SANS provides a unique sensitivity to regions of 
differing chemical composition and can 
elucidate fine structural details such as the 
passivation layer thickness. This sensitivity is 
highly advantageous for the characterization of 
new coated aluminum systems.  
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Figure 10: PSDs of oxide particles. 
 
The SAS scattering techniques 

described here are of general application to 
nano-particle systems and can provide new 
structural information which may help in the 
development of materials.  
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Laser Ignition of Aluminum Nanoparticles in Air 
 

M.M. Sandstrom, D.M. Oschwald, and S.F. Son  
 
Abstract 

This paper reports on recent experiments of the ignition of nano-aluminum in air by CO2 laser 
heating.  Ignition time was measured for Al powders with particle sizes ranging from 25nm to14µm at 
various laser powers.  The ignition time was determined by high-speed digital images and first light as 
determined by a photodiode. Two stage burning is observed.  The first reaction takes place on the surface 
of the powder sample and moves from the center to the edges followed by the second reaction, which 
takes place within the bulk of the sample.  As the particles size increases the material is less likely to burn 
through out, leaving behind unreacted Al powder.  The ignition delay increases with increasing particle 
size, and the decreasing laser power.  This indicates that diffusion is the rate-limiting step for ignition.  
Furthermore, results from these experiments point to that the limiting factor for ignition is energy 
concentration within the condensed phase.  Thermophysical properties of the samples may be important 
in determining the ignition energy.  

 
Introduction 
 

Micron sized aluminum powders have long been used as an additive in energetic materials, 
including propellants, explosives and pyrotechnics. These applications have made the ignition and 
burning of aluminum powders the topic of intensive research over the past four decades.[1-11]  One very 
important finding from these investigations[1-11] is an enhanced reaction performance as particle size 
decreases.  

Recent advances in technology have allowed nano-sized aluminum powders to be produced in 
large enough quantities that they are now commercially available.[12]  This allows for the extensive use 
of these materials, however, the combustion properties are still not well understood.  A comprehensive 
understanding the combustion properties is critical in determining the performance and safety of energetic 
materials that utilize Al-nanopowders. 

It has been long known that micron sized aluminum is difficult to ignite, and does not typically 
self propagate in air.  However, it has also been observed that nano-aluminum is easily ignited and does 
self propagate in an oxidizing atmosphere such as air.  When the particle size is reduced to tens to 
hundreds of nanometers, the reactivity of the powder increases significantly.  This is most likely due to 
the increased surface area which decreases the diffusion length scales in the Al nanopowder.  Another 
explanation of the combustion behavior of the nano-aluminum may be credited to the “surface effect” of 
superfine particles.[13]  This theory suggests that the larger ratio of surface atoms to interior atoms in the 
nano-powders increases the overall energy of the material since atoms at the surface of the particle are in 
a higher energy state than the interior atoms.  This results in an excess surface energy and surface tension 
on the particles, which may contribute to a lower melting temperature.   

Laser ignition via a CO2 laser heating is effective means to apply a controlled amount of thermal 
energy into an energetic material.  This is achieved by controlling the pulse width, power, energy, beam 
profile, and spot size.  For this reason, the laser ignition can be a useful tool for determining the thermal 
response of energetic materials[14-17]  
 This work reports on the ignition behavior of both nanometer and micron sized aluminum 
powders by CO2 laser heating in air. Ignition as determined by first light was measured for the aluminum 
powders at varying laser powers.  
 
Experimental 
Aluminum powders 
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 Four different nano-powders and two micron sized powders were used in these experiments.  All 
the nano-sized powders were obtained from Technanogy were synthesized by dynamic gas 
condensation.[12]  The micron size powders were obtained from Alfa Aesar.  The average particle 
diameter, the oxide layer thickness and/or the percent active aluminum are presented in Table 1.  The 
reported average particle size diameter for the nano-sized powders is calculated from the surface area 
measured by Brunauer-Emmett-Teller analysis (BET).[18]  This calculation makes an assumption that the 
particles are spherical and mono-sized, however, analysis of other powders obtained from Technanogy 
have shown both irregular particle morphologies and log-normal particle size distributions.[19, 20]  The 
oxide shell thickness or active aluminum content is measured by thermogravimetric analysis 
(TGA).[19],[21] 
 
Laser Ignition Experiments 
 

A Coherent 250W CO2 (GEM 200PC DEOS) laser was used to ignite the powder samples.  The 
laser was operated at 10.6µm and the beam was TEM00.  The Gaussian beam profile was recorded by a 
laser beam analyzer (Spirocon Model #300pc and Pyrocam), and the laser power was determined by a 
Coherent power meter (LM-200).  The power meter was fitted with a 1 cm diameter with a mask to 
determine the laser power incident on the sample surface.  Approximately 8% of the laser beam is split 
off and directed onto a Vigo Photovoltaic tri-metal detector (PD-10.6-3) to monitor the laser output.  The 
rise time was determined to be approximately 0.25ms  

A 1cm diameter quartz cup held the powder sample and was placed on top of a piece of silica 
aero-gel.  The thermal response of the material is measured by an array of diagnostic tools to determine 
ignition delay and reaction temperatures.  A photodiode (Thorlabs DET210) was used to determine 
ignition by first light.  Finally, a high-speed video camera is used to monitor entire process.  A schematic 
of the experimental set up is shown in Fig. 1. 
 
Results and Discussion   

Figure 2 shows the photodiode and laser output traces for all six samples shot at the same laser 
power.  The irradiance on each sample was determined to be 66W/cm2.  The laser pulse width was 0.5 
seconds for the nanopowders and 2 seconds for the micron powders.  As the average particle increases, 
the photodiode intensity decreases significantly.  Furthermore, the nanometer-sized powders continue to 
burn after the laser has been shut off while the micron-sized powders cool rapidly and are extinguished.  
For the 24.9nm, 33.1nm and 52 nm powders, combustion continues until the entire sample has reacted.  
The time to completion is increased with increasing particle size.  The 24.9nm powder is almost 
completely consumed during the laser pulse, and the remaining sample is consumed quickly after the laser 
is shut off.  The 33.1nm and 53nm powders cool rapidly when the laser is shut off, but do not extinguish.  
They appear to “reignite,” which can be seen by a local maximum at approximately 4 seconds on the 
33.1nm trace, and two separate maxima at 2.5 and 6 seconds in the 53nm powder.  The 133.1nm powder 
continues to react slowly after the laser has been shut off, but does not completely react throughout the 
sample since there is unreacted powder left at the bottom of the sample cup.  The micron sized powders 
only burn as long as the laser is on.  A hard interface is formed at the surface of the sample, and there 
appears to by no further reaction below this layer. 

Two phase burning has been observed by many researchers for both nano and micron aluminum 
powders.[3, 6, 11]  The first phase is characterized by the spread combustion waves over the surface of 
the sample originating at an ignition source.  During the second phase, the temperature of the sample 
increases rapidly accompanied by bright white radiation that originates from the bulk of the sample.  A 
closer inspection of the photodiode traces show two phase burning in all the samples, although it is more 
well defined for the 38.1 nm, 52 nm and 133.5 nm powders.  Figure 3 is a comparison of a photodiode 
trace to the reaction progress as observed by high-speed video on the 38.1 nm sample. 

Figure 4 shows a comparison of the reaction progression between the 24.9 nm and the 38.1 nm 
powders.  The vigorous reaction was unique to the 24.9 nm powder, while all other powders exhibited 
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behavior similar to the 38.1 nm material.  It is difficult to discern the first stage of the reaction for the 24.9 
nm material on the photo diode trace due to an extremely energetic and rapid reaction, however it is 
evident in the high-speed video.  

First light ignition delays as a function of irradiance for all the samples are shown in Fig. 5.  As 
expected, the ignition delay is longer with increasing particle size.  The micron sized powders were a “no-
go” at the lowest irradiance (39W/cm2).  These results indicate that diffusion is the rate-limiting step; 
therefore the size of the aluminum particles affects the ignition time.  The data were fit to a power curve, 
and the corresponding equations are displayed.  All the data have a slope of approximately –1, except the 
10-14µm powder.  This result is interesting because it indicates that these materials may behave 
according to a dual ignition criteria model developed by Pantoflicek and Lebr[22] to explain results from 
radiant ignition experiments on ammonium perchlorate.[23]  Ali and coworkers[24] saw similar behavior 
in HMX.  The model proposed two ignition criteria: minimum surface temperature and minimum energy 
concentration deposited into the solid.  The model predicts at that for lower irradiances, where surface 
temperature is limiting, the power curve fit will be –2.  At higher irradiances, the energy within the 
condensed phase is limiting, and power curve fit is –1.  The energy input is determined by multiplying the 
laser irradiance by the time to ignition.  The fixed energy for the 24.9 nm, 38.1 nm, 52 nm and the 
133.5nm powders can be seen in Fig. 6, which is a plot of ignition delay as a function of energy.  The 
average energies are 1.6, 1.8, 2.2, and 2.7 J/cm2 for each sample respectively.  

Figure 7 shows that the average energy increases as a function of increasing particle size for all 
the powders.  As seen in Table 1, the increase in particle size results in an increase in the percentage of 
active aluminum as well as the oxide layer thickness.  These variations can result in changes in the 
physical properties of the particles including, but not limited to, thermal conductivity, specific heat, and 
density. Ostmark and Roman [17] show that and increase in the thermal conductivity in pyrotechnic 
mixtures of Mg/NaNO3 and Mg/BaO2 can raise the ignition energy.  The thermal conductivity of the 
particles should increase with Al content, and consequently there is an increase in ignition energy for 
larger particle sizes.  While it was noted earlier that diffusion is indicated as the rate-limiting step, the 
thermal properties of the materials may also play a significant role in the ignition mechanisms. 
 
Conclusion 

In this we paper report on recent experiments of the ignition of nano-aluminum in air by CO2 
laser heating.  Ignition time was measured as a function of Al particle size and laser power.  The ignition 
time was determined by high-speed digital images and first light as determined by a photodiode.  Two 
stage burning is observed in nano-aluminum powders and to a lesser extent in the micron sized powders.  
The first reaction takes place on the surface of the powder sample and moves from the center to the edges 
followed by the second reaction, which takes place within the bulk of the sample.  As the particles size 
increases, the material is less likely to burn through out, leaving behind unreacted Al powder.  The 
ignition delay increases with increasing particle size, and the decreasing laser power.  This indicates that 
diffusion may be the rate-limiting step.  On a log-log plot, the slope of the data was approximately –1 for 
all samples except the 10-14µm powder.  This suggests that the energy concentration deposited into the 
samples is the limiting factor for ignition.  The thermophysical properties of the materials, such as thermal 
conductivity, should have a strong effect on the ignition energy. 
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Table 1.  Powder Characterization  
 

Average Particle Size Oxide Layer Thickness 
(nm) Active Aluminum (%) 

24.9 nm 1.8 53.8 

38.1 nm 2.0 63.9 

52.0 nm 2.2 72.9 

133.5 nm 2.6 86.9 

3.-4. µm -- 97.5 

 
10-14µm -- 98.0 
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Figure 1 Experimental Set-Up 
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Figure 2 Photodiode and laser output responses for all six powders shot at the same laser power.  

The solid line represents the photodiode and the broken line represents the laser output. 
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Figure 3. Photodiode and laser trace.  The top graph shows the entire laser pulse and diode trace.  
The images show the first and stage reactions.  The bottom figure shows the initial  part 
of ignition   
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Figure 4.  Comparison of the reaction progress of the 38.1nm powder (top) and the 24.9nm powder 

(bottom).  In both figures, the top row of images show the first phase of combustion, 
while the bottom row shows the second phase. 
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Figure 5 Time to first light as a function of irradiance for all six particle sizes considered 
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Figure 6 Ignition delay as a function of energy 
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Figure 7 Average energy to ignition as a function of particle size. 

1

10

100

0.01 0.1 1 10 100

A
ve

ra
ge

 E
ne

rg
y 

(J
/c

m
2 )

Particle size (um)



- 354 - 

 



 

- 721 - 

Blast wave propagation outside a solid structure 

caused by an explosion within 
 

Dongjoon KIM1), Yoshio NAKAYAMA1), Tomoharu MATSUMURA1), Kunihiko WAKABAYASHI1), 
Atsumi MIYAKE2), Terushige OGAWA2) and Masatake YOSHIDA1) 

 
1) National Institute of Advanced Industrial Science and Technology, Ibaraki 305-8565, Japan 

2) Department of Safety Engineering, Yokohama National University, Kanagawa 240-8501, Japan 
 
 

ABSTRACT 

 

The behavior of blast wave propagation outside a solid structure caused by an explosion within is 

examined experimentally and theoretically. Blast waves are attenuated with distance from the exit of the 

structure and with the azimuth angle (directivity) from the centerline of the exit. Peak overpressures are 

reduced greatly as the angle from the centerline of the vessel increases, and directivity disappears with 

distance from the exit. Interestingly, the lowest peak overpressure does not occur on the reverse side of 

the structure, 180° from the exit orientation. These results can be used in the design of safer storage 

facilities for explosives. 

 

 

1. Introduction 

In recent years, the intensification of housing and the high rate of industrial development in Japan have 

increased the number of instances in which high energetic materials such as explosives are stored, 

transported and consumed near residential areas. If an accident occurs in such an area, the blast wave 

resulting from an accidental explosion could cause serious damage to structures as well as loss of human 

life. Thus, a high degree of safety is required when using such materials, and there is a need for more 

effective methods for attenuating the blast waves in the event of an explosion. 

High energetic materials are usually stored in solid storage facilities. The main concern of the present 

study is to consider an explosion accident in such a storage facility. The propagation of blast waves from 

inside the structure to its exit and then into the surrounding area has been investigated experimentally by 
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many researchers.1-3) However, there appears to be relatively little research on the relationship between 

blast wave attenuation and distance from the structure’s exit or azimuth angle (directivity) from the 

centerline of the exit. 
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Figure 1 Structural model of a storage facility  

 

2. Experiments 

2.1 Experimental arrangement 

The experiment was conducted in an explosion chamber. Figure 1 shows the structural model employed 

for the storage facility. The model consists of a vessel with a cover. The cylindrical vessel is made of steel, 

and has one end open. It is supposed that the vessel is not destroyed by the detonation of one gram of 

explosive. The vessel was 60 mm in internal diameter, 80 mm in external diameter, and 150 mm in length. 

The experiments were carried out on a rigid surface using a rigid vessel. The explosive used in this 

experiment was 1 g of PETN/SR = 70/30 wt.%.4) 

Figure 2 shows the experimental setup, including pressure sensors (side and upper view). The blast 

pressure was measured using four piezoelectric sensors, located from 0.4 to 1.7 m from the explosive. The 

model was set on a 10 mm steel plate representing the ground surface. Special care was taken to minimize 

the effects of vibrations (ground shock) in the steel plate on the sensors.4) The explosive was situated at 

the center of the vessel on a wire supporter, 30 mm from the bottom of the inside of the vessel. The cover 

was made of 3 mm steel plate, and fixed down with bolts and welded to the vessel. The model was set on 

a rotating stage, allowing the overpressure to be measured at any direction with respect to the exit. 
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Figure 2 Experiment setup 
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Figure 3 Blast histories in four directions  

 

2.2 Results and discussion 

Figure 3 shows that blast histories in four directions, each at the same distance (6 m·kg-1/3). As the 

azimuth angle (angle from the center line of the vessel) increases, the peak overpressures decrease and the 
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time of arrival becomes later. In the figure, 0 ms represents the ignition time. 
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Figure 4  Peak overpressure versus scaled distance for small scale 

 

Figure 4 shows the experimental results of peak overpressure with respect to the scaled distance. In 

obtaining the scaled distance, only the mass of the PETN was considered, ignoring the mass of the silicon 

rubber.4) The result shows that the peak overpressure decreases significantly as the azimuth angle 

increases. Furthermore, as the distance from the exit of the vessel increases, the directivity disappears due 

to a diffraction effect.  

It should be noted that the reverse side of the model, 180° from the exit, does not have the lowest peak 

overpressure. Figure 5 shows the blast wave histories for 150, 160, 170 and 180° at the 18 m·kg-1/3. The 

lowest peak overpressure occurs at 160°. It is supposed that diffraction from the exit results in 

constructive interference of the blast waves (waves 1 and 2) at 180°.  
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Figure 5 Experimental blast wave histories 

 

3. Calculation 

3.1 Methods 

The directivity of the blast wave was confirmed by numerical calculation using  AUTODYN-2D Euler 

simulation code, as has been used to confirm the calculation of blast wave parameters in previous 

studies.5) 

Figure 6 shows a schematic of the two-dimensional calculation model. The X direction in the 

simulation was the symmetry axis. The mass of the PETN charge was 1.4 g, and the ignition point was 

assumed to be the center of the explosive charge, that is, the position of the detonator. The calculation 

domain was 1000 mm (X) × 500 mm (Y), with a grid spacing of 1 mm (∆X, ∆Y). The simulation was 

terminated at 2.5 ms. 



 

- 726 - 

 
Figure 6 Schematic of 2D analysis   

 

The Jones-Wilkins-Lee (JWL) equation of state (EOS) was used to determine the gas product of the 

explosive.6) Table 1 shows the JWL parameters and detonation properties for PETN employed in this 

calculation. The EOS for the detonation products was converted into the EOS for an ideal gas after the 

detonation products expanded to 100 times the initial volume. Air was treated as an ideal gas with a 

specific heat ratio of 1.4. 

 

Table 1 JWL parameters for PETN explosive used in this study 

 

Explosive A 
(kPa) 

B 
(kPa) 

R1 R2 ω D 
(m/s)

Pcj 

(kPa)
E 

(kJ/m3) 
ρ0 

(kg/m3)
PETN 6.1705×108 1.6926×107 4.40 1.20 0.25 8300 

 
3.37 
×107 

1.010 
×107 

1770 

 

3.2 Results and discussion 

Figure 7 shows the results of calculations at 0.4 m from the exit of the model for models of various 

lengths (L/D = 1, 2, 4.7). The blast wave exhibited some directivity, with the peak overpressure 

decreasing as the azimuth angle increased. The calculated values remain relatively constant regardless of 

the length of the model. The 180° position was also not the point of lowest peak overpressure, similar to 

the experimental result. 
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Figure 7 Calculation results for peak overpressure versus azimuth angle 

 

4. Conclusions 

The behavior of blast wave propagation outside a structure due to an explosion within was investigated 

by experimental measurement of blast wave pressure and corresponding calculations. The peak 

overpressure decreased significantly with increasing azimuth angle, but this directivity disappeared with 

distance from the exit of the structure due to diffraction effects. It was also found that the position on the 

reverse side of the structure does not experience the lowest peak overpressure, as confirmed by both 

experiment and calculation. 
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ABSTRACT 
 

The toxicity of the white smoke from a floating smoke buoy was studied by an in vitro method 
based on the exposing of human bronchial epithelial cell cultures to the smoke. The Trypan Blue 
Exclusion method was used to assess the acute toxicity and the genotoxicity of the smoke was 
investigated by the Komet assay. The experiments were carried out in a laboratory scale aerosol 
chamber and in a large container. The irritation potency was tested in vivo by the bioassay 
exposing mice via inhalation. The toxicity of the smoke was compared to that of the 
hexachloroethane based reference smoke with known toxicity. 
 
The white smoke tested appeared to be acutely slightly more toxic to the bronchial epithelial cells 
than the reference smoke. In the genotoxicity tests, it proved to be slightly more potent to induce 
DNA single strand breaks than the reference smoke. In the mouse bioassay, the smoke caused 
sensory irritation with minor cumulative effects. No signs of pulmonary irritation were observed.  
 
 

INTRODUCTION 
 
Floating smoke devices are used by marine forces mainly for military exercises and operations to 
screen and obscure vessels on basin areas. The floating smoke buoys (BDSh-5) used in this study 
originate from USSR. The devices produce a dense,  yellowish white smoke curtain with high 
screening capacity in the visual range of the spectrum. In favourable conditions the physical 
dimensions of the smoke range over several hundreds of meters. According to the user’s 
instructions, the smoke mainly consists of potassium chlorate, ammonium chloride and anthracene. 
A composition like this is called Yershov’s mixture [1]. The proportions of the substances were 
not given. 
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Military personnel are exposed to the smokes and a concern about the health risks associated with 
the smoke use has arisen. Accidents with fatal consequences as a result of excess inhalation of the 
smokes have been reported [2,3,4]. The accidents reported have predominantly been connected 
with the use of smokes based on hexachloroethane (HC). Because of the recognised risks 
connected with the dissemination of smokes, a project was initiated by the Finnish Defence Forces 
the goal of which was to find a non toxic and environmentally harmless training smoke to replace 
the commonly used HC based smoke. Later the scope of the project was extended to study the 
toxicity of all pyrotechnic smokes in service use by the Finnish Defence Forces. As a part of this 
project, test methods for the assessment and the comparison of toxicity of the smokes both in the 
laboratory scale and in the larger scale were first developed [5]. The method is based on the 
exposure of cultivated human bronchial epithelial cells to the smokes via direct contact in vitro and 
it makes possible to evaluate both the acute toxicity and genotoxicity of the smokes. An advantage 
of the method is that the shared effects of different toxic substances present in the smoke can be 
detected. The test pattern has originally been developed for the assessment of toxic effects of 
airborne pollutants and industrial chemicals in occupational settings [6]. 
 
The goal of this study was to evaluate in vitro acute toxicity, genotoxicity and the respiratory 
irritation potency of the white buoy smoke and to compare toxic properties to those of the HC 
based smoke used as reference. The toxicity of the reference smoke has been studied earlier [5,7].  
 
 

MATERIALS AND METHODS 
 
The Large Smoke Pot BDSh-5 weighs about 40 kg and the time for the intensive aerosol 
generation is between 5 and 7 minutes [8]. For the purposes of this study, the concentration 
resulting from the combustion of one smoke pot in a closed space was too high. Thus smaller 
pieces were prepared that enabled the comparison of the toxic effects of the two smokes on the 
identical volume basis. To prepare the test pieces, one smoke pot was dismantled, samples taken 
from the smoke composition were repressed and the briquettes were packed in a steel casing 
identical to that used for the HC/Zn/TNT smokes. The net weight of the briquettes was 250 g.  
 
The reference smoke (from now on called HC/Zn/TNT smoke) rounds were manufactured at 
Haapajärvi Depot of the Defence Forces Materiel Establishment. The smoke consisted of 
hexachloroethane (HC), zinc powder and 2,4,6-trinitrotoluene (TNT) in mass proportions 43:52:5. 
The formulations were pressed and packed in a steel casings. The net weight of the smoke 
briquettes was 400 g. Both the HC/Zn/TNT and the white buoy smoke compositions were ignited 
using an electrically operated thermite type igniter.  
 
For the laboratory scale chamber experiments small pressed pellets from both smoke formulations 
were prepared. An IR spectrometer tablet press (Specac®) was used for the pressing. The weights 
of the pellets were between 0.25 and 1.0 grams. An electrically heated hot wire (CrAl) wrapped 
around the pellet was used for the ignition.  
 
 

Chemical analysis of the smokes 
 
Samples for the chemical analysis of the white buoy smoke were collected from a container in 
connection with the large scale experiments. The samples were drawn on the XAD-2 resin using 
Millipore pumps with the air flow rate of 20 l/min for 5 minutes. The sampling points were chosen 
at the distance of about 2.8 and 5.9 meters from the smoke dissemination point and at the height of 
0.5 m. The substances from the XAD-2 resin were extracted to ethyl acetate followed by the 
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analysis using gas chromatography (GC) with mass spectrometer (MS) detector (Agilent 5973 and 
Varian Saturn 3). For the pH measurement smoke was drawn and bubbled through a layer of water 
in a conical flask for 5 minutes using the flow rate of 12 l/min. A Mettler automatic titrator was 
used to determine the pH of the solution 
 
Additional small-scale combustion experiments were conducted using IR-spectroscopy techniques. 
A small pellet of the composition was combusted and the evolved gases were collected in a 10 cm 
gas cell. The spectra were recorded by a Nicolet Nexus 870 FTIR spectrometer. 300 scans were 
accumulated for each spectrum. The resolution of the instrument was 0.5 cm-1.  
 
Samples for the particle size analysis were drawn on Nucleopore 110809 PC MB 37 filters (d = 0.8 
µm) using GilAirII pumps with the capacity of 1 l/min. Sampling time was 1 minute. The particles 
were classified using scanning electron microscopes (SEM) LEO 1450VP and Cambridge 
Instruments Stereoscan 360. A part of the classification work was done using EDS apparatus Link 
Analytical AN 10/B5S.  
 
 

Experimental procedure for the in vitro tests 
 
The in vitro tests were carried out in the laboratory scale chamber of the volume 150 l and in a 
large container (V = 45 m3) situated on the proving ground area of the NBC School of The 
Defence Forces at Keuruu. Several concentrations and different exposure times were applied. Fans 
were used in both tests types to promote mixing of the smoke and to prevent its sedimentation. 
 
In the container studies, one whole canister (400 g for the HC/Zn/TNT smoke, 250 g for the buoy 
smoke) was burned. Burning 400 g of HC/Zn/TNT smoke equals nominal smoke concentration of 
about 9 g/m3. In the laboratory scale chamber studies, the size of pellets to be burned was chosen 
to maintain the nominal concentration of the smoke on about the same level as in the container 
studies. Accordingly the weights of the samples were between 0.25 and 1.0 g.  
 
Human bronchial epithelial cell cultures (BEAS-2B) were exposed to the smoke in each 
experiment. The cells were grown in tissue culture dishes in BEMG medium (Clonetics, 
Ca). The exposure time was 5 minutes in the laboratory scale chamber studies. To avoid the 
effects of the short lived oxygen intermediates induced by the hot wire ignition the cells were 
exposed to the smoke after a waiting period of one minute. In the container studies, the cell 
cultures were exposed to the smoke 1 minute and 4 minutes after the ignition. The exposure time 
was 1, 2 and 5 minutes. The sample plates were taken in and out by fire brigade soldiers. The 
responses studied were as follows: acute toxicity (Trypan blue exclusion method) and genotoxicity 
(Komet assay). 
 
Acute toxicity tests. In the Trypan blue exclusion method, 48 hours after the exposure to the 
smokes, the exposed cells were collected by trypsinazation and the number of living cells 
remaining was assessed. Viability was expressed as the percentage of living cells in the test 
cultures compared to the unexposed cultures set up in each experiment. Two parallel cell cultures 
of each dose were counted and the mean value compared to the control sample.  
 
Genotoxicity tests. A Komet assay originally developed by Singh et al [9] with small 
modifications was applied. In the assay, a 20 mM hydrogen peroxide solution was used as a 
positive control. The negative control cultures were kept unexposed in the chambers for five 
minutes. The exposed cells were resuspended in preheated low melting agarose. The cell 
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suspension was spread on dry microscope slides, precoated with 1 % normal melting agarose. The 
slides were immersed in cold lysing solution for at least 1 h. The slides were placed in an 
electrophoresis tank, and DNA was allowed to unwind for 20 min in alkaline electrophoresis 
buffer. Electrophoresis was conducted at room temperature (24V, 300 mA). The slides were then 
neutralized and stained with ethidium bromide. The slides were analyzed using the fluorescent 
microscope attached to CCD camera connected to a personal computer-based image analysis 
system (Komet 4.0; Kinetic Imaging Ltd, UK). A total of 50 cells was scored from each culture. 
DNA single cell breaks were measured as the means of Tail Moment. Tail Moments were 
calculated as the tail length multiplied by the percentage of DNA in the tail. The results were given 
as the relative values proportioned with the value 100 showing the difference between the positive 
(H2O2) and negative controls.  
 
 

In vivo studies for irritation potency of the smokes 
 
Animals. Ico:OF1 (I.O.P.S. Caw) male mice (3-4 wk of age and 12-14 g weight) supplied by Iffa 
Credo (Domaine des Oncins, Saint-Germain sur l’Arbrelse, France) were kept in stainless-steel 
cages ((d*w*h) 42 cm * 24 cm * 13 cm) bedded with non-autoclaved cellulose wadding and were 
provided with food and tap water ad libitum. The animal rooms were maintained at 20°C and at 
40-55% relative humidity with a 12-h light/dark cycle. The animals were 20-40 g body weight and 
4-8 wk of age at the time of the experiment. After the experiment, the body weights of the mice 
were recorded and a half of the animals were sacrificed with anaesthetics (1:1:2 v/v Hypnorm, 
Dormicum and water) or CO2 immediately and the other half after a week to detect possible 
delayed effects of the exposure.  
 
The experiments were performed in agreement with the European Convention for the Protection of 
Vertebrate Animals used for Experimental and Other Scientific Purposes (Strasbourg March 18, 
1986, adopted in Finland May 31, 1990). The study was approved by the Animal Care and Use 
Committee of the University of Kuopio and by the provincial government.  
 
Mouse bioassay. The mouse bioassay followed the ASTM E 981-84 standard [10], with the 
hardware configuration described by Kasanen et al [11]. Briefly, a group of four mice were 
exposed simultaneously in each experiment. The head of the mouse protruded into the glass 
exposure chamber while the rest of the body was held in a body plethysmograph (glass tube) 
sealed from the exposure chamber by a rubber collar around the neck of the mouse. Airflows of 
four mice during each breath were measured with a pneumotachograph and the pressure transducer 
attached to the plethysmographs. Before each exposure, there was first at least a 15-min 
acclimation period followed by a 15-min control period. The exposures lasted for 30 min and were 
followed by a 15 min recovery period. During the acclimatization, control and recovery periods, 
filtered compressed air was led into the exposure chamber. 
 
For the single exposure, a naive group of four mice was used in each experiment (smoke 
concentration). A total of 7-10 various smoke concentrations was tested for HC/Zn/TNT and white 
buoy smokes. In the repeated exposure, the same group of four mice was exposed to the constant 
concentration of each smoke tested on five successive days. For both the smokes, two different 
smoke levels were tested in the repeated exposures. A total of two mice groups (8 mice) were 
exposed per smoke. In addition, two control groups were exposed to room air on five successive 
days.  
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Generation of the smokes. At the beginning of the experiment a smoke pellet of 1 or 2 g was 
ignited in a clear plastic tube using an electrically operated igniter (Regulated Power Supply, LAB 
710D, 70V-10A). From the tube, the smoke was led into a steel chamber (volume 120 l) equipped 
with a fan (Innovative, 12V) to promote mixing of the smoke and to prevent its sedimentation, and 
further to the inlet of the exposure chamber by the airflow of 0.3 l/min. The smoke was diluted 
with room air (with the airflow of 2-20 l/min) before entering the exposure chamber. The smoke 
concentration in the exposure chamber was adjusted by the size of the smoke pellet and the airflow 
of dilution air.  During each exposure, an air sample was collected on the filter (Teflon or Teflon 
Zefluor, Gelman, USA, diameter of 47mm, pore size 1.0 µm) with the airflow of 1 l/min for 20 
min. In the single exposures, a wide range of the smoke concentration was used (7 to 10 
concentration within 10-160 mg/m3), while the smoke concentration was tried to keep as constant 
as possible in every experiment of the repeated exposures. Two different smoke levels were used 
in the repeated exposures: for HC/Zn/TNT 20-46 mg/m3 and 160-189 mg/m3 and for the white 
buoy smoke 15-28 mg/m3 and 60-102 mg/m3. 
 
In addition, the number and size distribution of the smoke particle (aerodynamic diameter >0.3 
µm) was measured over the exposure period with the optical particle counter  (HIAC Royco 5000, 
Pacific Scientific, Silver Springs, MD, USA or Climet, CI-500 Innovation, Climet Instruments 
Company, Redlands, CA, USA). 
 
Data analysis. From integrated voltage (airflow) values with time, different respiratory parameters 
were obtained for each 15 sec collection period of the experiment group of four mice using the 
computer programs described previously [12, 13, 14]: e.g. time of pause after expiration (TP), time 
of breaking after inspiration (TB) and the respiratory frequency (BPM; breaths per minute). The 
baseline values for each variable were collected during the control period, for each animal and for 
group of four mice, and calculated and used as control values [14]. These control values equal to 
100 (%), and based on this, the relative values for the variables for each 15 sec collection period 
were calculated. For time-response curves, mean response of four animals as a function of time 
were obtained. With four mice per group, a maximal increase in time of break (TB) of 20 %, and 
maximal increase in time of pause (TP) of 12 %, and in respiratory frequency (= decrease in 
respiratory rate, RD) of 12 % during the exposure, represent the limits for the detection in this 
bioassay [15]. Sensory irritation (i.e. irritation in upper respiratory tract) or pulmonary irritation 
causes an increase in TB or TP, respectively. Both two lead to RD in mice.  
 
 

RESULTS  
 

Particle size and chemical composition of the smokes 
 
The SEM analysis revealed that in the white buoy smoke generated, 98 % of the particles were 
smaller than 5µm, 74.5 % smaller than 2µm and 46 % smaller than 1µm. Thus majority of the 
particles were respirable and were able to penetrate deep into lung alveoli in mice. The particle 
size distribution for the HC/Zn/TNT smoke could not be measured due to the very strong tendency 
of the single particles to agglomerate and get wet on the filter where the particles were trapped. 
 
The results of the qualitative chemical analysis are presented in table 1. Additionally, in the FTIR 
study ammonium chloride, CO2, CO, HCl, NOx and HCN were identified among the evolved aerosol 
from the white buoy smoke. The pH values of the water extracts were 3.2 for the HC/Zn/TNT smoke 
and 4.4 for the white buoy smoke.  
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Table 1. The main organic compounds identified among the combustion products of the white 
buoy smoke. The samples were drawn on the XAD resin in connection of the container tests. 
 
 

Main compounds 
 

Compounds close to the 
detection limit 

 
Naphtalene 
Dibenzofuran 
Fluorene 
Anthracene 
Anthracenedione 
Chloroanthracene 
Fluoranthene 

 
Chloronaphthalene 
Ethylnaphthalene 
Dimethylnaphthalene 
Chlorobiphenyl 
Acenaphthene 
Methylbenzofuran 
Dibenzothiophene 
Phenanthrene 
Methylphenanthrene 
Dichloroanthracene 
Chlorocarbazole 
Isomers of dichlorocarbazole 
Benzocycloheptatriene 
Pyrene 
Phenylnaphthalene 
Trichlorocarbazole 
 

 
 

The acute toxicity tests 
 
The cell viability after the exposure to the smokes is presented in figures 1A and 1B. In the 
laboratory scale experiments (Fig. 1A), the viability of cells decreased with increasing amount of 
the smokes burned. Even with the smallest pellets tested (0.25 g) the exposure to the white buoy 
smoke caused the viability of cells to fall down to 30 % compared to the viability of unexposed 
cells. With the largest pellets (1.0 g), all the cells died during the exposure to the white buoy 
smoke. The white buoy smoke appeared as toxic or a slightly more toxic to the cells than the 
reference smoke. In the container study (Fig. 1B), the similar trend could be seen. The mortality of 
cells was higher among the cells exposed to the white buoy smoke than among the cells exposed to 
the reference smoke. The variation of the cell viability between the two parallel exposures to the 
white buoy smoke at the 5 minutes test was exceptionally high and the cell viability was not 
exposure dependent. 
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Figure 1A. The decrease in the cell viability compared to the viability of unexposed cell 
cultures in the laboratory scale chamber experiments of the white buoy smoke and the 
HC/Zn/TNT smoke.  The viability of cells after the exposure of the cells for 5 minutes to the 
smokes produced by the combustion of 0.25,  0.5 and 1.0 g pellets. 
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Figure 1B. The decrease in the cell viability compared to the viability of unexposed cell cultures in 
the container study after burning of smoke rounds (250 g) of the white buoy smoke and one smoke 
round  (400 g) of the HC/Zn/TNT smoke for 1 
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The genotoxicity of the smokes 

 
The results of the genotoxicity effects are shown in figures 2A and 2B. In the laboratory scale tests 
(Fig. 2A), both the smokes created an increasing number of DNA single strand breaks with 
increasing the amount of smoke. The white buoy smoke was more potent than the reference 
smoke. In the container study (Fig. 2B), both the smokes appeared highly potent to break DNA. At 
the lowest dose level (1 min exposure), the Tail Moment value for the reference smoke was 
slightly higher than for the two parallel white buoy smokes. At the higher doses (2 and 5 min 
exposures), the Tail Moment values for both the smokes were higher compared to the one-minute 
exposure, but no differences in the values between the smokes existed. The Tail Moment values 
for both the smokes reached to the value 100 which means that they produced DNA breaks as 
effectively as H2O2 used as positive control. Thus, both the smokes can be regarded as genotoxic, 
the white buoy smoke even more potent than the HC/Zn/TNT smoke. 
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Figure 2 A. The Tail Moment values in the laboratory scale chamber experiments after the exposure of 

the cells for 5 minutes to the smokes produced by the pellets of 0.25, 0.5 and 1.0 g. 
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Figure 2 B. Tail Moment values in the container study after burning of two parallel smoke rounds of the 
white buoy smoke (250 g) and one smoke round of the HC/Zn/TNT smoke (400 g) for 1, 2 and 5 minutes. 

Tail Moment values are proportioned to the results of a positive control (H2O2) which produce the Tail 
Moment value 100. 

 
 

In vivo studies for irritation potency of the smokes 
 
Single exposure experiments. In the control experiment where the mice were exposed to the room 
air, no significant changes in the variables monitored were observed.  
 
The maximum and mean decrease in respiratory rate (RD) during the exposure period as a function 
of the particle concentration is presented in figure 3. Both the smokes showed a dose response 
dependent decrease in RD value as particle concentration increased. The highest RDmax-values 
measured were 36 % at the concentration 166 mg/m3 for the white buoy smoke and 57 % at the 
concentration 160 mg/m3 for the reference smoke. The decrease in RD was due to the significant 
increase in the time of break (TB) values. Thus, the exposure to both the smokes caused a 
concentration-dependent sensory irritation in mice. No significant changes in the TP values were 
observed. Consequently the clear pulmonary irritation could be excluded in these experiments. 
 
Linear regression was used to calculate the correlation between the RDmax value and the 
logarithmic concentration. The equation for the white buoy smoke was 
 
RDmax = 25.8 x log(concentration, mg/m3) – 19.0  (R2 =  0.8393)  (1) 
 
Using this equation RDmax50 = 475 mg/m3 was calculated. The corresponding value for the 
reference smoke was 145 mg/m3.  
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FIGURE 3. The mean (during the smoke exposure) and maximum decrease in respiratory rate (RD) of 
the group of four mice as a function of the logarithmic particle concentration for both smokes tested in the 
single exposure experiments. 
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Repeated exposure experiments. In control experiments, no changes in the respiratory profile of 
the mice were detected. In the experiments, where 1 gram samples of the white buoy smoke were 
ignited, the particle concentrations during the successive trials varied between 15 and 28 mg/m3. 
The TB value increased to 200 – 300 % as compared to the 100 % original level and approached 
slowly the 100 % line towards the end of the experiment. The RD value went down by 20 % in the 
beginning of the experiments. A slight cumulative effect could be seen after the first day 
exposures. The responses (RD, TB) were higher on the days 2, 3, 4 and 5 than on the first day 
(figures 4A and 4B). The value of TP didn’t change significantly during the experiments. Thus, the 
clear pulmonary irritation can be excluded in these experiments. 

 

 
FIGURE 4. Time of break (TB) (Fig. 4A) and respiratory rate (BPM) (Fig. 4B) as a function of time in the 
repeated exposures on five successive days during the experiments of white buoy smoke using 1 gram samples. 
Baseline of experiment (15-min control period of exposure) equals to 100%. 

 
In the experiments with the 2 gram samples of the white buoy smoke the particle concentration 
varied between 60 and 102 mg/m3, the minimum concentration occurred on the first and fourth 
days, the highest concentrations on the third and fifth days when also the maximum responses 
were found. In the beginning of the exposures the TB went up to 300 – 650 % with slow reduction 
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back to the 100 % level (figure 5A). The BPM value went down to 55 - 80 % in the beginning of 
the daily exposure. Slow recovery back towards the 100 % level was seen (figure 5B). No clear 
conclusions about the cumulative effects could be drawn because the potential effects were 
obscured behind the variation of the concentrations. No significant indications of the pulmonary 
irritation could be observed.  
 
The results of the experiments with the reference smoke have been analysed earlier [7]. In 
conclusion, the reference smoke created sensory irritation in the beginning of the exposure but 
pulmonary irritation tended to dominate when the exposures were repeated.  

 
 

 
FIGURE 5. Time of break (TB) (Fig. 5A) and respiratory rate (BPM) (Fig. 5B) as a function of 
time in the repeated exposures on five successive days during the experiments of white buoy 
smoke using 2 gram samples. Baseline of experiment (15-min control period of exposure) equals 
to 100%. 
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DISCUSSION 
 
The number of polycyclic aromatic hydrocarbons (PAH compounds) and their chlorinated 
derivatives identified in the smoke refers to the fact that the anthracene in the formulation doesn’t 
exist in the form of a pure substance but merely as a crude mixture of hydrocarbons. This mixture 
has a dual function in the composition being both in the role of a combustible and as an aerosol 
generating agent.  
 
For the specific PAHs identified in the smoke, the occupational exposure threshold limit values 
have been established only for anthracene. In the safety data base maintained by Oxford University 
Physical and Theoretical Chemistry Laboratory, anthracene has been classified as possible tumor 
promotor with PEL (permissible exposure limit) value of 0.2 mg/m3 (TWA, time weighted 
average) [16]. Breathing anthracene can irritate the nose, throat and lungs causing coughing and 
wheezing [17]. It has been regarded as mutagenic [18], but IARC (International Agency for 
Research on Cancer) has not yet classified anthracene as a human carcinogen [classification D, 19, 
S7 57 ]. Fluoranthene has been classified as toxic by intravenous route and moderately toxic by 
skin contact [20]. Naphthalene has been regarded as a human poison by ingestion, intravenous and 
intraperitoneal routes and moderately toxic by subcutaneous route. Ingestion or inhalation of large 
doses may cause poisoning [20]. 
  
For the whole group of PAH compounds, the following occupational exposure limits have been 
established [17]: PEL (permissible exposure limit) is 0.2 mg/m3 averaged over an 8-hour exposure 
(OSHA, U.S. Occupational Safety and Health Administration), the recommended airborne 
exposure limit 0.2 mg/m3 averaged over 8-hour exposure (ACGIH, American Conference of 
Governmental Industrial Hygienists) and 0.1 mg/m3 averaged over 10-hour exposure (NIOSH, 
U.S. National Institute for Occupational Safety and Health). A STEL value of 10 mg/m3 has also 
been established by NIOSH [21]. PAHs have caused tumors in laboratory animals and they belong 
to group 2A, probably carcinogenic to humans  [19, S7 177].  
 
Ammonium chloride is volatilised due to the heat of the exothermic reaction between potassium 
chlorate and the combustible and exists in the smoke in the form of tiny solid particles. NH4Cl has 
been characterized as eye irritant and moderately toxic by inhalation route [20]. When heated it 
emits fumes of NOx, Cl- and NH3. For the NH4Cl fumes, a STEL (short term exposure limit) value 
of 20 mg/m3 has been given by OSHA and ACGIH [20]. Ammonium chloride has not been 
regarded as carcinogenic in the literature.  
 
In the mouse bioassay, both the smokes caused sensory (upper airway) irritation. In the acute 
exposure, RD50 value was 475 mg/m3 for the white buoy smoke and 145 mg/m3 for the reference  
smoke. Multiplying the RD50 values by coefficient 0.03 given by Alarie [22], the theoretical 
occupational exposure limits of 14 and 4 mg/m3 are obtained (40 hr/week, 8 hr/day), respectively. 
In the literature, the threshold limit value 2 mg/m3 is given by ACGIH for the short term exposure 
to ZnCl2 which is known to be the primary cause for the toxicity of the HC/Zn/TNT based smokes 
[7,23]. For the white buoy smoke, the measured value 14 mg/m3 is comparable to the STEL values 
given above for the PAHs and ammonium chloride.  
 
Using the reaction equations suggested by Klusacek [24] for the Yersov’s mixture, it may 
theoretically be approximated that burning 1 g of the white buoy smoke composition yields about 
65 mg PAH compounds and 520 mg ammonium chloride. The corresponding concentrations in the 
conditions of the laboratory scale experiments can be calculated to reach to about 0.4 g/m3 and 3.5 
g/m3, respectively. Similar concentrations can be approximated to exist also in the large scale 
chamber tests. These figures exceed the STEL values given above by factor of 170 (NH4Cl) and by 
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40 (PAH). Evidently, both the acute toxicity and the genotoxicity of the white buoy smoke to the 
bronchial epithelial cells are due to the synergistic effects of several harmful substances present in 
the smoke.  

 
    

CONCLUSIONS 
 

The in vitro toxicity of the white smoke from the floating smoke device was studied by exposing 
human bronchial epithelial cells to the smokes in vitro. Trypan Blue Exclusion method was used 
for the assessment of the acute toxicity and Komet method for the assessment of genotoxicity of 
the smokes.  
 
The white buoy smoke proved to possess high acutely toxicity. In comparison it had some more 
toxic properties than HC/Zn/TNT based reference smoke in equal concentrations and volume. In 
the genotoxicity tests, it was found to cause DNA single strand breaks in the target cells slightly 
more than the reference smoke. 
 
The irritation potency of the smoke was studied using the mouse bioassay according to the ASTM 
E 981-84 standard [9]. In the bioassay the white buoy smoke was an airway irritant, but  to some 
less extent than the reference smoke: the RD50 value for the buoy smoke was assessed to be 475 
mg/m3 and 145 mg/m3 for the reference. No signs of pulmonary irritation were found with the 
white buoy smoke. The HC/Zn/TNT smoke, instead, showed indications of pulmonary irritation, 
too.  
 
 

ACKNOWLEDGEMENTES 
 
We wish to thank Ms Satu Lätti, Ms Kirsti Nieminen and Ms Satu Suhonen for their skillfull 
technical assistance in different phases of the research. We are also grateful to Ms Anja Suonurmi-
Virtanen and Mr Timo-Jaakko Toivanen with their teams for the chemical analysis and Mr Jukka 
Nenonen and the fire brigade soldiers of the NBC school for their heavy and dirty work in 
connection of the container tests.   
 
Our deepest gratitude is expressed for the Scientific Advisory Board of National Defence for 
financing this study. 
 
 

REFERENCES 
 

1. A.A. Shidlovskiy, Principles of Pyrotechnics, Mashinostroyeniye Press, 1964, p 217. 
Translated english edition by National Technical Information Service Publications: AD-A-001 859 
and AD-462 474, may 1965 
 
2. Lindholm H., Vilska J., Vainio U., Parkkinen J., Koskenvuo K. Grey Smoke Poisoning in 11 
conscripts. Ann Med Milit Fenn 63 (1988): 230-235 (in Finnish) 
 
3. Tukiainen P. Fatal Pulmonary Reaction due to Inhalation of Zinc Chloride. Ann Med Milit 
Fenn  54 (1979): 177 (in Finnish) 
 
4. Sörbo B. Skador från rökammunition. Försvarsmedicin 9,1 (1973): 167 



- 623 - 

 
5. Hemmilä M, Hihkiö M, Harkoma M, Linnainmaa K, Kujanpää L, Ollikainen T. 2000. Toxicity 
and Performance Evaluation of the smokes in chamber tests. Proc. of the 27th Int. Pyrot. Seminar 
2000, 163 
 
6. Ollikainen T. Oxidant and Asbestos Fiber Induced Toxicity in Human Lung Cells, 
(dissertation). People and Work Research Reports 43, Hakapaino, Helsinki 2001  
 
7. Linnainmaa K, Kujanpää L, Hemmilä M, Hihkiö M, Pasanen A-L, Kasanen J-P, Turunen M, 
Naarala J, Kosma V-M. Toxicity and Irritability of Military Smokes, Final Report on contracts 
39/Mdd547/99, 18/Mdd547/00, 16/Mdd547/01 and 11/Mdd547/02, MATINE 2003 (in Finnish) 

 
8. Russia’s Arms Catalog vol 1 1996-1997, Military Parade JSC,  p 250 

 
9. Singh N.P., McCoy M.T., Tice R.R., Schneider E.L. A simple technique for quantitation of 
low levels of DNA damage in individual cells. Exp. Cell Res. 175 (1988): 184 191 
 
10. American Society for Testing and Materials (ASTM). Standard Test Method for Estimating 
Sensory Irritancy of Airborne Chemicals. Designation E 981-84. Philadelphia, PA, ASTM, 1984 
 
11. Kasanen J-P, Pasanen A-L, Pasanen P, Liesivuori J, Kosma V-M, and Alarie Y.  
Stereospecificity of the sensory irritation receptor for nonreactive chemicals illustrated by pinene 
enantiomers. Arch Toxicol 72 (1998):514-523. 
 
12. Viayaraghavan R, Schaper M, Thompson R, Stock M F, and Alarie Y. Characteristic 
modifications of the breathing pattern of mice to evaluate the effects of airborne chemicals on the 
respiratory tract. Arch Toxicol 67 (1993): 478-490.  

13. Vijayaraghavan R, Schaper M, Thompson R, Stock M F, Boylstein L A, Luo J E, and Alarie 
Y. Computer assisted recognition and quantitation of the effects of airborne chemicals acting at 
different areas of the respiratory tract in mice. Arch Toxicol 68 (1994): 490-499 
 
14. Boylstein L A, Andersson S J, Thompson R D, and Alarie Y. Characterization of the effects of 
an airborne mixture of chemicals on the respiratory tract and smoothing polynomial spline analysis 
of the data. Arch Toxicol 69 (1995): 579-589. 

15. Alarie Y. Computer-based bioassay for evaluation of sensory irritation of airborne chemicals 
and its limit of detection. Arch Toxicol 72 (1998): 277-282. 
 
16. Safety MSDS data for anthracene. Available: www.physchem.ox.ac.uk/MSDS/AN/ 
anthracene.html by Oxford University Physical and Theoretical Chemistry Lab (18.03.2004) 
 
17. Hazardous Substances Fact Sheet, New Jersey department of Health and Senior Services. 
Web: www.state.nj.us/health/eoh/rtkweb/0139.pdf. (18.03.2004). 

 
18. Hazardous Substance Fact Sheet, Right to Know Program, New Jersey Department of Health 
1987: available: www.home.earthlink.net/ ~clearh2orev/ toxanthracene.html (18.03.2004) 

 
19. IARC Monographs on the Evaluation of the Carcinogenic Risk of Chemicals to Man. WHO, 
International Agency for Research on Cancer, 1972-present, S7 57 (1987) 

 



- 624 - 

20. Richard J Lewis Sr, Sax’s Dangerous Properties of Industrial Materials, 8th ed., 1992, 
van Nostrand Reinhold New York 
 
21. ATSDR. Agency for Toxic Substances and Disease Registry, august, Public Health Statement 
for PAHs, (1995), available www.atsdr.cdc.gov:8080/ToxProfiles/phs8813.html (18.03.2004) 

 
22. Alarie Y., Nielsen G.D., Schaper M.M., Animal Bioassays for Evaluation of Indoor Air 
Quality. Indoor Air Quality Handbook, Chapter 23. Ed. Spengler J.D., Samet J.M., McCarthy J.F., 
McGraw-Hill, New York, 2001 

 
23. US National Research Council, Committee on Toxicology, Toxicity of Military Smokes and 
Obscurants Volume 1, 127. National Academy Press, Washington DC, 1997. 

 
24. L Klusacek, P Navratil, Pyrotechnic mixtures based on anthracene for generation of carbonaceous 
aerodispersion attenuating infrared radiation, Kayaku Gakkaishi 58 (5), (1997), 229 
 



- 517 - 

RED PHOSPHORUS SMOKE DEVICE PROBLEMS, ISSUES AND 
SOLUTIONS 

 
Robert M. Miller  

Marine Corps Systems Command 
Quantico, VA USA 

 
Bill. R. Hubble 

and 
Carl D. Armstrong 

Ordnance Engineering Department 
Crane Division Naval Surface Warfare Center 

Crane, IN USA 
 

ABSTRACT 
 

Red phosphorus pyrotechnic smoke compositions are currently used in a number of munitions.  Problems 
have surfaced with the storage and handling of these munitions because of outgassing of toxic phosphine 
gas.  This paper describes an engineering scale test program to evaluate various options to eliminate this 
problem in future production. A test matrix has been set up to evaluate a number of viable options to 
validate that the phosphine emission problem can be eliminated without impacting the performance of the 
smoke munition.  This paper will describe the details of these efforts, including substituting 
microencapsulated red phosphorus directly in older pyrotechnic compositions. 
 
 

INTRODUCTION 
 

Currently, red phosphorus is used in a number of US Marine Corps smoke munitions such as the 81mm 
M819 mortar cartridge, which has been fielded by both the US Army and US Marine Corps.  The US 
Army Armament, Research, Development and Engineering Center (ARDEC) developed and currently 
maintains the technical data package for this cartridge.  
 
A major hazard associated with the storage and use of red phosphorus munitions is the evolution of toxic 
phosphine gas.  Phosphine is toxic by inhalation causing considerable damage to the lungs.  The toxic 
effects of phosphine vary by concentration and degree of exposure.  In the US, exposure limits to toxic 
materials in the workplace environment are under the domain of a federal agency, the Occupational 
Safety and Health Administration (OSHA) and, similar to other countries, are expressed in terms of 
exposure limits.  For phosphine, the Time Weighted Average (TWA) for fifteen minutes or Short Term 
Exposure Limit (STEL) is 1 part per million (ppm), and the TWA for an 8 hour shift-forty hour 
workweek is 0.3 ppm.  In addition to these OSHA regulatory requirements, advisory guidance is provided 
by the National Institute for Occupational Safety and Health (NIOSH) in terms of a metric called 
Immediately Dangerous to Life and Health (IDLH).  In contrast to TWA, the IDLH is a value from an 
instantaneous exposure.   The IDLH for phosphine is 50 ppm. 
 
The results of a number of phosphine monitoring programs on the 81mm M819 mortar cartridge have 
been reported, including one by us in another paper in the proceedings of this seminar1, which contain 
values exceeding the IDLH on opening the packaged rounds.  As a result, phosphine exposure is 
considered to be a major concern where the munition is stored and utilized, i.e., shipping containers, and 
storage magazines, aboard ships and inside vehicles.  The level of concern has resulted in the suspension 
of the use of the M819 cartridge for training purposes. 
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The recently completed joint US, UK and Australian study on red phosphorus pyrotechnics addressed the 
phosphine generation problem quantitatively for the first time and identified a number of ways to 
suppress or control the formation of phosphine in pyrotechnic devices2:  
 

1 Use coated (microencapsulated) red phosphorus.  
2 Control or eliminate moisture within the pyrotechnic composition. 
3 Prevent external moisture ingression into munition. 
4 Minimize moisture contained within munition by selection of components. 
5 Avoid use of components incompatible with phosphine and red phosphorus. 
6 Use phosphine and moisture absorbents within munitions and packaging. 
 

Each of these corrective actions involves reducing the amount of moisture that contacts the red 
phosphorus throughout the life of the munition. Solving the phosphine generation problem may provide 
beneficial effects on the corrosion and seal degradation problems that have plagued the M819 cartridge. 

 
The purpose of this paper is to provide a description of the US Marine Corps Systems Command (MCSC) 
effort to address the phosphine generation issue present in munitions currently used by the Marine Corps 
by implementing the above recommendations from the joint US, UK and Australian study. 

 
 

CORRECTIVE ACTION PROGRAM 
 

The following provides a description of the ongoing corrective action program where it will be described 
in the context of the phosphine control recommendations that came out of the joint US/UK/Australian 
study. However we note in doing so that we are evaluating a design that was developed prior to current 
knowledge and awareness of techniques that can control the impact of phosphine.  The intent here is not 
to criticize the existing munitions design but make observations on the feasibility of implementing 
changes required to bring the phosphine generation problem under control.  The following sections will 
describe ongoing efforts to implement the above six joint international study recommendations. 
 
Use Coated  (Microencapsulated) Red Phosphorus.  This recommendation involves replacing the 
grades of red phosphorus that historically have been used in the pyrotechnics with a stabilized and coated 
(microencapsulated) grade of red phosphorus that recently have become available from producers3.  The 
logic behind this approach is that the coating on the individual particles will prevent or retard moisture 
from reaching the red phosphorus and minimize the degrading chemical reactions that occur.  The Marine 
Corps has funded the following two projects to evaluate and demonstrate that this approach is a viable 
solution to the phosphine generation problem. 

 
(1).  Laboratory Scale Formulation Evaluation.   This study, being performed at Crane Division Naval 
Surface Warfare Center (NSWC Crane), is designed to evaluate the various grades of microencapsulated 
red phosphorus that can be used as a one-for-one substitute for current grades being used.  An earlier, 
similar investigation on using microencapsulated grades in a Marine Location Marker smoke formulation 
showed that not all microencapsulated grades could be successfully substituted for previously used 
grades4.   The results of the current study, reported in a separate paper in this Seminar5, provide 
evaluations of five different grades of microencapsulated red phosphorus from two different vendors.  
Four of the five grades were found to be acceptable substitutes for the current red phosphorus grade used 
in the M819 cartridge smoke formulation in ignitibility, stable combustion and smoke generation. 
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(2).  Production Scale Feasibility Demonstration.  This engineering evaluation is designed to test the 
feasibility of replacing the currently used grade of red phosphorus with a selected grade of 
microencapsulated red phosphorus, Clariant HB 801, in the M819 cartridge.  This study, being performed 
at Pine Bluff Arsenal, is designed to demonstrate that using a one-for-one substitution of red phosphorus 
in the current formulation does not degrade performance and safety.  The 
program will confirm the results of the preliminary laboratory scale work 
that suggests that that a direct substitution of the red phosphorus with a 
microencapsulated grade is possible at the component and final munition 
assembly levels.  The general flow is shown in Figures 1 and 2.   

 
The first step (see Figure 1) will be to mix small batches of the ingredients 
and consolidate the composition into pellets.  The individual pellets will be 
tested for burn time and compressive strength to determine if the pellet 
meets current specification requirements as shown in Figure 1.  These tests 
will demonstrate that the new grade of red phosphorus is comparable to the 
older grade when mixed with the similar percentage of ingredients used in 
the old formulation.  Variations in the percentage of ingredients may be 
allowed to maximize the performance. 
 
The selected formulation from the first step will then be mixed and pellets 
consolidated for assembly into all-up cartridges (see figure 2).  Pellets 
using the old formulation (with the non-microencapsulated variant) will be 
manufactured at the same time.  Both pellet batches will be routinely 
sampled and tested for burn time and crush 
strength.  Pellets from both formulations will be 
tested for phosphine generation.   This will 
provide a basis-of comparison between the new 
and old formulations when both are 
manufactured under similar conditions. 
 
Pellets with the microencapsulated variant will 
also be assembled in the all-up round 
configuration.  These cartridges will be function-
tested remotely to assure there are no safety 
deficiencies or performance issues that would 
create a hazard to the user. 
 
Other samples of the microencapsulated variant 
loaded cartridges will be exposed to accelerated 
aging tests.  These, as well as cartridges using the 
older grade of phosphorus, will be instrumented 
for phosphine detection.  The intent is to provide 
a side-by-side comparison of the effect of the 
microencapsulation on phosphine generation.  
 
In addition, all-up cartridges from both red 
phosphorus grade variants will be fired at a test 
facility.  The new microencapsulated formulation 
will be directly compared with the old 
formulation for performance. 
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Produce Prototype 
Batches

1.  Burn Test
2.  Crush Test
3.  Phosphine Test

Select Prodution 
Formulation

Figure 1-Pellet Evaluation
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Control or Eliminate Moisture within the Pyrotechnic Composition.  This recommendation 
superficially appears trite, but is intended to suggest that efforts beyond what normally is done in 
pyrotechnic composition manufacturing, needs to be done to control potential entrapment of moisture 
within the composition.  As might be expected for a round designed some years ago, there are potential 
areas in the current manufacturing processes where moisture control can be significantly improved. When 
the composition is mixed, the humidity is uncontrolled and the composition may include some water.  
Although a binder is added and the formed pellet is cured at elevated temperatures, it is possible that 
water could be introduced here, or later in the production process.  This is an area under serious 
consideration to identify process improvements that can provide potential payoffs.  
 
Prevent External Moisture Ingression into Munition.  The current design of the M819 cartridge does 
not prevent moisture ingress during the service life of the round, i.e., the pyrotechnic payload is not 
sealed-off from the exterior environment.  We are currently evaluating to see if simple design changes can 
be made to seal-off the pyrotechnic load from its external environment. If this approach is not successful 
then a completely new design will have to developed.  The cost of performing tests to evaluate the impact 
of extensive design changes on the ballistics, performance and safety characteristics of the munition are a 
major driver to develop and test simple fixes.   
 

It is recognized that this design deficiency represents a major challenge to eliminating or controlling the 
phosphine generation problem, and if not corrected, it is probable that other corrective actions will only 
extend the service life of the munition. 
 

Select Components to Minimize Moisture within the Munition.  The current technical data package for 
the M819 cartridge specifies the use of at least two components that are moisture absorbers:  felt spacers 
and cardboard tubes.  These components are in direct contact with the red phosphorus pellets, and when 
exposed to moisture, collects, and allows moisture to move to other pellet surfaces.  The felts and 
cardboard need to be replaced with non-moisture absorbing materials, or the materials need to be dried, 
loaded and sealed into the round under appropriate humidity conditions.  We are evaluating the use of 
polyester felt as a replacement material. 

 
Avoid Munition Components Incompatible with Phosphine.  The M819 cartridge has a documented 
history associated with replacement of component parts that are incompatible with phosphine and 
phosphorus acids formed from the degradation of the red phosphorus.   

• Earlier versions of the cartridge utilized an aluminum foil tape to seal the payload.  This 
aluminum foil tape corroded and in recent years, was replaced with a stainless steel tape. 

• Brass shear pins are utilized to pin the steel and aluminum parts at an interface on the M819 
cartridge.  Corrosion occurred around the brass shear pins.  Rust was visible on the outside 
surface of the steel tube, and it is likely that more corrosion was present underneath.   

• Other corrosion areas include the exterior surfaces of fuze.  Corrosion in fuze areas has raised 
concerns about the reliability.  However, to date, no cartridges have been adversely affected 
by corrosion, but user confidence in the item has been reduced.  

• Previous generations of the M819 cartridges used a rectangular-shaped Silastic rubber gasket 
as a seal.  Over time, the Silastic gasket material split, cracked and became ineffective.  The 
Silastic ring has been replaced with an ethylene propylene diene monomer (EPDM) rubber 
material in more recent production runs.  The EPDM material appears to have exhibited 
superior performance.   

The entire area of using materials incompatible with phosphine is under extensive review to assure that 
the corrective actions taken have sufficiently addressed the problem area.  
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Use Phosphine Absorbents within Munition and Packaging.  As a corrective action to address the 
phosphine problem of M819 cartridges existing in the storage inventory, the US Army has developed Gas 
Absorbing Modules (GAM) designed to adsorb the phosphine generated in the packaged storage 
configuration environment.  The GAM uses manganese dioxide as the phosphine adsorbent material.  
This rework program, where M819 containers are opened and GAMs added, has recently been initiated 
by both the Army and the Marine Corps.  The Army also is evaluating the use of GAMs in future new 
production.  
 
Using a phosphine adsorbent is not a new idea.  Other munitions in the US inventory already utilize felts 
that have been tumbled in a phosphine adsorbent.  We are evaluating the use of tumbling the felts in 
manganese dioxide as a correction action for the M819.   
 

CONCLUSIONS AND DISCUSSION 
 

In this paper we have described the status of number of corrective actions being undertaken by the US 
Marine Corps to fix the phosphine generation problems prior to undertaking any new production of the 
81mm M819 red phosphorus smoke mortar munition.  The shopping list of options being evaluated to 
control the phosphine generation was one of the significant outcomes of the joint international 
development program between the US, UK and Australia.  We suspect that our program represents the 
initial systematic utilization of the results of the international program to fix an existing munition design. 

 
We recognize that it is going to take a combination of a number of the possible corrective options; that is, 
no one option alone is going to provide an effective solution.  On the other hand, we also recognize that 
some of the options will have gains achieved that will not balance out their costs to implement.  
Therefore, part of the ongoing evaluation is to determine which of the options are absolutely required and 
which offer returns that do not justify the investment required.  In our mind, it is obvious that the absolute 
minimum combination required to fix the problem is to use a stabilized microencapsulated grade of red 
phosphorus and to seal the pyrotechnic payload to prevent moisture ingression into the munition.  Not all 
of the remaining options will have to be implemented.  The challenge before us in the evaluation is to 
determine which options can be implemented and assuring that the payoff exceeds the cost for the options 
chosen.  
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ABSTRACT 
 
Los Alamos National Laboratory has historically fielded two types of electro-explosive detonators.  The 
exploding-bridgewire detonator (EBW) has an exploding wire as the initiating element, a low-density 
transfer charge and a high-density output pellet.  The slapper detonator, or exploding-foil initiator (EFI), 
utilizes an exploding foil to drive a flying plate element into a high-density output pellet.  The last twenty 
years has seen various research and development activities from many laboratories and manufacturing 
facilities around the world to develop laser-driven analogs of these devices, but to our knowledge none of 
those is in general use.  Los Alamos is currently committed to design and manufacture a laser analog to 
the long-standing, generic, general-purpose SE-1 EBW detonator, which is intended to provide increased 
safety in large-scale test-firing operations.  This paper will discuss the major design parameters of this 
laser detonator and present some preliminary testing results. 
 
Introduction 
 
The principal motivation for use of high-power laser detonators is to gain safety against electrical hazards 
of any kind.  This includes safety in the face of lightning or less powerful electrostatic discharges from 
charged conductive equipment or a human body.  In the class of detonators we shall discuss, high power 
is introduced into the detonator through an optical fiber.  There are no plausible ways in which electrical 
energy can couple into the detonator to pose the threat of unintended detonation.  Since Los Alamos is 
located in the Jemez Mountains of New Mexico and that area receives the second largest number of 
lightning strikes in the U.S. during the summer monsoon season, our Laboratory has a motivation to 
develop a solution for safe explosive firing operations under conditions of high electric field in the 
atmosphere.  There are real safety and thus operational advantages to a design that does not provide an 
electrical path to the energetic material. 
 
A study on the laser analog of the EBW detonator was presented at the 28th IPS Seminar4.  Our approach 
now is to design a device of that kind – the “laser EBW” -- that may be attractive for use at large-scale 
test-firing sites. The laser EBW has the advantage of operating at laser power requirements that can be 
transmitted through pure-silica optical fibers, with a margin for reliability of the fiber.  In addition, our 
experience to date indicates that the reliability of the explosive train of the laser EBW is not dependent 
upon the intensity profile of the laser beam.  The suitability of a given laser beam intensity profile is 
dependent only on the question of whether the fiber is able to reliably transmit the beam. Another 
potential problem for high-power optical systems is the lack of cleanliness and the moisture that may exist 
in an operational environment.  This paper, however, addresses mainly the explosive design issues of the 
laser EBW detonator rather than the laser-beam intensity profile and optical fiber issues. 
 
The current device used in many of our experimental tests is the SE-1 EBW detonator.  There is therefore 
a great desire to make available to test-site operators a device that is very similar to the electrically fired 
SE-1 detonator that they currently use, but which has the inherent increased safety of a laser-fired 
detonator.  The ER-459 detonator is being designed to be that device. 
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Discussion 
 
The SE-1 EBW detonator is an old design but satisfies most of an experimenter’s needs in terms of 
output. The ER-459 uses many of the same hardware and explosive components as that SE-1.  The ER459 
uses the sane confinement sleeve and output pellet and has an initial pressing of low-density PETN that is 
identical in mass and density to that in the SE-1.  The plastic plug and electrical feed through are replaced 
with a brass SMA adapter.  A 0.5-mm-thick fused silica plate with titanium plated onto the low-density-
PETN side of the plate is placed on top of the SMA adapter body and is trapped between the adapter and 
the confinement sleeve.  The ER-459 laser-fired detonator is shown in figure 1. 
 

  
 

Figure 1 ER-459 Laser Detonator 

 

Kennedy et al.4 reported a minimum threshold firing energy of 9.5 mJ with 0.90 g/cm3 medium-specific-
surface-area PETN (denoted MSSA PETN, about 12,000 cm2/g).  The laser pulse duration was 15 ns and 
the laser spot size was 977-µm in diameter on a 2350-A-thick Ti film in those experiments.  Our current 
design has more favorable laser power-density conditions for purposes of PETN initiation, i.e., 10-ns 
pulse duration and an illuminated spot size of 650 mm.  It is anticipated that these conditions may 
produce a lower threshold firing energy, but those experiments have not yet been performed.   
 
The laser firing source is a Nd:YAG or GSGG rod laser that is pumped by an electrically driven flash 
tube and is actively Q-switched.  The output pulse is at 1064 (or 0161) nm, and the full-width/half-max 
pulse duration is 10 ns.    The laser capacity is 100 mJ, and we estimate that operational firing energy will 
be 20 mJ for reliable detonator operation. The laser is set up with beam-splitters that provide multiple 
output beams, so that more than one detonator may be fired with the same laser pulse.  A breadboard 
assembly that we are currently using is about the size of a cigar box. 
 
At an operational firing energy of 20 mJ, the average power level is almost 2 MW, and the average power 
density in the 400-µm-core fiber that delivers the power to the detonator that is about 1.6 GW/cm2.  This 
level of power density is well within the capability of fused-silica fiber, as shown by the work of Setchell 
and Berry.2   
 
Previous experience at Los Alamos has been consistent with that of Renlund et al1 of Sandia, who found 
that a minimal threshold firing energy of about 20 mJ.  The lowest threshold value in work at LANL has 
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been 9 mJ. Testing to date with the ER-459 detonator has been limited to “hard-fire” at operational 
conditions 
 
All tests were done using the Thompson CCD streak camera with a total sweep-time of approximately 
600ns and timing marks marking every 20ns. The Detonators were fired using the GSGG Kansas City 
Laser (Serial Number 001) at an average energy of 24.1mJ. The detonator design incorporated a mating 
SMA connector to facilitate the attachment of the 400µm fiber. All thirty shots were successfully fired 
with streak data, laser pulse width, and timing data successfully captured.  
 
The testing results reported here are from a lot of ER-459 Detonators that were built using technicians and 
the detonator assembly people at Los Alamos.  Hardware sufficient to produce 30 detonators was 
procured and inspected to the design requirements.  The fabrication of these units was conducted in 
“near” manufacturing conditions.  This was done to access our ability to reproducibly build the detonator. 
 
Results 
 
All tests were done using the Thompson CCD streak camera with a total sweep-time of approximately 
600ns and timing marks marking every 20ns. The Detonators were fired using the GSGG Kansas City 
Laser (Serial Number 001) at an average energy of 24.1mJ. The detonator design incorporated a mating 
SMA connector to facilitate the attachment of the 400µm fiber. All thirty shots were successfully fired 
with streak data, laser pulse width, and timing data successfully captured. 
 
The two designs differ only the initiation source and IP powder.  The electrically fired SE-1-31 IP was a 
coarse PETN powder while the ER459 was loaded with a MSSA PETN powder.  The basic SE-1 design 
dates back to the late 50’s and the understanding of the particle size effect on ignition was just being 
studied.  The ER-459 is designed with a smaller particle size powder to facilitate ignition from the laser 
beam.  The SE-1 was fired at 2500V with a 6.2 µFarad capacitor.  The ER459 was fired at 25 mJ.   
  

SE-1 Properties  
Explosive PBX9407 
Pellet Diameter 0.299" (7.62 mm) 
Explosive Stack Up 0.450" (11.43 mm) 
Initial Pressing (IP) Height 0.203" (5.156 mm) 
IP Density 0.88 g/cc 
Output Pellet Density 1.60 g/cc 

 
Below are shown two streak records one each from an SE-1 and one from an ER-459 laser detonator. 
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Figure 2 Output of the ER-459 Laser detonator Figure 3 Output of the SE-1 detonator 

 
The methods for collecting the data were the same.  The streak camera was used to record the breakout of 
the images (Timing Marks on the Camera were 20 ns).  The analysis was done the Matlab version of 
ICON (MICON). 
 
For the ER459, breakout time was measured from the start of rise in the laser pulse to the breakout of the 
detonation wave.  On the streak camera image this corresponds to the darkness that occurs immediately 
after initial light.  There is a discrepancy between the measurements of total time between the two designs 
because the SE-1 was measured from the current burst instead of the start of current.  In both cases, error 
was introduced into this measurement because the firing pulse scope was only sampling at 10 ns for the 
ER459 and 5ns for the SE-1. 
 
The average time on the SE-1 was 2516 ns.  These numbers were determined from only 5 shots.  The 
difference between min/max in 5 shots was 42 ns.  The average time on the ER459 was 2186 ns with a 
standard deviation similar to the SE-1.  The function time of the ER459 was 330 ns faster than the SE-1-
31.     
 
Some of the following issues may have contributed to error the measurements.  There is about 3-5 ns 
error in measuring the location of the center of the fiducial on the image.  The sampling rate on the scope 
was 10 ns, which therefore makes it difficult to determine location of the rising pulses.  There is also jitter 
from firing the laser itself.         
 
Conclusions 
 
The success of the testing of the 30 units in this build leads us to believe that we have a manufacturable 
design for the detonator and that it can be incorporated into any test that now would use a SE-1.  A build 



- 359 - 

of about 60 more detonators is now underway.  This group will be used to show reproducibility of the 
manufacturing process and to accurately determine the threshold energy required for the detonator. 
 
The value of determining the threshold firing energy required under our current firing conditions is to 
establish the margin for reliability that we will have if we fire operationally at 20-25 mJ.  Another is to 
determine whether our current 2500-A-thick Ti film is optimal for this application.  We intend to 
experiment also with 3000-A and 3500-A films.  We expect that the optimal film thickness will be 
between 2350 A and 4000 A, because Nagayama et al.3 showed that 4000-A films were less effective than 
thinner films in low-density PETN initiation experiments quite similar to our own.  The data appear to 
indicate that firing energy is reduced by use of a thicker titanium film, as long as the entire film thickness 
is ablated by the laser pulse.  In Nagayama’s experiments, their 4000-A-thick film was not completely 
ablated (shards were driven into the PETN bed, as observed by flash radiography) and the initiation 
performance suffered, probably as a result of that. 
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ABSTRACT 
 

The United States Environmental Protection Agency is reviewing the need to establish a maximum 
contaminant level for perchlorate in groundwater.  Some states have established health-based guidance levels or 
drinking water and groundwater action levels for perchlorate, and many more states may follow suit.  The state 
of California has even enacted legislation regulating perchlorate.  The new perchlorate regulations may have 
substantial impacts on the pyrotechnics industry.  Currently, a facility owner or operator is not required to report 
the results of a voluntary perchlorate analysis under CERCLA, RCRA, or other federal statutes, or in most 
states, but this may change in the next several years. 

An unregulated contaminant monitoring rule has been established that requires all public water systems 
serving more than 10,000 people, as well as some smaller systems, to monitor drinking water for perchlorate.  
The EPA has already established interim cleanup goals for perchlorate contamination.  All of these regulatory 
actions point to increased regulation of perchlorate releases in the not too distant future.  A facility that uses, 
produces, or is suspected to have experienced prior releases of perchlorate should make a concerted effort to 
position itself for the upcoming regulation.  

This paper aims to answer the following questions:  
 
■ Do I want to know of the existence and extent of perchlorate contamination in groundwater at my 

facility?  
 
■ What are the current and anticipated future reporting requirements and regulatory compliance 

obligations for a facility where perchlorate has been detected in the groundwater? 
 
■ What current operational practices need to be changed to minimize impacts of the proposed 

regulations?  
 
■ Should a facility that knows it has perchlorate contamination initiate remedial actions to address the 

problem before testing and reporting is mandatory, and if so, should the facility seek to get regulators 
involved? 

 
■ What remedial technologies are available?   
 
■ What is the overall best course of action? 
 
 

Perchlorate has been the primary 
component in solid propellant for rockets and 
missiles since the mid-1940s and thus is used 
extensively in both military and civilian 
pyrotechnic applications.  Ammonium 
perchlorate is the main ingredient of solid fuel 

for the space shuttles, and approximately 1.4 
million pounds of ammonia perchlorate are 
consumed during each shuttle launch.  
Potassium perchlorate is widely used in the 
manufacturing of airbag inflators, matches, 
analytical chemistry ingredients, nuclear 
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reactors, electronic tubes, lubricating oils, 
leather tanning and finishing products, fabrics 
and dye fixers, electroplating, aluminum 
refining, rubber manufacture, paint, and 
enamels.  Perchlorate is naturally occurring in 
certain area of the world, notably Chile, but it is 
exclusively man-made in the U.S.  Although 
perchlorate contamination in the U.S. seems to 
be most prevalent in California, the U.S. 
Environmental Protection Agency (EPA) has 
identified 75 perchlorate releases in 22 states.  
Because of its wide use, perchlorate may be a 
common pollutant at sites across the country.   

Perchlorate “originates as a contaminant 
in drinking water when the ammonium, 
potassium, magnesium, or sodium perchlorate 
dissolve in water.”1  Perchlorate limits the intake 
of iodide by the thyroid gland.  Reduced levels 
of iodide in the thyroid can disrupt thyroid 
hormones that regulate metabolism and growth.  
Pregnant or lactating women and their fetuses 
and infants are particularly susceptible to these 
thyroid problems.  Impairment of thyroid 
function in expectant mothers may cause 
developmental difficulties and decreased 
learning capacity in their offspring. 

 
Extent of Perchlorate Problems 

Because of its finite shelf life, the 
propellant containing perchlorate has been 
periodically washed out of the U.S. missile and 
rocket inventory to be replaced with a fresh 
supply.  As a consequence, large volumes of 
perchlorate have been disposed of since the 
1950s.  Some of this has leached into aquifers 
used as drinking water sources.  The chemical is 
highly mobile in aqueous systems and can 
persist for many decades under typical 
groundwater and surface water conditions.  It 
has been detected in countless drinking water 
sources, mainly groundwater wells, throughout 
the western U.S., primarily near existing or 
former defense contractor or military facilities.  
In addition to drinking water, low levels of 
perchlorate have been detected in the Colorado 
River, as well as in lettuce and other produce.  
                                                 
1 U.S. Army Center for Health Promotion and 

Preventative Medicine, “Just the Facts … 
Perchlorate in Drinking Water,” Publication No. 
31-003-0502. 

The Natural Resource Defense Council has sued 
the Bush Administration, alleging that three 
government agencies failed to disclose records 
of communication between regulators and 
perchlorate manufacturers.  EPA officials have 
described perchlorate as an “emerging 
chemical,” since recent information indicates 
that this contamination may be more widespread 
than previously thought.2  More litigation is sure 
to follow, giving perchlorate the potential to 
have the same level of impact on industry as 
asbestos. 

 
Current Legislation Status 

At this time there is no federal drinking 
water standard, maximum contaminant level 
(MCL), or other groundwater protection 
standard set for perchlorate; however, regulatory 
guidance exists at both the federal and state 
levels.  In 1992, the EPA published a provisional 
“reference dose” for perchlorate equivalent to a 
4 parts per billion (ppb) to 18 ppb drinking water 
standard.  In 1999, the EPA required drinking 
water monitoring for perchlorate under the 
Unregulated Contaminant Monitoring Rule 
(UCMR).  However, the most important item 
affecting the regulatory status of perchlorate 
today is probably the draft toxicological report 
issued by the EPA on January 18, 2002, titled 
Perchlorate Environmental Contamination:  
Toxicological Review and Risk Characterization 
(the “draft review”).  The draft review is 
intended to update the 1998 draft review 
prepared by the EPA and sets a reference dose of 
0.00003 mg/kg per day to protect human health.  
This reference dose could result in a regulatory 
MCL of 1 ppb or less for human consumption in 
drinking water.  The EPA risk assessment 
supporting that level is currently under review 
by a panel convened by the National Academy 
of Science.  The EPA’s current guidance should 
be followed until the final review has been 
completed.3   
                                                 
2 See Greenwire, March 25, 2004, “Enviros sue 

Bush admin for access to drinking water records” 
at http://ww.pennnet.com/News/Display_News_ 
Story.cfm?Section=WireNews&Category=HOM
E&NewsID=98392.  

3 The 4 ppb to 18 ppb cleanup standards are to be 
followed according to a January 22, 2003, 
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As stated above, there is no current 
federal MCL for perchlorate, although a UMCR 
has been set requiring all public water systems 
serving more than 10,000 people, as well as 
some smaller systems, to monitor drinking water 
for perchlorate.  Along with the draft review, the 
results of these monitoring activities will be used 
by the EPA as a basis for deciding whether 
perchlorate should be regulated under the Safe 
Drinking water Act during rounds of regulatory 
determinations scheduled for 2006.  If it is 
determined that a perchlorate MCL should be 
established, proposed and final regulation would 
be issued within 1 to 2 years.  If perchlorate is 
determined to be an urgent threat to public 
health under the mechanisms of the Safe 
Drinking Water Act, the regulatory process 
could be greatly expedited.   

Federal regulations will not be formally 
changed until the draft review is finalized, and 
subsequent federal regulatory change could take 
several years.  However, there has been 
Congressional action on this issue.  United State 
Senator Barbara Boxer and Representative Lois 
Capps, both of California, have introduced 
legislation into both houses of Congress that 
would require the EPA to set an MCL for 
perchlorate by July 1, 2004.4  It is likely that the 

                                                                         
memorandum from Marianne Horinko, the EPA 
Assistant Administrator for Solid Waste and 
Emergency Response, to EPA regional offices. 

4 S. 502 titled, “A bill to amend the Safe Drinking 
Water Act to designate Perchlorate as a contaminant 
and to establish a maximum contaminant level for 
Perchlorate” was introduced by Senator Boxer on 
March 3, 2003, and was referred to the Senate 
Committee on Environment and Public Works.  HR 
2123 of the same title was introduced by 
Representative Capps on May 15, 2003, and was 
referred to the House Subcommittee on Environment 
and Hazardous Materials.  In addition, note that 
Senator Boxer also introduced S. 820 on April 8, 
2003, titled, “A bill to amend the Federal Water 
Pollution Control Act to establish Perchlorate 
pollution prevention fund and to establish safety 
standards applicable to owners and operators of 
Perchlorate storage facilities,” which was referred to 
the Senate Committee on Environment and Public 
Works.  Department of Defense fiscal authorization 
acts have also included provisions requiring 
Perchlorate contamination studies and epidemiological 

"final review" will influence further regulatory 
activities under the Safe Drinking Water Act, 
including the National Primary Drinking Water 
Regulations, which are developed by the EPA’s 
Office of Ground Water and Drinking Water, 
and the Contaminant Candidate List, which also 
is published by the EPA.  Individual state 
legislatures may act on a much faster timetable.   

The California Department of Health 
Services (DHS) established an advisory action 
level for perchlorate of 18 ppb in 1997 and 
responded to the draft review by reducing its 
advisory action level to 4 ppb.  In March 2004, 
the California Office of Environmental Health 
Hazard Assessment (OEHHA) published a final 
Public Health Goal (PHG) for perchlorate in 
drinking water of 6 ppb.  A PHG is a 
contaminant level set for drinking water that 
does not pose a significant short- or long-term 
health risk.  A PHG is a non-regulatory standard 
and is set without any consideration for the 
economic or technical feasibility to meet the 
standard:  It establishes a goal for drinking water 
suppliers to meet, if they can feasibly do so.  
The California DHS then uses the PHG as a 
starting point for establishing an MCL, taking 
into account technical and economic 
feasibilities.  The MCL is a regulatory standard, 
and drinking water suppliers are required to 
deliver water that meets all MCLs.  It is 
important to note that the California legislature 
has recently passed two bills regulating 
perchlorate.  The first enacted the Perchlorate 
Contamination Prevention Act, which requires 
the owner of a perchlorate facility located within 
5 miles of a public drinking water well to submit 
information to the EPA on its monitoring, 
investigation, and remediation work at the 
facility.5  The second bill provides for reporting 
requirements for the operators of perchlorate 
storage facilities.6 

                                                                         
studies to determine the health effects of Perchlorate 
contamination. 

5 California Assembly Bill 826, introduced on February 
20, 2003, and chaptered by the Secretary of State, 
Chapter 608, Statutes of 2003, on September 29, 2003. 

6 California Senate Bill 1004, introduced on February 
21, 2003, and Chaptered by the Secretary of State, 
Chapter 614, Statutes of 2003, on September 29, 2003. 
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Many other states have established 
interim standards or are closely monitoring 
federal regulatory developments.  In addition to 
California, high perchlorate contamination levels 
have been detected in Arizona, Idaho, Indiana, 
Kansas, Maryland, New Mexico, New York, 
Pennsylvania, Texas, Utah, and West Virginia.7  
Of these impacted states, California, Texas, 
Arizona, New York, New Mexico, and Nevada 
have issued health-related guidance for 
perchlorate in drinking water, although no 
aggressive regulatory action has been taken by 
any state with the exception of California.8  If a 
federal MCL for perchlorate is established, all 
states will be required to comply.  Once an MCL 
is in place, facility owners and operators may be 
faced with mandatory reporting requirements 
and possible public notification requirements in 
the event that the MCL is exceeded.  Regardless 
of the government standard, lawsuits have been 
looming over many potential responsible parties.  
Issues with perchlorate should be dealt with 
delicately.  Facilities that use or store 
perchlorate are facing many questions that 
unfortunately do not have clear-cut answers and 
may need to be evaluated on a case-by-case 
basis.  
 
Do I want to know whether perchlorate is 
present at my facility? 
 Yes, a facility manager needs to have an 
accurate overall picture of the situation prior to 
promulgation of the new regulation.  This will 
provide ample time for evaluation and avoid the 
necessity for rushed and uninformed decisions.  
Typically, a facility manager will have some 
idea about whether perchlorate could be a 
concern.  If perchlorate is being or has been used 
                                                 
7 This is according to the U.S. Army Center for Health 

Promotion and Preventative Medicine.  See 
http://chppm-www.apgea.army.mil/dwater.  

8 Texas has issued guidance promoting a Drinking 
Water Action Level of 4 ppb, a Residential 
Groundwater Cleanup Level of 4 ppb, and an 
Industrial/Commercial Groundwater Cleanup level of 
7 to10 ppb.  Arizona has set a Health-Based Guidance 
Level of 14 ppb.  New York has issues a Drinking 
Water Planning guidance level of 5 ppb, and a Public 
Notification Level of 18 ppb.  New Mexico has set an 
Interim Groundwater Screening Level of 1 ppb.  
Nevada has a Public Notice Standard of 18 ppb. 

in a facility, it is recommended that the 
following information be gathered prior to the 
promulgation of the new standard: 
 
■ available analytical data regarding the 

presence and levels of perchlorate in soil or 
groundwater on or in the vicinity of their 
property;  

■ whether other properties in the vicinity have 
used or are currently using perchlorate; 

■ the extent of the impacted area, rate of 
plume movement, and potential for off-site 
migration; 

■ current material and/or waste handling 
practices; 

■ source(s) and/or pathway(s) into the 
subsurface; and 

■ presence of environmentally sensitive 
settings in the surrounding area. 

 
What are the current and future reporting 
obligations? 

With the exception of the UMCR, which 
applies to operators of  public water systems, 
there are currently no reporting obligations for 
perchlorate.  Facilities are not currently 
obligated to report the results and or other 
information related to perchlorate sampling as 
long as it is not a regulated constituent in a 
facility-specific enforcement instrument.  
Facility managers should conduct testing for 
perchlorate on an as-needed basis in order to 
ensure that they have the information required to 
prepare for the eventual regulation of 
perchlorate and to document facility conditions 
in order to demonstrate that they have acted 
responsibly in a civil action for damages. 
 
What to do with the test positive results and 
related information? 

Facility managers should develop an 
internal corrective measures plan.  If a facility 
manager decides to test for perchlorate, they also 
should be prepared to take “appropriate” actions 
upon receipt of the results.  Having the 
contamination information on record but failing 
to take follow-up actions could have negative 
impacts on the facility in future regulatory 
negotiations or in a lawsuit.  If environmental 
releases are confirmed before a perchlorate 
standard and the associated compliance 
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requirements have been established, the facility 
can take actions to eliminate sources and 
pathways of the releases and institute best 
management practices to prevent any new 
releases.  In other words, the facility should 
begin treating perchlorate, at least internally, as 
a regulated compound and handle it in a 
responsible manner.  Prospective response 
actions will not shield a facility from lawsuits 
brought by adjacent property owners who 
believe their properties have been injured by the 
off-site migration of contaminants from a 
facility.  However, early steps taken to 
proactively deal with perchlorate releases could 
help to mitigate damages.  With this in mind, 
record keeping should be handled in a manner 
that will survive scrutiny in court. 

 
Should remedial actions be initiated if 
perchlorate contamination is found? 

This question should be evaluated on a 
case-by-case basis.  Generally, voluntary 
remedial actions should be implemented only if 
perchlorate contamination will worsen with time 
and active perchlorate releases can be effectively 
controlled.   
 
What remedial technologies are available? 

Very few remedial technologies are 
available for perchlorate since it is highly 
soluble in water and relatively difficult to treat.  
It adsorbs poorly to activated carbon and is not 
easily stripped from the aqueous phase.  Ion 
exchange and anaerobic biological degradation 
have been used successfully to remove 
perchlorate from extracted groundwater.  
However, ion exchange does not destroy 
perchlorate.  Instead, this technology grabs and 
concentrates the perchlorate in a special resin 
until the resin’s capacity is reached and 
regeneration is performed.  During regeneration, 
the resin releases the concentrated perchlorate 
into brine, and the resin is then ready for the 
next cycle.  The regeneration brine and rinse 
water require proper disposal, which may result 
in high operational costs on a regular basis.  
Anaerobic biological degradation uses strains of 
microorganisms that use perchlorate as an 
electron acceptor under reductive conditions.  
Perchlorate is reduced to chlorate, chlorite, and 
ultimately chloride and oxygen.  This biological 

process destroys perchlorate, but the sludge 
generated in the process requires proper 
disposal.  All ex situ treatment technologies face 
the common problem of treatment effluent 
disposal.  Subsurface injection or surface 
discharge requires a vigorous groundwater or 
surface water monitoring program.  Discharging 
to a publicly owned treatment works requires 
less monitoring but may have high associated 
discharge fees.  In any case, high operation and 
maintenance costs are almost inevitable as long 
as the remediation continues.  

Recently, the in situ application of 
reductive biological degradation has emerged to 
become the most promising technology for 
remediation of perchlorate in groundwater.  The 
success of this application requires the right 
environment, either naturally existing or through 
engineered transformation.  In natural 
groundwater systems, the oxidation-reduction 
potential (ORP) is probably the most important 
parameter (among others such as pH, dissolved 
oxygen, and carbon sources).  An ORP in the 
range of 0 to 100 mV favors the initiation of 
perchlorate reduction.  Higher or lower ORP 
may shift the predominant reaction from 
perchlorate reduction to nitrate or sulfate 
reduction, respectively.  Organic materials such 
as lactate salts, molasses, and vegetable oil have 
been used to generate dissolved hydrogen in 
groundwater for microorganisms to reduce 
perchlorate.  These organic compounds also 
provide a carbon source for the microorganisms 
and control of the ORP in groundwater.  This 
technology offers a less intrusive alternative 
than ex situ treatment methods and, in most 
cases, with much lower costs.  However, some 
regulated compounds, especially heavy metals, 
may be present as impurities in many of the 
organic substances used for reductive 
bioremediation.  It is highly recommended that 
state underground injection control rules be fully 
reviewed to ensure compliance before deciding 
upon the use of reductive biological degradation. 
 
Can perchlorate be replaced in 
manufacturing with another substance? 
 For civilian uses, potassium chlorate and 
potassium perchlorate are of high pyrotechnic 
importance because of their relative stability.  
The stability increases with the number of 
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oxygen atoms associated with the anion, so 
potassium perchlorate is less sensitive to friction 
and impact and is safer to handle.  Due to these 
safety considerations, the environmental 
concerns surrounding perchlorate do not appear 
to justify a reversal of manufacturing 
improvements and a change back to the use of 
chlorate.  Other potential perchlorate 
replacements exist, but most of them contain 
constituents that are already regulated and some 
may trigger more serious environmental 
concerns than perchlorate.  Therefore, instead of 
scrambling to find replacements, industry should 
focus its efforts on minimizing the perchlorate 
release pathways into the environment.  Other 
than the best management practices for waste 
and material handling previously described, 
potential areas of improvement may include:  
 
■ The use of precise composition and 

homogeneous mixing of the ingredients to 
eliminate or minimize incomplete 
combustion of perchlorate; 

■ Clear labeling and handling instructions on 
products to minimize misuse or improper 
disposal; 

■ Institution of better quality control to 
minimize defective products; 

■ Development of non- or low-leaching 
formulations to minimize leaching of the 

escaped, unreacted products into 
groundwater; and 

■ Completion of product testing in enclosed or 
controlled ranges and facilities. 

 
What is the overall best course of actions? 

Facility managers should obtain a 
complete and current status of the perchlorate 
situations at their facility prior to promulgation 
of the new standard and compliance 
requirements.  Acquiring this knowledge in 
advance is essential for developing informed 
strategies and will provide upper management 
an opportunity to make necessary financial 
arrangements or assign resources.  Once the new 
perchlorate standard and compliance regulations 
have been established, any testing or assessment 
data may be used by the regulatory agencies for 
enforcement.  Facilities should thoroughly 
review the regulations and evaluate potential 
consequences prior to taking any actions.  
Regardless of the regulatory status of 
perchlorate, the pyrotechnic industry must start 
treating perchlorate as a regulated compound in 
terms of material and waste handling in order to 
ease the transition into a new regulatory 
structure and stem the coming tide of potential 
litigation.  
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ABSTRACT 
 
In many powder-handling processes, powder can be deposited onto metal or conductive surface layers.  If 
the powders are good insulators, the deposited layer can build up electrostatic charges to the level of local 
electrostatic breakdown creating a propagating brush discharge (PBD). In addition, the metal or conductor 
may have a thin layer of protective plastic coating on it which can produce the same conditions. 
 
An explosion hazard can exist if the powder fines cling to the insulating layer in process.  The occurrence 
of a discharge on the insulating layer, either by internal electrostatic breakdown or by moving a grounded 
object toward the insulating layer, can loft the dust into the air. This discharge may also have sufficient 
energy to ignite the dust cloud or energetic powder causing catastrophic explosion results.  
 
A new test method has been developed to simulate this occurrence and to determine the electrostatic 
discharge levels in the propagating discharge required to ignite the lofted dust and to characterize 
insulating material hazards. 
 
Propagating brush discharge having energies less then 30 mJ has ignited dust deposits on insulating 
surfaces backed up by grounded conductive material. Based on the configuration and size of surface, the 
propagating brush discharge can yield up to 10 joules of discharge energy. A method description plus the 
evaluation and testing of some pertinent variables affecting the PBD phenomena are presented in this 
paper.
 
 
INTRODUCTION 
 
Dust explosions are a serious hazard in the process industries. They have resulted in the destruction of 
process plants and equipment, injury to workers and loss of process. The five factors required for a dust 
explosion are: 1) fuel, 2) air, 3) confinement, 4) dispersion and 5) ignition source.  These factors are often 
said to comprise an “explosion pentagon.” Disruption of any one of these factors can prevent a dust 
explosion from occurring. Electrostatic discharges are a common ignition source in processes that handle 
powders. An often-overlooked form of this type of hazard is the propagating brush discharge. 
If breakdown were to occur, charge buildup of opposite polarity across a dielectric material, can produce 
a propagating brush discharge. This type of breakdown is sometimes referred to as Lichtenberg 
discharges. They are initiated by an electrical short circuit of the two surfaces of a highly charged 
dielectric layer. The pattern formed by the discharge is always the same; many discharge channels branch 
off to collect the charge on the dielectric surface and end at a large discharge channel at the location of the 
short circuit. The short circuit may occur externally, by the approach of a grounded electrode to each 
surface, or internally by mechanical or electrical perforation of the dielectric layer1.2. While the pattern 
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may remain the same there is some variability in the discharge geometry (number, length and duration of 
the discharge channels). 
 
Propagating brush discharges can be an ignition source for an explosion hazard in the handling of bulk 
powders and hybrid gas/powder processes. The flow of non-conductive or semi-conductive powders 
through an ungrounded or poorly grounded conduit can build up and retain a static-electric charge. The 
poorly conductive powder can even act as an insulator to prevent charge drain off to grounded surfaces. 
Thin protective coatings on metal used in the handling of powders can also provide the conditions as 
mentioned above.  
 
Once sufficient charge has built up on the powder surface or on the insulating coating, it can break down 
in the form of a propagating brush discharge. Unlike a spark discharge, which is localized between two 
conductive points, a propagating brush discharge is a surface phenomenon. As a result, it poses a hazard 
of being a delocalized multi-point ignition source. The force of the charge breakdown is sufficient to 
disperse dust deposited on the surface into the air. 
 
Some process environments where sufficient transport velocities exist to create the potential for 
propagating brush discharges are: 
 

• Pneumatic transport of powder through insulating pipes or pipes with insulating layers. 
• Transport of insulating liquid or suspension through insulating pipes or pipes with an 

insulating coating. 
• Continuous impact of powder onto an insulating surface. 
• Fast moving conveyer belt made of insulating material or having an insulating coating. 
• Powder flow over inspection window in pneumatic pipes. 
• Filling of silos and containers made from insulating materials or having insulating coatings. 

 
Due to the number and distributed nature of the discharge channels, ignitability of a dust by propagating 
brush discharge may differ from that of a simple two-electrode spark. The objective of this work was to 
utilize the previously developed test method3 to assess the sensitivity to ignition of a dust by a 
propagating brush discharge and assess the hazards of insulating materials backed by grounded 
conductive materials. 
 
 
VARIABLES EFFECTING PBD OUTPUT 
 
Based on previous research, the propagating brush discharge (PBD) occurs in general under the following 
conditions: 
 

 Insulator thickness 
 Insulator capacitance 
 Insulator resistivity 
 Electrostatic field imposed on insulator 
 Insulator breakdown voltage 
 Discharge conductor diameter. 
 Energy and rate released in the discharge 
 Environmental humidity and temperature 
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From past research4, the following conditions have to be met to generate a propagating brush discharge 
(PBD): 
 
 1. Charge/Area (q/m2) must be greater than 2.5x104 coulomb/meter2  
 

2.  Film Thickness (t) 
For films: 

t = 150 micrometer to 8 millimeter (0.006 to 0.312 inch) 
  For extremely thin films: 
    t = 20 micrometer (0.0008 inch) even where Vbd = 1000 V 
 
 3.   Breakdown Voltage  (Vbd)  
    Should be greater than 4000 V 

not observed on thin layers at voltage potentials up to 4000 V  
 

Tests using several insulating materials backed with grounded metal surfaces conducted by Glor,etal5 

which form some of the above criteria were conducted on the following materials: 
 

• Polycarbonate 
• PVC 
• Polyethylene 
• Polyester 
• Teflon peeling film 

 
The PBD criteria were based on testing of these materials. Per their testing, the minimum value for charge 
transfer in the discharge was 10 micro coulombs. 
 
 
AREA OF STUDY 
 
This study concentrated on developing a test method for evaluating the powder dust ignition potential due 
to PBD on insulating surfaces backed with grounded conductors and evaluating PBD potential of 
numerous insulating materials. In addition, powder lofting and ignition potential was evaluated. 
 
The first series of tests concentrated on a single insulator and powder so that a standard procedure could 
be developed. The second series of tests consisted of evaluating several insulating surfaces using this 
procedure under numerous electrostatic charge levels at a set humidity environment. 
 
EXPERIMENTAL  
 
a) Discharge Level Measurement Test Procedure 
 
The test apparatus used is shown in Figure 1. It consists of a high voltage power supply (Hipotronics 
Model 250 D) connected to a brush-type corona generator. The base of the apparatus is an 8-inch sheet 
metal disk, which is connected to ground. Over the top of this was placed a 12” by 12” insulating sheet 
that had thicknesses from 0.005 to 0.063 inches. 
 
To initiate the propagating brush discharge, a grounded 25 mm ball electrode was used. To estimate the 
level of the discharge, an electrostatic voltmeter was used to measure the surface potential and surface 
charge density before and after discharge. 
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To produce a propagating brush discharge, up to 50,000 V was supplied from the power supply to the 
brush-type corona generator centered over the insulating film / sheet metal disk surface at a height of 25 
mm. This produced a charge on the insulating sheet surface. After a charging time of 60 seconds, the 
brush-type corona generator was moved away from the surface of the insulating film and the power 
supply was turned off. 
 
The Monroe Model 282 Electrostatic Field Meter was lowered to a set distance from the  surface (50 mm) 
of the insulating sheet to measure the electrical potential and charge density at the surface. After 
removing the field meter, the spherical grounding electrode was lowered to the insulating material 
surface. As it was lowered, (before touching the surface) a propagating brush discharge was produced. 
 

 

Figure 1. Schematic diagram of the propagating brush discharge apparatus. 

 
The electrostatic field meter was then reapplied to measure the surface potential and the surface charge 
density after the electrostatic discharge. The level of the discharge in the propagating brush discharge is 
estimated by the measured surface potential and charge density. 
 
Dust Ignition Tests 
 
Tests with the polymer powder to determine its ignitability followed a similar procedure. However, the 
polymer powder was screened through a 200-mesh sieve, and evenly sprinkled over the polycarbonate 
sheet surface before the corona generator was energized. After the grounding ball electrode was lowered, 
observations were made to determine dust flammability. The criterion for dust flammability by 
propagating brush discharge is the presence of an observable flame. 
 
As a result, for the purposes of laboratory testing, the insulating material sheet was used to simulate a 
condition where sufficient polymer powder existed to form an insulating layer.  Under industrial 
conditions, such a condition may be produced (depending on the specific process). 
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Observations of Dust Ignition 
 
The production of a flame on the dust layer surface was observed following a propagating brush 
discharge. Post flame observations are: 1) propagating brush discharge trace left behind on the polymer 
dust layer surface, 2) brown discolored patches on the polymer dust layer surface near where the spherical 
grounding electrode approached the insulating sheet and dust layer, 3) black soot-like flakes observed 
sprinkled over the dust layer surface. 
 
The presence of visible flame and post combustion products, soot-like particles and discolored surface, is 
an indication that a propagating brush discharge can ignite the sample of polymer dust.  The energy of the 
propagating brush discharge, which ignited the polymer, was in the range of 8 – 45 mJ. 
 
EXPERIMENTAL  
 
b) Insulating Material Discharge Property Tests 
 
In this series, several insulating sheets were tested by being placed on the grounded metal plate and 
corona charged to various electrostatic field strength values at a fixed humidity environment (63% RH), 
held for one minute. A discharge was then promoted by using an approaching 25 mm ball at ground 
potential. Calculations were made of the energy lost in discharge by noting the difference in the field 
strength and calculating the equivalent charge per area loss. From this and observations of the discharge 
area, the charge lost in discharge was calculated. The following insulating materials were tested: 
 

 Polyethylene (UHMW = Ultra-high Molecular Weight) 
 PVC 
 Cellulose Acetate 
 Teflon 
 Polycarbonate 

 
The thicknesses of sheets were standardized wherever possible to the following values: 
 

 0.005 inch 
 0.020 inch 
 0.063 inch 

 
TEST RESULTS 
 
The testing results are summarized in Table 2 for those conditions where PBD was noted. The 
calculations of the electrostatic charge released in the propagating brush discharge were made based on 
the loss of surface charge density in the area where discharge occurred. A typical PBD event is shown in 
Figure 2 below. 
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Figure 2. 
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TABLE 2 – PBD TEST RESULTS 
 

Material 
Thickness 

-Inches 

Min. Applied 
Voltage for PBD-

kilovolts 

Material E Field 
after Corona 

Charging-kV/m 

Max PBD Discharge 
Charge Released -

Coulomb 

Dust 
Lofting 

and 
Ignition 

0.005 
 

25 
 

23 
 

No 
 

- Cellulose  
Acetate 

0.020 35 39 No - 
0.005 22 Breakdown 34 No - 
0.020 

 
 
 

20 
25 
30 
 

721 
958 
1022 

 

0.19 
0.35 
0.28 

 

- 
- 

Yes 

Teflon 

0.063 
 

25 
30 
35 
40 
45 
50 

911 
1030 
1140 
1236 
1362 
1441 

0.18 
0.28 
0.33 
0.23 
0.38 
0.48 

- 
- 
- 
- 
- 
- 

Vinyl 0.004 
 

45 
50 Breakdown 

16 
 

0.006  
 

- 
 

PVC 0.062 25 
30 
35 
40 
45 
50 

919 
1148 
1307 
1418 
1528 
1584 

0.1 
0.4 
0.37 
0.44 
0.78 
0.87 

- 
- 
- 

Yes 
Yes 
Yes 

0.005 15 
20 
25 

444 
713 
911 

0.005  
0.45 
0.81 

- 
Yes 
Yes 

Polycarbonate 

0.020 20 
25 
30 

689 
950 
1030 

0.007 
0.46 
0.69 

- 
Yes 
Yes 

0.005 15 
20 
25 
30 

626 
713 
943 
1117 

0.19 
0.54 
0.88 
1.06 

- 
Yes 
Yes 
Yes 

Polyester 
 

0.062 30 
35 
40 
45 
50  

1140 
1338 
1402 
1560 
1584 

0.36 
0.62 
0.76 
0.97 
1.12 

- 
- 
- 

Yes 
Yes 

0.005 
 

20 Breakdown - - - 

0.020 20 
25 
30 

35 Breakdown 

733 
927 
1022 

0.11 
0.35 
0.59 

- 
- 

Yes 

UHMW 
Polyethylene 
 

0.081 25 
30 
35 
40 
45 
50 

927 
1048 
1228 
1362 
1441 
1505 

0.29 
0.24 
0.31 
0.47 
0.60 
0.37 

- 
- 
- 
- 
- 
- 
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The amount of electrostatic charge released in the propagation brush discharge at various applied voltages 
to several insulating materials tested are shown in Figure 3. 
 

 
 

Figure 3. Applied Electrostatic field and Resultant Electrostatic charge released in PBD. 
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CONCLUSION 
 
Ignition of a polymer powder is possible by propagating brush discharge. If charge accumulation on 
ductwork or on insulated grounded metal surfaces were to occur, due to the transport of the powder, a 
propagating electrostatic brush discharge could result and should be considered as a potential ignition 
source for a dust explosion hazard of the materials tested.  The test method has proved to give very 
repeatable results and is good at identifying critical propagating brush discharge hazards in processes.  
 
Energetic propagating brush discharges occurred in the following materials and conditions: 
 
Material Thickness (inch) Applied Voltage (Kv)  
 
Teflon 

 
0.020 

 
30 

 

 
Polycarbonate 

 
0.005 
0.020 

 
20 
25 

 
 
Powder Ignited 

 
PVC 

 
0.062 

 
40 

 

 
Polyethylene 
(UHMW) 

 
0.020 

 
30 
35 

 
 
Powder Ignited 

 
Polyester 

 
0.005 
0.062 

 
20 
45 

 
Large Discharge 
Large Discharge 

 
 
Thus, the insulating materials that were found more prone to propagating brush discharge are 
polycarbonate and polyester. 
 
From this research, one can see that a small layer of insulating material on a grounded conductive surface 
can generate a PBD when electrostaticly charged in the right conditions (e.g., high ES field levels, 
thickness, material, humidity, and breakdown mode). The insulating layer can be a coating, painted 
surface, powder layer or an insulating sheet lying on a grounded conductor. 
 
The test method can be utilized to evaluate the effect of thin insulating coating or grounded metal 
conductors on PBD potential.  Normally one does not consider the thin insulating coatings and paints as 
insulating media. If an easy to ignite powder is handled in the processes, the electrostatic hazards must be 
evaluated. However, a propagating brush discharge can ignite a relatively insensitive powder and cause a 
dust explosion. The output can be greater than 1 Joule of discharge energy.   
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ABSTRACT: 
 
Impact related ignition sources are a common source of initiation of dust explosions in the powder 
process industry.  It is also of great importance to the pyrotechnic manufacturing industry where 
powdered dusts and energetic materials are processed in large quantities. 
 
Currently, no standard test method exists to evaluate the ignition sensitivity of dust powders to metal-to-
metal sparking, or the assessment of material compatibility.  Safety Consulting Engineers, Inc. (SCE) has 
developed a novel approach to study this problem by modifying Mil-P-19290-E Sparking Tool Test.  SCE 
has substituted a rod-on-plate impact as the source of metal closely approximates the ignition hazard 
found in the pyrotechnic industry.  Additionally, a layer of metal powder is deposited on the metal plate 
and substitutes for a gaseous fuel source to test the ignition potential. 
 
This paper describes SCE’s ongoing efforts in developing a test protocol for frictional impact spark 
initiation of explosions. 
 
INTRODUCTION 
 
Explosions are a serious hazard in the materials handling industries.  Depending on the confinement 
geometry, the process materials (dust and vapor gases) in the industries are of major concerns in the past 
as well as today.  Other components that contribute to an explosion include the oxidant, dispersion and 
ignition source. One of the factors that are focused on heavily is the removal of the ignition source to 
mitigate an explosion. A common type of ignition source is frictional impact sparks1. To effectively 
remove the explosion risk posed by frictional impact sparks, one needs to characterize them better. 
 
The hazards posed by metal-to-metal sparking in environment when the potential explosive/combustible 
materials are processed may be controlled by the type of metals  used and several other factors.  Previous 
studies are mostly focused on the ignition of flammable gas and vapor by metal-to-metal sparks.  When 
flammable gasses, vapors, dust or hybrid materials ignite; explosion can lift, entrain fine particles and 
sustain a chain of reaction/explosion and will propagate over a large area with disastrous consequences.   
 
The emphasis on metal sparking has recently become of greater interest as a result of an increase in the 
use of high moving equipment (e.g., blender, grinder, air mill, exhaust fan, etc.).  The moving parts can 
corrode, rust, misalign and wear-off over a period of time.  This situation could exist for metal parts to 
frictionally strike another parts in an explosive/flammable atmosphere. 
 
A method to quantify the process risk factors were developed as part of SCE’s effort to study various 
source ignitions. No current standard test method for frictional impact ignition is available however, a 
military test procedure for selection of non-sparking tools; MIL-P-19290-E, “Sparking Tool Tests”2 exist. 
In this test the spark is generated by contact between a metal tool and a spinning metal disk. The objective 
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is to see if the resulting sparks will ignite gasoline in an elevated oxygen atmosphere. SCE had modified 
the sparking tool test procedure to test dust explosibility by mechanical spark3.  
 
EXPERIMENTAL SETUP,  EQUIPMENT, AND TEST PROCEDURES 
 
To determine the non-sparking tools from sparking tools for high energetic material manufacturers, Mil-
P-19290-E “Metal Sparking Test” test method has been used to assess and evaluate the tool materials.  
The standard was modified by constructing an apparatus to generate the relativity rapid frictional impact 
in flammable or explosive vapor or dust atmosphere. This method may not be reflective of all frictional 
impact spark generation mechanisms. 
 
Setup - First Study 
 
The setup consisted of metal chamber, a motor drive, and a fixture to hold the sample metal.  In this first 
study, a Bureau of Mines design 20-liter chamber (See Figure 1) was used and modified to contain the 
mechanical sparking assembly.  The 20-liter chamber4 has dust dispersion nozzle at bottom and its near 
spherical shape helped provide a uniform dust suspension when the dust is dispersed.  Inside the chamber, 
a 3- inch diameter (0.25” thick) 304L stainless steel knurled wheel was mounted on the shaft of the motor 
drive which protruded the side of the chamber.  A rod of 0.25 diameter approximately 3” long was held 
just above the 3” rotating wheel using drill chuck with a 3-lb. load on it.  Various types of rods and 
energetic dust materials were tested.  
 
 
Procedure 
 
The pre-weighed dust sample (above its minimum explosive concentration 1,5 ) was first placed at the 
bottom of the chamber.  The rod material was raised using a pulley mechanism before the test chamber 
was closed.  The electric motor was turned on to start the contact wheel.  Pressurized air from the test 
chamber nozzle dispersed the sample dust uniformly while the metal rod was dropped to make contact 
with the rotating wheel.  The contact time was controlled manually by the operator.  Ignition of the dust 
cloud was observed through the view mirror. 
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Results 
 
The results of the first study of metal-to-metal sparking test are summarized in Table 1. The 1018 Mild 
Steel and all three types of stainless steel rods produced visible spark at the minimum (wheel rotation) 
speed. Both aluminum rods did not produce spark at the maximum wheel speed available. The metal 
sparking threshold for the initiation of the five different propellant dusts and two carbonaceous dusts are 
also shown in Table 1. The contact time between the metal rod(s) and rotary wheel was about 1 second. 
The contact of the Aluminum rod material with the rotating 304L stainless steel wheel did not ignite the 
dust under test conditions. The metal-to-metal sparks from the other steel and stainless steel rod ignited 
the dusts tested. 

Figure 1.  Modified 20-L chamber – setup for first study 
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Setup – Second Study 
 
The aim of this test was to determine the ignitability of flammable vapor when the pairs of metal strikers 
with or without application of aluminum paste  (aluminum/mineral spirits) were tested. 
  
A 4.5 ft3 (127 liter) cylindrical shape chamber shown in Figure 2 was used as the explosion chamber.  The 
chamber was equipped with; a horizontal rotary blade with an attachment head (striking head) and driven 
by a 1 HP up to 3450 RPM motor. A manifold is constructed to hold the plate material vertically inside 
the chamber while an air actuator cylinder fixture is used to move the plate forward against the rotary 
blade  (striking head).  The chamber is also equipped with a vapor/gas/air circulating fan, a set of 
electrical electrodes for providing electrical spark, a thin transparent plastic sheet to cover the explosion 
chamber and provide explosion venting. 
 
An oxygen bag is utilized for an enriched oxygen (at atmospheric pressure) environment.  Both 
release/removable striking head and contact plate materials are varied to simulate the desired process 
metal-to-metal spark initiation being investigated. 
 
Procedure 
 
For each test series, a striking metal (approximately 1.5” wide x 4” long and variable thickness) was used 
as a “Striking Head” and was secured on one side of the rotary blade.  A counterweight of the same 
material was also secured on the other side of the rotary blade.  The desired amount of oxygen, to bring 
the oxygen level to 50%, was inserted into a plastic bag and then placed inside the explosion chamber.  
Approximately 60-ml of liquid methanol was poured inside the chamber.  Immediately the explosion 
chamber was sealed with a transparent plastic membrane (cover) to provide visibility and relief for the 
explosion pressure.  The oxygen bag was torn to release its oxygen content into the chamber.  The plastic 
bag was then removed through a small port.  The rotary blade motor drive was turned on and the power to 
the motor drive was increased until the blade speed of approximately 2,300-2,400 RPM was achieved.  
The air actuator cylinder pushing the second stationary material (in each set) was activated to align the 
material so that the rotary blade could strike it.  After several attempts of metal-to-metal contact with no 
explosion, an electric spark electrode was connected to the ESD power supply (15kV, 30mA) to generate 
a spark.  The electric spark was used to ignite and demonstrate the presence of a flammable mixture 
within the explosion chamber. 
 
The following pairs of metal material strikers with or without application of process powder were studied. 
 

o 1018 Carbon Steel versus Carbon Steel 
o Brass versus Stainless Steel 
o Aluminum versus Stainless Steel 
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Circulating Fan and Motor Drive 
Spark electrode   Counterweight on Rotating Blade  

(Motor Drive at the bottom)  
 

Figure 2: 4.5 sq ft3 Cylindrical Steel Chamber for Metal-to-Metal Spark Tests(second study) 
 

Gas sampling port 

Tested metal striking 
head Plastic membrane 

chamber cover 

Tested stationary 
metal plate mounted 
on support steel plate 
moves forward (by 
air cylinder not 
shown) slightly 
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Results 
 
The results of the second study of metal-to-metal sparking test are summarized in Table 2. Initial tests at 
ambient O2 levels did not ignite the vapor. Only metal-to-metal spark generation caused by 1018 
Hardened Carbon Steel contacting a 1018 Carbon Steel Plate was of sufficient energy to ignite the 
flammable methanol atmosphere.  Sparks created by Brass on Stainless Steel contact or Aluminum on 
Carbon Steel contact failed to ignite the flammable atmosphere. 
 
Confirmation of a flammable atmosphere after each test was verified by using an electric spark ignition 
source.  The electric spark ignited the flammable atmosphere in all cases where the mechanical sparks 
failed. 
 
Discussion 
 
Metal sparking tests on various metals in several dust cloud environments showed a distinction between 
metals that are relatively safer to use in an explosive dust cloud atmosphere and those that may be unsafe.  
Metals found to present a lower sparking hazard include both 3003-H14 and 6061-T6 Aluminum. Study 
by the US Bureau of Mines showed that Aluminum on rusted steel produced a spark capable of igniting 
methane6. Metals tested that are not well suited to an explosive dust cloud atmosphere include 1018 Mild 
Steel, 304L Stainless Steel, 304 Stainless Steel, and 316 Stainless Steel because of their greater tendency 
to produce ignition. 
 
Previous testing and analysis by SCE showed ignition of dust cloud occurred without using elevated O2. 
Using the new striker assembly, methanol was not ignited until O2 was added. It was assumed that 
methanol would be easier to ignite but it may mean that metal-to-metal spark temperatures may vary 
depending on the striking mechanism. This is a safety issue that should be addressed.  
 
The potential for explosive dust initiation appears to be greater when contact speed with metals is 
increased. At a longer metal contact times (with speed greater than the minimum contact speed which 
would produce sparking for each metal), a greater potential hazard of ignition may also be possible. 
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Conclusions and Recommendations 
 
The metal-to-metal sparking test using the aluminum versus carbon steel and brass versus stainless steel 
coated with or without aluminum paste did not ignite the methanol vapor in an enriched oxygen 
environment under laboratory conditions. Metal sparks created by striking the hardened carbon steel bar 
to a carbon steel plate ignited the flammable methanol vapor environment. Additional testing using 
pyrotechnic dust at ambient O2  and elevated O2  is recommended to determine the if ignition/explosion 
would result since pyrotechnic dusts contained their own oxidizer. 
 
It is evident that the test setup and procedure described in this paper can be standardized for categorizing 
the degree of sensitivity of dust materials to metal-to-metal spark. 
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Abstract: 
 
Numerous container configurations were manufactured and tested to determine whether black powder 
when packaged should be excluded from the explosive category. The tests to determine propagation 
characteristics of several grades of black powder in packages were performed on various container 
configurations, condition and form in which they are offered for transport. 
 
In the test protocol, 1–lb containers of black powder are packaged together in bundles of varying sizes (12 
to 24 containers). The black powder containers are made of either aluminum; polyethylene or metal (tin). 
Observations for explosive propagation and/or mass explosion after initiated were made. 
 
The testing summary performed on various container configurations, geometrical arrangements and 
grades of black powder allowed assessment of the propagating hazard of the black powder.  
 
Introduction: 
 
The classification/division for black powder packaged in various containers and configurations ranged 
from Class 4.1 (Flammable Solids) to Class 1 (Explosive)1. A test protocol developed and approved by 
the United Nation for testing is presented and discussed in this paper. This test protocol recommends 
placing the black powder (and other substances/items) to several class/division for shipping purposes.  
 
Black Powder (BP) has been used for centuries as a propellant and explosive. It is also used in 
pyrotechnic items for igniter and delay compositions and for expelling and propelling charges2.  
 
In the United Nations’ Recommendations on the Transport of Dangerous Goods, it is necessary to test the 
packaged product to determine propagation characteristics of the products. The testing will evaluate the 
potential hazards if the packaged product is involved in a fire. The fire/explosion and its propagation may 
result from internal or external sources.  
 
The items/substance, packaged or unpackaged, provisionally accepted into Class 1- Explosive will further 
be tested to determine which division of Class 1 corresponds most closely to the behavior of the substance 
or packaged product. Class 1 Explosives are subdivided into the following divisions3: 
 
Division 1.1: Substances and articles which have a mass explosion hazards  
Division 1.2: Substances and articles which have a projection hazards but not a mass explosion hazard. 
Division 1.3: Substances and articles which have a fire hazard and either a minor blast hazard or a minor 

projection hazard or both, but not a mass explosion hazard. 
Division 1.4: Substances and articles which present no significant hazard. 
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Division 1.5: Very insensitive substances which have a mass explosion hazard. 
Division 1.6: Extremely insensitive articles which do not have a mass explosion hazard. 
 
The test results will also assess whether the product can be assigned to Compatibility Group S of Division 
1.4 and whether or not it should be excluded from Class 1. 
 
Black powder packaged in various container configurations, conditions and forms were tested the way 
they are intended for transport.  Bulk Black Powder has been classified as 1.1D (granular or pellets) when 
shipped in bulk and 4.1 (flammable solid) when shipped in packaged cans containing not more than 1-lb 
per can. 
 
UNITED NATIONS’ RECOMMENDED TESTING PROTOCOL  
 
United Nation recommends three types of test in the UN’s Manual of Tests and Criteria listed in the Test 
Series 6 to evaluate the potential hazards of the substances and/or packaged products as intended for 
transportation. The Tests Series 6 consisted of the following: 
 
• UN Test 6(a)  Single Package Test 

 
A test on a single package to determine if there is mass explosion of the contents  

 
• UN Test 6(b)  Stack Test 

 
A test on packages of an explosive substance or explosive articles, or non-packaged explosive 
articles, to determine whether an explosion is propagated from one package to another or from a non-
packaged article to another. 
 

• UN Test 6(c)  External Fire (Bonfire) Test  
 

A test on packages of an explosive substance or explosive articles, or non-packaged explosive 
articles, to determine whether there is a mass explosion or a hazard from dangerous projections, 
radiant heat and/or violent burning or any other dangerous effect when involved in a fire. 

 
PROPAGATION TESTING 
 
At this present testing and analysis, the effectiveness of the test designed to determine the propagation 
characteristics of the packaged substances (black powder) was analyzed. 
 
Listed in Table 1 are several grades of Black Powder in various containers/ packaging configurations.  
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Table 1 
 

 
Company 

 
Grade 

 
Container Material 

 
Packaging Configurations 

1 3FG D Black 
Powder 
 

Aluminum Cans 12 – one lb. aluminum cans per box   
(4G box – 11.02”x14.37”x5.9”) 
separated by double wall cardboard liners 

2 3FG Black Powder Plastic Bottles 25 – one lb. aluminum cans per box  
(box – 18”x18”x6”) 

3 4FG GP Black 
Powder  

Metal (Tin) Cans 25 – one lb. aluminum cans per box  
(4G box – 21.5”x9.75”x6.5”) 
separated by cardboard dividers.  

4 3FG GP Black 
Powder 

Aluminum Cans 25 – one lb. aluminum cans per box  
(4G box – 21.5”x9.75”x6.5”)  

5 2FG GP Black 
Powder 

American Aluminum Cans 25 – one lb. aluminum cans per box  
(4G box – 21.5”x9.75”x6.5”) 

6 3FG S Brand Black 
Powder 

Plastic  Containers 25 – one lb. plastics containers per box 
(4G box – 20-1/4”x9-1/4”x7-1/2”)  

7 3FG Sporting 
Black Powder 

Plastic  
Containers 

25 – one lb. plastics containers per box 
(4G box – 20-1/4”x9-1/4”x7-1/2”)  

 
Procedure: 
 
Each of the packaged Black Powder described in Table 1 was tested per UN Test 6(a) – Single Package 
Test. 
 
Each package containing the black powder in the packaging configurations described above was placed 
on a steel witness plate on the ground.  An igniter (nichrome wire coil) was placed in one container at the 
center of the package.  The package was then covered with earth (sand) placed closely around the test 
package to a minimum thickness of 0.5-m confinement, in every direction.   
 
The center container of the black powder was initiated by applying power to the nichrome wire coil 
remotely, and observations were made via closed video/TV circuit. The test was then inspected for 
evidence of thermal effects, projection effects, detonation, deflagration or explosion of the total contents 
of the package. 

Test Criteria and Method of Assessing Results 
 
Mass explosion indicates a candidate for Division 1.1.  Additional UN Tests (6 b and 6c) may be required 
if the test results are not conclusive. Evidence of such an indication includes: 
 

a) A crater at the test site, 
b) Damage to the witness plate beneath the package, 
c) Measurement of a blast, and 
d) Disruption and scattering of the confining material. 

 
The UN Test 6 (b) – Stack Test is waived for the packages that exhibited the following:  
 
(a) the exterior of the package is undamaged by internal detonation and/or ignition or,  
(b) the contents of the package fail to explode or explode so feebly as would exclude propagation of the 

explosive effect from one package to another in the Stack test.  
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UN Test 6(c) – External fire (Bonfire) test is waived if in the Stack test, instantaneous explosion of the 
entire contents of the stack is observed. The packaged product is then assigned to Division 1.1.  
 
 
Results and Conclusions: 
 
The explosion propagation and/or mass explosion (after initiated) of the black powder in various 
containers and packaging configurations vary as summarized in Table 2. Photographs of the Black 
Powder containers (before and after testing) are shown in Appendix A. 
 

Table 2 
Single Package Propagation Test Results 

UN Test 6 (a)  
 

 
Company 

BP  
Grade 

Container 
Material 

# of Cans  
per Pkg. 

 
UN TEST 6(a) 

1 3FG D BP  
 

Aluminum 
Cans 

12 Initiation of center can did not propagate 
to the other cans. 

2 3FG BP Plastic Bottles 25 23 more bottles exploded, 1 bottle 
dented.  

3 4FG GP 
BP   

Metal (Tin) 
Cans 

25 1 adjacent can exploded, other 23 cans 
dented. 

4 3FG GP 
BP 

Aluminum 
Cans 

25 4 adjacent cans exploded, other 20 cans 
dented. 

5 2FG GP 
BP  

American 
Aluminum 
Cans 

25 Propagated and exploded all 25 cans. 

6 3FG S 
Brand  

Plastic  
Containers 

25 Propagated and exploded all 25 
containers. 

7 3FG 
Sporting 

Plastic 
Containers 

25 Propagated and exploded all 25 
containers. 

 
 
As indicated in Table 2, the Black Powder (BP) from one company could be exempted from the Class 1 
Explosive category while the BP from another company should be classified in the Class 1 category. The 
need to clarify the ambiguity of the test results of the UN Test Series 6(a) is evident. Additional effort and 
support from both industries and regulatory agencies would be essential to establish the test method 
criteria to address these issues and provide safe classification for the transport of BP and similar 
substances. 
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Appendix A 
 

Photographs of the Black Powder Containers  
(before and after testing) 

 
4FG Golden Peak BP in Metal 

(Tin) Cans before the test. 
One can initiated and propagated to the 
adjacent can.  Other cans dented/bent 

but did not rupture. 

 
3FG Golden Peak BP in  

aluminum cans before the test. 
One can initiated and propagated 

to 4 more cans. 
 



- 479 - 

3FG Black Powder in plastic bottles before the test. 

 
Propagated and exploded the other 23 bottles. 
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ABSTRACT 
 
The burning properties of an improved propellant torch for landmine neutralization are investigated.  The 
propellant burning process generates an exhaust jet of high-temperature combustion products that can be 
used for landmine neutralization.  The chamber pressure history has been measured inside the torch as it 
burns, as well as the thrust caused by the product jet.  Resonant acoustic oscillations in the burning 
process are also observed.  The peak measured thrust is in agreement with calculations based on a simple 
analysis of the exhaust jet in terms of isentropic flow. 
 
 
Introduction 

 
Propellant torches have been used for 

landmine neutralization for several years [1].  A 
number of torches such as the Propellant Torch 
System (PTS), the Humanitarian Demining torch 
and the Hyper-Heat flare have been developed 
for this purpose.  The performance of these 
torches varies but the basic principle of 
operation is the same: as it burns, the torch 
expels very high-temperature combustion 
products that are used to destroy a targeted 
landmine through a slow burning process.  First 
the hot products penetrate the mine by melting 
and/or burning through the outer casing of the 
mine.  The explosive inside the mine is then 
ignited, and burns in a slow, non-explosive 
manner.  This mode of mine neutralization is 
desirable as it does not generate a destructive 
blast or lethal fragments. 

The propellant torch discussed in the 
present paper was designed to improve upon the 
performance level of other torches in terms of 
casing penetration and explosive-burning ability.  
To accomplish this, the burning of the propellant 
inside the torch has been optimized in several 
ways.  Among the important improvements to 
the burning process is the development of a new 
solid propellant formulation with higher-
temperature products theoretically calculated to 
be over 3700 K.  Other improvements include a 
center-burn configuration which increases the 
burn surface, leading to faster burn rates and 

higher velocities for the jet of products expelled 
by the torch. 

The present paper describes an 
investigation of the burning properties of this 
new propellant torch and presents experimental 
measurements of the burning pressure inside the 
torch as well as direct measurements of the 
thrust resulting from the product jet. 

 
Experimental Details 

 
The propellant torch consists of a 

cardboard tube filled with a solid propellant 
formulation containing Fe2O3, KClO4, 
Aluminum, and C2F4.  The formulation is 
pressed into the tube with heat-resistant fireclay 
plugs at both ends.  One of the plugs has a 
0.37 in.-diameter hole in the center, forming a 
nozzle from which the products can exit.  The 
tube is 2 in. in diameter and 5.5 in. long, and 
contains about 300 g. of propellant (Figure 1).  
To ignite the torch, a piece of cord impregnated 
with black powder is inserted into the nozzle, 
then the segment of cord protruding from the 
nozzle is ignited with an electric match (in green 
in Figure 1). 
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Figure 1.  Picture of propellant torch. 

Two types of diagnostic measurements 
were made on the torch: pressure measurements 
of the products inside the torch, i.e., chamber 
pressure, and thrust measurements of the product 
jet. 

 
The pressure inside the torch was 

measured by attaching a pressure transducer to a 
hole in the back end of the torch leading to the 
combustion chamber.  The transducer was 
coupled to the torch through a tube ( 

Figure 2).  The pressure transducer 
assembly was attached to one end of the tube, 
and the other end was connected to a fitting 
mounted in the back end of the torch (Figure 3).   

 
Figure 2.  Picture of tube used to connect the 

pressure transducer to the torch. 

 

 
Figure 3.  Picture of fitting mounted in the back 

end of the torch. 
 

For thrust measurements, the torch was 
mounted in a horizontal thrust stand (Figure 4).  
The torch was secured to the sliding torch 
support at the right of the picture using hose 
clamps.  During the torch burn, a plume of 
combustion products jetted out of the torch 
towards the right.  The sliding torch support was 
pushed against the load cell at the left of the 
fixture, thus providing a thrust measurement.  
Since the thrust stand was horizontal, the 
measurement was independent of the weight of 
the sliding part of the stand.  A picture of the 
torch mounted on the thrust stand is shown in 
Figure 5. 

 

Figure 4.  Picture of thrust stand. 
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Figure 5  Picture of the torch mounted in the 

thrust test stand. 
 
Results and Analysis 
 

Measurements of the chamber pressure 
inside the torch cavity are shown in Figure 6.  
After ignition at zero time, the pressure 
increased slightly as the ignition cord inside the 
nozzle burned.  The pressure was observed to 
increase rapidly from 1 to 2 seconds.  This was 
likely due to the ignition of the propellant.  At 
about 3 seconds, oscillations between 25 to 
30 Hz appeared and persisted until about 
5 seconds.  These oscillations may have been 
due to acoustic resonance in the torch cavity 
driven by coupling between burning in the 
cavity and turbulent instabilities at the nozzle.  
After the oscillations subsided, the pressure 
continued to increase to about 15 psig at 
8 seconds. The pressure finally dropped off after 
at about 11 seconds as the propellant was 
consumed and the burning died off.   

 
Figure 6.  Chamber pressure history for the 

propellant torch 
 
The thrust was observed to increase 

steadily from about 2 to 3 seconds (Figure 7).  
The thrust history in Figure 7 shows the thrust 

values as negative due to the configuration of 
the load cell.  The actual thrust values are the 
positive values of those shown.  At about 3 sec, 
oscillations appeared in the trace.  An expanded 
view of the oscillations (Figure 8) shows them to 
be very regular, emphasizing the resonant nature 
of the phenomenon.  These oscillations are 
identical in frequency to those observed in the 
chamber pressure (Figure 6), and are likely due 
to the same resonant phenomenon.  The thrust 
continued to increase, reaching a maximum of 
about 8 lbf at about 8 seconds after ignition 
(Figure 7).  It then decreased as the propellant 
burning died off.  

 

 
Figure 7  Thrust history during the torch burn. 

 
Figure 8.  Expanded view of burning oscillations 

in the torch. 

A simple analysis of the torch jet can be 
performed by assuming isentropic flow through 
the nozzle.  First, a thermo-chemical equilibrium 
calculation of the constant pressure combustion 
process is performed using CEA [2].  The 
stagnation temperature TO, the gas constant R, 
and the ratio of specific heats k were thus 
calculated.  Using the relation for isentropic 
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flow with the additional assumption of 
negligible fluid velocity in the chamber 
compared to the nozzle velocity [3]: 

 

v = 2k
k −1

RTO 1− p2

p0

 

 
 

 

 
 

(k−1)/ k 

 
 
 

 

 
 
 

, 

 
the exhaust velocity of the nozzle was calculated 
as a function of chamber pressure.  The exit 
pressure is denoted by p2 and the chamber 
pressure is denoted by p0.  In addition, the thrust 
was also calculated by multiplying the exhaust 
velocity by the mass flow rate.  The results are 
shown in Figure 9. 
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Figure 9.  Calculated exhaust velocity and thrust 

as a function of chamber pressure. 
 
The calculated exhaust jet properties are in good 
agreement with the measured thrust.  For 
example, at a peak chamber pressure of 15 psig, 
the calculated thrust is 7.2 lbf which is within 
the span of peak measured thrust between about 
4 and 8 lbf (Figure 7).  The corresponding peak 
exhaust velocity is found to be over 3500 ft/s. 
 
 
 
 
 
 
 
 
 
 
 

Conclusions 
 

Using a new propellant formulation and torch 
configuration, a strong jet of hot combustion 
products was achieved.  The jet was associated 
with peak measured chamber pressures of about 
15 psig and peak measured thrusts of about 
8 lbf.  Simple analysis of the exhaust jet 
assuming isentropic flow yielded thrust results 
in good agreement with measured values and jet 
velocities over 3500 ft/s.  These jet properties 
lead to improved heat transfer to an 
impingement surface and consequently improve 
the penetration ability of the torch. This is 
discussed in more detail in a closely-related 
paper by the present authors on the heat transfer 
properties of the torch presented in these 
conference proceedings. 
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ABSTRACT 
 
In the present work, the heat transfer properties of a propellant torch are investigated through 
experimental measurements of the temperature rise of a target plate and numerical simulations of the heat 
diffusion process.  The heat transfer is analyzed by comparing the temperature measurements with 
transient two-dimensional simulations of the heat diffusion in the plate using different heat source 
configurations to model the impinging product jet.  Preliminary results suggest that dynamic effects such 
as the fluid flow characteristics of the impinging jet as well as erosion of the plate material may play an 
important role in the heat transfer process. 
 
 
Introduction 

 
Small, portable flares containing 

pyrotechnic mixtures as a fuel have found many 
specialized applications such as metal cutting 
and, in particular, landmine neutralization [1].  
The ability of the flares, also known as 
propellant torches, to neutralize a landmine in a 
non-explosive burning mode depends mainly on 
the heat transfer rate between the impinging hot 
product jet from the torch and the landmine 
surface.  Higher heat transfer rates result in 
faster melting and penetration of the landmine 
casing and faster burning of the explosive inside 
the mine.  Hence, understanding the heat transfer 
process is important in optimizing the torch 
performance.  

The propellant torch discussed in the 
present paper was designed to improve upon the 
performance level of other torches in terms of 
casing penetration and explosive-burning ability.  
The heat transfer between the torch jet and the 
landmine has primarily been optimized by using 
a new propellant formulation with higher-
temperature products (theoretically calculated at 
over 3700 K) and a higher jet velocity [2].  

The present paper describes an 
investigation of the heat transfer characteristics 
of the torch through experimental measurements 
of temperature history in steel plate targets as 
well as numerical modeling of the process.  

 

Experimental Details 
 
The propellant torch consists of a 

cardboard tube filled with a solid propellant 
formulation containing Fe2O3, KClO4, 
Aluminum, and C2F4.  The formulation is 
pressed into the tube with heat-resistant fireclay 
plugs at both ends.  One of the plugs has a 
0.37 in.-diameter hole in the center, forming a 
nozzle from which the products can exit.  The 
tube is 2 in. in diameter and 5.5 in. long, and 
contains about 300 g. of propellant.  Additional 
details on the torch are given in [2]. 

Two types of diagnostic measurements 
were made on the torch: flame temperature 
measurements using a five-band radiometer, and 
temperature history measurements at various 
locations on a steel target plate being impinged 
upon by the torch jet.   

The flame temperatures were measured 
using a five-band radiometer placed at a distance 
of about 16 ft from the torch.  During the torch 
burn, the radiometer captured the light from the 
hot combustion products in the jet.  The relative 
intensity of the light at five different 
wavelengths were processed and converted to a 
gray-body temperature.  One of the main 
advantages of this configuration was that it was 
non-intrusive to the torch burning process. 

To study the heat transfer characteristics 
of the torch, the temperature was measured at 
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eight locations on mild steel (A36) target plates 
placed in front of the torch jet.   

The steel target plates were square with 
a dimension of about 12 in.  Two plate 
thicknesses of 1 in. and 0.5 in. were used. 

Thermocouples were welded to the 
backside of the plate at positions shown in 
Figure 1.  The center of the plate was chosen as 
the origin, and the coordinates of each 
thermocouple are shown in Table 1. 
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Figure 1.  Layout of thermocouples on target 

plate. 
 

Table 1.  Coordinates of thermocouples. 

Thermocouple x (in) y (in)
1 0 2.5 
2 0 1 
3 0 0 
4 0 -1 
5 0 -2.5 
6 -1.5 0 
7 1.5 0 
8 -3 -3 

Once the thermocouples were welded 
onto the target plate, the plate was placed 
horizontally on two cinder blocks (Figure 2).  
The top of the plate (without thermocouples) 
faced upwards and the backside faced 
downwards.  The torch was held inside a robust 
steel stand and the nozzle was aimed at the 
center of the plate.  The standoff distance 
between the nozzle and the plate was varied 
from 0.5 to 2 in.  The torch was slightly inclined 
at an angle of about 4° in the “y” direction 

(aimed slightly towards thermocouple 2 on the 
backside of the plate).  This was done to 
minimize the build-up of molten slag from the 
combustion products on the plate.  The 
experimental arrangement permitted 
simultaneous measurements of the chamber 
pressure [2].  The tube from the pressure 
transducer leading to the back of the torch can 
be seen in Figure 2.  Two of the thermocouple 
leads can also been seen protruding from the 
backside of the plate. 

 
Figure 2.  Picture of the torch setup for heat 

transfer tests. 
 
Results and Analysis 
 

A typical flame temperature history is 
shown in Figure 3. Immediately after ignition, 
the torch jet intensity was too low to be 
measured by the radiometer. After about 
1.5 seconds, the light intensity increased to a 
sufficient level for measurement.  Peak 
temperatures of nearly 3200 K were observed 
for a couple seconds, then the temperature 
stabilized at about 3000 K from 4.5 sec to the 
end of the burn at about 12 sec.  These measured 
temperatures were lower than the calculated 
constant-pressure combustion temperature of 
about 3700 K calculated using the thermo-
chemical equilibrium code CEA [3].  This may 
be due to cooling of the torch jet as the products 
mix with the surrounding cooler air. 
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Figure 3.  Flame temperature history for the 

torch 

The temperature histories measured on 
the backside of the steel target plate showed the 
radial spreading of heat from the impingement 
point by conduction. Temperature histories from 
thermocouples 1 (green), 2 (blue), and 3 (red) 
are shown in Figure 4 for a test where the torch 
was placed at a standoff distance of 0.5 in. from 
a 0.5 in-thick steel plate.  The temperature on 
Thermocouple 3 increased rapidly since it was 
located directly behind the impingement point of 
the torch jet.  At about 8 sec., the torch 
penetrated the plate and destroyed the 
thermocouple as indicated by the sharp vertical 
break in the curve.  Thermocouple 2 showed a 
steady temperature increase to a plateau of about 
450°C, and Thermocouple 1 which was furthest 
away from the impingement point, increased to a 
maximum of about 170°C. 

 
Figure 4.  Temperature histories for 

Thermocouples 1, 2, and 3 on a 0.5 in-steel 
plate. 

To further elucidate the mechanisms of heat 
transfer in the impinging torch jet, numerical 
simulations of the heat diffusion in the target 

plate were performed using the Eulerian shock 
physics code CTH developed by Sandia 
National Laboratories.  In preliminary numerical 
experiments, the torch jet was modeled as a 
constant –temperature, localized heat source 
(Figure 5).  The configuration on the left 
consists of a cylindrical heat source in contact 
with the plate, which is intended to simulate the 
jet impingement without erosion of the plate 
material.  The configuration on the right shows a 
heat source with a conical intrusion into the 
plate, which is intended to model erosion of the 
plate material as the torch melts away material. 
 

Figure 5.  Schematic of heat source 
configurations used in simulations (not to scale). 
 
For a temperature marker located 1 in from the 
impingement point (Thermocouples 2 and 4), 
the simulation using a cylindrical heat source on 
a 0.5 in-thick plate was found to overshoot the 
measured temperature histories significantly 
(Figure 6).  For a temperature marker located 
1.5 in from the impingement point 
(Thermocouples 6 and 7), the simulation does 
not overshoot the measured histories and more 
closely matches the shape of the profile 
(Figure 7).  This suggests that heat transfer 
characteristics of the torch jet, i.e., close to the 
impingement point, are not well represented by a 
cylindrical source.  As the heat diffuses further 
away from the source and source effects are 
weaker, the agreement improves. 
 

constant-
temperature
heat source

target plate
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Figure 6.  Simulation of temperature histories 

1 in from impingement point compared to 
measured temperature histories. 

 
 

 
Figure 7. Simulation of temperature histories 
1.5 in. from impingement point compared to 

measured temperature histories. 
 

In order to more closely model the 
erosion of plate material during the torch burn, a 
conical intrusion was implemented in the heat 
source (Figure 5).  Results show a slightly closer 
agreement between the simulations and 
measured results (Figure 8). 

 
Figure 8.  Simulation of temperature histories 

1 in. from impingement point with a conical heat 
source compared to measured temperature 

histories. 
 

Conclusions 
 
The preliminary numerical simulations 

of the heat transfer between the impinging torch 
jet and the target plate showed that heat 
diffusion was qualitatively reproduced.  Closer 
to the impingement point, the difference 
between the simulated and measured results was 
greater, suggesting that the simplified heat 
source model used in the simulations did not 
accurately simulate the convective heat transfer 
of the jet.  Using a conical heat source model 
that more closely captured the erosion of plate 
material during burning yielded a closer 
agreement with the measured temperatures.  
This suggests that it may be important to model 
the fluid dynamics of the impinging jet and the 
plate erosion to accurately model the heat 
transfer process.  Clearly, additional work is 
necessary to further explore the heat transfer 
process.   

Planned future work includes analysis of 
the torch using Nusselt number correlations and 
complete modeling of the jet dynamics.  
Investigations of the effect of standoff distance 
of the nozzle from the target plate are also 
planned. 
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ABSTRACT 
 

 
The radiometer is a valuable tool for the remote measurement of the chemical and thermal properties of 
many systems, and is used in a wide range of fields from atmospheric sciences to explosion dynamics.  
Radiometric measurements are typically performed at a few select wavelengths of interest, at sampling 
rates below 1000 samples/second.  However, these performance specifications are inadequate for 
explosive phenomena which are typically only a few milliseconds in duration, and contain thousands of 
chemical species. 
 
In this work, we describe the development of a high-speed radiometer capable of measuring 1024 
individual bands within the visible spectrum at sampling rates over 200 kilosamples/second.  The high 
speed of this device makes it particularly well suited to dynamic measurements of explosive events.  
Moreover, it has the unique capability to not only perform accurate gray-body temperature measurements 
that are virtually immune to molecular absorption and emission, but also can provide fast spectroscopic 
measurements of individual chemical species.  The key components of the system are a linear filter, a 
photodiode array, and a high-speed data acquisition system. 
 
 

INTRODUCTION 
 
 
The temperature of an object can be remotely sensed by examining the spectral distribution of the 
radiation emitted by the object.  The intensity of the light emitted by an object as a function of wavelength 
and temperature is given by Planck's radiation formula: 
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Where: λε  =  Emissivity as a function of wavelength 
  λ =  Wavelength (meter) 
  T = Temperature (kelvin) 

 c1 =  3.742x10-16 (watt-meter2) 

  c2 =  1.439x10-2  (meter-kelvin) 
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The emissivity of an object is the intensity of light emitted by an object divided by the intensity of light 
emitted by a blackbody (perfect radiator) at the same temperature.  Figure 1 shows the spectral 
distribution of the light emitted by a blackbody (emissivity of 1) at various temperatures. 
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Figure 1.  Intensity of light emitted from a blackbody versus wavelength at various temperatures. 

 
 

DETERMINING TEMPERATURE FROM SPECTRAL CHARACTERISTICS 
 
 
There are a number of ways of determining temperature by examining the spectral distribution of 
radiation from an object.  The peak of the curve shown in Figure 1 shifts to the left (wavelength 
decreases) as temperature increases.  The difficulty with using this peak in identifying temperature lies 
with obtaining the peak wavelength.  Any deviations from the gray-body curve can create errors in the 
measured value.  Even with an ideal gray-body curve, accurate identification of the position of the peak is 
made difficult by the fact that the slope is very shallow in the area around the peak. 
 
Another approach is to measure the total amount of energy emitted over a specific wavelength interval, or 
in other words, the area under the curve shown in Figure 1.  This method requires knowledge of the 
emissivity of the material that is being measured, or an "average" emissivity if multiple materials are 
present.  Also, significant error is introduced if the light is obscured by the medium it passes through 
before reaching the detector. 
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A superior method for measuring temperature is to utilize curve-fitting techniques to identify which gray-
body curve best fits the entire spectrum measured.  This way, all measured wavelengths are utilized in 
determining the temperature, which minimizes the effect that deviations have on the measurement, even 
when they are at the peak.  The more wavelengths utilized to generate the spectral curve, the more 
accurate the temperature measurement becomes. 

 
This method has several advantages.  First, the emissivity of the object does not have to be known, which 
is particularly helpful if the object is composed of several materials.  Second, the emissivity can change 
with time and temperature and will not have any impact on the measurement.  Finally, the medium 
between the source and detector can absorb some or even most of the signal without affecting the 
measurement (as long as there is no spectral absorption taking place).   
 
This method has been proven on high-speed high-temperature events with several instruments built by 
Applied Research Associates on a variety of test programs over many years.  The most useful instrument 
measures the light intensity at five different wavelengths in the visible and near-infrared regions.  In this 
case, simple ratios between the various wavelengths (10 possible combinations) are utilized to 
characterize the shape of the spectral distribution curve.  The five-band instrument has a response time of 
3 microseconds and measures temperatures between 1,000 and 10,000 kelvins.  Figure 2 shows the 
instrument.  It utilizes a zoom lens and beam-splitters to measure the light at five different wavelengths 
and to display the field of view on a video monitor. 
 
By measuring a very large number of wavelengths (instead of just five), two benefits are realized.  First, a 
very accurate measurement of temperature is realized, even in situations where multiple and serious 
deviations from the gray-body curve occur.  The second benefit is that analysis of the deviations from the 
gray-body spectrum provides the opportunity to identify the chemical species that are causing them.  
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Figure 2.  High-speed high-temperature temperature measuring system. 

 
 

INSTRUMENT DESIGN 
 
 
A block diagram of the instrument developed and used by Applied Research Associates Inc. is shown in 
Figure 2.  A 1024-element photodiode array is used to measure the intensity of light that passes through 
the linear variable filter.  Each element receives a narrow spectrum of light centered at a wavelength that 
corresponds to the element’s position in the array.  The photodiode array simultaneously samples the light 
for all elements utilizing shift registers.  After sampling, the signals are shifted to one of sixteen different 
output lines where they are recorded by a 16-channel analog-to-digital converter (ADC). 
 
 



- 629 - 

PHOTODIODE ARRAY

DATA ACQUISITION SYSTEM

LINEAR
VARIABLE
FILTER

AMPLIFIER TIMING CONTROL AND
POWER REGULATORS

POWER
SUPPLIES

16 VOLTAGE
LEVELS

TRIGGER
CLOCK
SIGNAL

TRIGGER

16 OUTPUT
SIGNALS

 
 

Figure 3.  Block diagram of instrument. 

 
This method minimizes the time it takes to transfer the data from the photodiode array to the digital 
recording system.  It also makes each element of the sampled spectrum correspond to the same instant in 
time, even though the signal is recorded using multiplexing techniques.  The maximum sample rate of the 
photodiode array is one 1024-element spectrum every 4 microseconds.  Currently, the maximum 
sampling rate of the system is limited by the ADC with which it is coupled to one spectrum every 24 
microseconds.  This ADC has a vertical resolution of 12 bits and is capable of recording 8192 spectra. 
 
The photodiode array requires various voltage levels and timing signals which are generated by the timing 
control and power regulator board.  The timing signals are synchronized with the data acquisition system 
to ensure that the signal is sampled at the proper time.  Since the signals are multiplexed, this is very 
important. 
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The photodiode array is constructed from silicon and therefore is sensitive to wavelengths from 400 to 
1000 nm.  The linear variable filter was selected to match these wavelengths giving a spectral resolution 
of 0.59 nanometers per element.   
 
The data collected by the ADC is sampled as fast as the system allows.  Therefore, no attempt is made to 
arrange the multiplexed data in final form as it is being recorded.  Post-test, the data is processed into a 
presentable form.  A three-dimensional graph is generated with wavelength and time as the X and Y axes 
and light intensity as the Z axis.  Figure 3 shows an example of this data format.  If sliced in one 
direction, a two-dimensional plot of the light intensity versus wavelength for a given instant in time 
results.  When sliced in the orthogonal direction, a two-dimensional plot of light intensity versus time for 
a specific wavelength results. 
 
 
 

 
Figure 3.  Example data plot showing light intensity as functions of wavelength and time. 

 

 
INSTRUMENT CALIBRATION 

 
The instrument was calibrated using two sources, a HeNe laser at a wavelength of 633 nanometers and a 
YAG laser diode at 532 nanometers.  The element in the photodiode array that responded most to each of 
these sources was recorded.  The difference in wavelength between these two sources was divided by the 
number of elements to give a calibration factor.  With this information, the center wavelength for each 
element was calculated.  The calibration was confirmed by measuring the spectra from a quartz-halogen 
lamp and the Sun.  The results were compared with the expected spectra in order to verify the calibration 
derived from the laser sources. 
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CURRENT STATUS 
 

The original instrument was constructed using an off-the-shelf linear variable filter.  The physical size of 
the filter did not match the size of the photodiode array.  Therefore, a lens was used to focus an image of 
the filter onto the array.  This approach kept the cost of the original system down and allowed field tests 
to be performed, which allowed verification of the system concept. 
 
Subsequently, it was decided to replace the off-the-shelf linear variable filter with a custom filter that 
physically matches the size of the photodiode array.  This improves the light gathering capability of the 
instrument and significantly reduces the physical size of the system.  The filter is currently under 
construction.  Once completed, it will be installed into the system and recalibrated.  Then, the system will 
be used in a field environment to prove the capabilities of the enhanced system.  
 
 

CONCLUSION 
 
The 1024-band radiometer has been constructed and proven in a field environment where fast, high-
temperature events occur.  It is capable of measuring temperatures with a high degree of accuracy.  It also 
provides the data necessary for analysis of the presence of various chemical species by inspecting the 
variations in the gray-body curve.  It is capable of measuring up to 250,000 spectra per second with each 
spectra ranging from 400 to 1000 nanometers with a resolution of 0.59 nanometers.   
 
 

REFERENCES 
 

1.  William L. Wolfe and George J. Zissis.  1989.  The Infrared Handbook, Ann Arbor, Michigan, 
Environmental Research Institute of Michigan. 

 
2.  Robert T. Lynch .  2000.  High-Speed Measurement of High-Temperature Events, 47th International 

Instrumentation Symposium. 



- 632 - 

 



- 285 - 

Ultra-Fine and Nanosized Oxidizers and Metals: 
Thermal Properties and Use in High Energetic Compositions 

 
 

A.Pivkina1, Yu.Frolov1, S.Zavyalov2, D.Ivanov1, J.Schoonman3, A.Streletskii1, P.Butyagin1 
1Semenov Institute of Chemical Physics, Russian Academy of Science, Moscow, Russia 

2Karpov Institute of Physical Chemistry, Moscow, Russia 
3Delft Institute for Sustainable Energy, Delft University of Technology, Delft,  

The Netherlands 
 

 
ABSTRACT 

 
In a search for new high performance energetic compositions nanosized and ultra-fine 

powders have been identified as promising ingredients for solid propellants and explosives.  The 
purity, thermal stability, and combustion behavior of such ingredients are very important for the 
realization of their advances (very high specific surface, high chemical reactivity, decreased size of 
the solid combustion products).  Ultra-fine ammonium perchlorate and nanosized aluminum were 
produced by high-energy ball milling process. In order to characterize ultra-fine and nanosized 
materials, X-ray diffractometry, atomic force microscopy, transmission electron microscopy, and 
TG/DTA analyses were performed. Burning rate for the model solid propellant with ammonium 
perchlorate and aluminum has been studied. A relation between the thermal behavior and steady 
combustion parameters and the ingredient’s particle size in the range of 10-3 to 10-9m is obtained.   

 
 

1. Introduction 
 
In comparison to conventional micron-

sized ingredients, ultra-fine components, 
which have an equivalent size of ten to few 
hundred nanometers, and nanosized powders 
with the equivalent size less then 100nm, can 
increase the burning rate, prevent 
agglomeration, and enhance the specific 
impulse of solid rocket propellants [1-3].  The 
high level of the surface area, and the very 
high concentration of different defects, i.e., 
dislocations, point defects, grain boundaries, 
etc., are usually accounted for the deviations 
of the properties of ultra-fine and nano-
powders from conventional micrometer ones. 
Previously, the thermal properties of nanosized 
ammonium nitride, hexogen and nano-
aluminum were reported [4, 5]. Ammonium 
nitride and RDX were produced by cold-wall 
vacuum co-deposition technique, and 
aluminum powder by high-energy ball milling.  
The present paper presents the particle size, 
morphology and thermal behavior of ultra-fine 
ammonium perchlorate and nano-sized 

aluminum powders. Combustion parameters of 
model composite propellants containing ultra-
fine AP and nanosized Al are reported.  

 
2. Experimental 
 
2.1. Materials 

 
Ultra-fine ammonium perchlorate 

powder (UDP) was produced by high-energy 
ball milling process with lecithin addition 
(3w%). Micron-sized AP powder (MAP) with 
the particle size 10µm (TU6-02-736-73) was 
used for comparative study. Nano-sized 
aluminium powder (NA) was produced by Dr. 
I.Kolbanev (Semenov Institute of Chemical 
Physics, RAS). Micron-sized aluminium (MA) 
powder (PP-1, GOST5592-71) blended with 
10w.% of graphite (MGP, specific surface of 2 
m2/g) was used as a comparative powder and a 
precursor for the mechanical attrition process, 
which results in nano-sized Al powder. Details 
of this process have been reported previously 
[6].  
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2.2. Physical Measurements 
 
X-ray diffraction patterns were 

obtained at room temperature using a Rigaku 
“Geigerflex” X-ray diffractometer, employing 
CuKα radiation. Samples were finely ground; 
the diffraction angle of 2θ was scanned at a 
rate of 20/min. The average particle size was 
calculated by using the Sherrer equation. The 
morphology of the nanocomposites was 
observed by transmission electron microscope 
TEM (JEM-2000 ЕХ-II) at 200кV. The 
surface morphology and composite structure 
were studied by AFM (SOLVER-P47) with an 
etched silicon cantilever having a tip radius of 
10nm and 20o apex angle. Data were taken in 
ambient air with a contact force of 10-10N. To 
study the microstructure of pressed samples 
made of the conventional and nano-powders 
the optical microscopy was performed 
(LUMAM-2I, LOMO). 

Thermogravimetry (TG) and 
differential thermal analysis (DTA) were 
carried out on a MOM Q-1500 Thermal 
Analyzer. The sample was placed in an 
alumina crucible and studied under air 
atmosphere. The sizes of samples were 
selected in the range of 100 to 200mg. α-Al2O3 
was used as a reference in this technique. The 
heating rates were 2.5, 5, 10, and 200min-1. To 
confirm the baseline of TG-DTA, experiments 
using the same heating profiles were 
performed on two empty pans.  

The experimental investigations of 
burning rate and combustion of compositions 
AP/Al/C were conducted using a constant 
volume bomb pressurized with nitrogen. 
Samples for the combustion experiments were 
pressed pellets made of (i) micron-sized AP 
and Al, with addition of 4%C (0.1% ash, 
99.9%C, Fluka) to comply with the Al/C 
nanocomposite composition, and (ii) ultra-fine 
AP and nano-sized Al/C powder. The density 
of the pellets was about 2g/cm3, which was 
99.7-96.0% of theoretical maximum density. 
The size of the pellets was 8mm in diameter 
and 5mm in length. The ignition was 
conducted using an electrically heated Ni-Cr 
wire set on top of the pellet. The combustion 
wave propagation was recorded with a video 
camera through a transparent quartz window. 

The temperature profiles in the combustion 
wave were measured with W/Re micro-
thermocouples, which were embedded within 
the pellets. Data acquisition board L-154 was 
used to collect the measuring data to PC.   

 
3. Results and Discussion 
 
3.1. Chemical Purity, Particle Size and 

Morphology 
 
3.1.1. Ammonium Perchlorate 

 
Figure 1 shows the X-ray diffraction 

patterns of MAP powder and mechanically 
graded UDP, which are found to be almost 
identical. The average size of UDP particles, 
determined from XRD line broadening at 
2Θ=19.50, was 35nm. The optical image of 
conventional MAP powder is presented in 
Figure 2. Particles of this powder are fine 
crystalline, with an average particle size about 
10 microns. It is difficult to distinguish 
separate particles of UDP because they form 
large agglomerates. To characterize the UDP 
particle morphology, atomic force microscopy 
was used. Figure 3 shows the AFM image of 
this powder: it is clear that most of the 
particles are nano-sized with an average 
particle size below 100nm. At the same time, 
several particles of about a hundred 
nanometres were observed during AFM 
analysis.  

 
3.1.2. Aluminum 

 
The particle size distribution of the 

aluminum precursor powder MA is multi-
modal (Figure 4) with an average mass 
diameter of 97 microns. The optical image of a 
typical particle is presented in Figure 5a.  

 AFM images show that NA powder 
consists of nanoparticles of 10-50nm (Figure 
5b). TEM studies reveal the aluminum 
nanoparticles to have a size of 20-50nm and 
randomly distributed within graphite “threads” 
(Figure 6a), which in turn form aggregates of 
3-5µm (Figure 6b).   

Table 1 presents the BET specific 
surface and the active aluminum content 
(volumetric method) of the precursor MA 
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powder and the mechanically activated NA 
powder. Considerable increase in BET surface 
entails with the decrease in the active metal 
content with the metal particle size decreasing. 

 
3.2. TG-DTA Results 
 
3.2.1. Ammonium Perchlorate 

 
Two powders of AP of different 

particle size were thermally analyzed by TG-
DTA technique. Figure 7 shows TG-DTA 
curves for the conventional MAP powder and 
UDP powder for different heating rates, i.e., 
2.5, 5.0, and 10 degrees per minute. TG curves 
for MAP show a smooth mass loss 
accompanying the broad exotherm peaks, the 
first of them with onset temperature 2500C, 
whereas the second one with larger area starts 
at 3500C. TG curves for UDP powder show a 
sharp two-step mass loss with the two sharp 
exotherms on DTA curves. First exotherm fits 
to 20% mass loss with an onset temperature 
310-3500C, a second one starts at about 4000C, 
and fits to the thermal decomposition of the 
residual AP.  

The activation energies estimated from 
TG-DTA data [7, 8] for the low-temperature 
and the high-temperature phases of the AP 
thermal decomposition are listed in Table 2. 
Two AP powders behave differently in TG-
DTA regarding the onset temperatures, 
exotherm peaks shape, mass loss stages, and 
the activation energy of the high-temperature 
stage of the thermal decomposition process. 
Table 2 shows the literature data for the 
activation energy of conventional AP powder, 
which is comparatively close to the measured 
data for the MAP under investigation, whereas 
the Eact value for UDP is lower for the high-
temperature decomposition. 

 
3.2.2. Aluminum Nano-Powder 
 
Two stages of oxidation were 

observed at temperatures in the range 500-
7400C and from 7400C to about 10000C for the 
nano-Al powder and precursor micron-Al 
powder (Figure 8). The mass gain for the first 
oxidation stage of the nano-powder is 3,5 
times higher than that of the micron-sized 

powder. A decrease of the activation energy 
for Al oxidation has been found for the nano-
Al powder as compared to that for the 
precursor aluminium powder. The major part 
of aluminium was oxidized below 7400C with 
γ-Al2O3 formation for the activated nano-sized 
powder (Fig. 9), whereas for the micron-size 
powder the major part of aluminium oxidizes 
in the range 740-10000C with predominant 
formation of α-Al2O3. Details of the oxidation 
behavior of two types of Al powder are 
presented elsewhere [10]. 

Many researchers have observed 
multiple peaks of Al nanopowder oxidation. 
Ilyin et al. [11] suggested that several minor 
endotherms of the AlN and AlON formation 
interrupted the large exotherm of Al oxidation. 
X-ray analysis of the MA and NA oxidation 
products after heating up to 7400C and 10000C 
did not prove these compounds formation. 
Figure 8b shows that for both investigated Al 
powders the melting endotherm interrupts the 
first oxidation DTA peak. For the MA powder 
the second oxidation peak in the temperature 
range 800-8800C is interrupted by a minor 
endotherm of the phase transition γ-Al2O3 - α-
Al2O3, whereas for the NA powder this phase 
transition was not found.  

The X-ray diffraction patterns for the 
different stages of Al oxidation (Table 3) 
reveal that at temperatures below 7400C the 
oxidation process of micron-sized aluminium 
blended with 10%C (precursor for high-energy 
ball milling) yields three crystalline phase, i.e., 
carbon, pure aluminium, and γ-Al2O3. After 
the thermal treatment in the temperature range 
20-10000C the oxidation products are mostly 
α-Al2O3, metal Al, and γ-Al2O3 with a minor 
amount of θ-Al2O3.  The thermal treatment of 
nano-sized activated Al powder at 
temperatures below 7400C yields crystalline 
phases of predominantly alumina (γ-Al2O3) 
and pure aluminium. After the oxidation up to 
10000C, no traces of pure aluminium were 
found, and the presence of γ-Al2O3 and θ-
Al2O3 is observed. 
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3.3. Combustion Behavior 
 
3.3.1. Samples 

 
During samples manufacturing the 

dispersion of AP and aluminum powders were 
varied. Table 4 presents the composition and 
porosity of the investigated samples, which 
contain 72%AP/24%Al(MA)/4%C and 
76%AP/24%Al(NA).The overall porosity of 
the investigated samples lies within  0.3-5.2%. 
At least three runs of experiments were 
conducted for every composition; Table 4 
shows the averaged data. 

 
3.3.2. Microstructure – Optical Images 

 
Figure 10a presents the optical image 

of the cross-section of pressed sample #1 
comprising MA and MAP powders. 
Examination of sample #2 (Fig. 10b) with MA 
and UDP powders did not show a visible 
change in the cross-section morphology, both 
structures seem to be similar. Analysis of 
samples ##3, 4, for which the nano-sized 
aluminum powder was used (Fig. 11a,b) show 
that the optical images are considerably 
differing from the previous two, and in turn 
seem to be similar. Thus, the Al powder 
particle size defines the characteristic size of 
the sample structure irrespective of the AP 
particle size.   

 
3.3.3. Burning rate 
 
3.3.3.1. AP/Al Model Solid Propellant  

 
The burning rate at pressure 1MPa was 

determined in nitrogen atmosphere. The 
burning rate was measured by three 
independent techniques, i.e., analysis of the 
pressure-time history, temperature profiles, 
and digitized video-images. Table 4 shows the 
averaged U values for investigated samples. 

The pressure-time history for the 
investigated samples is presented in Figure 10. 
The starting pressure level of nitrogen is 
10atm. It is evident that the burning process of 
samples ##1, 2 is practically identical, in spite 
of the fact that UDP powder is used in sample 
#2 instead of MAP in sample #1. One would 

expect this result, considering the above 
similarity in the microstructure of both 
samples. Analogously, the cross-section 
microstructure of samples ##3, 4 is very 
similar, and the measured burning rate values 
are of the same order of magnitude, but the 
burning rate of compositions with UDP and 
NA is twice higher than that of MAP and NA.   

With total replacement of MA by NA, 
the burning rate of investigated compositions 
with UDP increases one order of magnitude, 
i.e., from 2.5mm/s to 26.5mm/s.  
 
4. Conclusions 

 
Thermal characterization of two 

powders of ammonium perchlorate of different 
particle size, i.e., micron-sized AP and ultra-
fine AP with the average particle size 35nm, 
was performed. TG-DTA results show 
significant differences in onset temperature 
and in the activation energy of the high-
temperature decomposition. Two stages of 
oxidation were observed at temperatures in the 
range 500-7400C and from 7400C to about 
10000C for the nano-Al powder and precursor 
micron-Al powder. The mass gain for the first 
oxidation stage of the nano-powder is 3,5 
times higher than that of the micron-sized 
powder. A decrease of the activation energy 
for Al oxidation has been found for the nano-
Al powder as compared to that for the 
precursor aluminum powder. The burning rate 
of the stoichiometric Al/AP compositions (in 
model solid propellant is mostly determined by 
the aluminum particle size. With total 
replacement of micron-sized aluminum by 
nano-aluminum, the burning rate increases one 
order of magnitude from 2.5mm/s to 26.5mm/s 
for compositions with ultra-fine ammonium 
perchlorate. For compositions with micron-
size ammonium perchlorate the decreasing of 
the aluminium powder particle size from 97 
microns to 10-50nm leads to the burning rate 
increase from 2.7mm/s to 13.5mm/s.  
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Table 1. Specific surface and active metal content of the precursor aluminum and nano-sized 
aluminum (T=200C) 

Micron-sized Al (PP-1) Nano-sized Al 
S, m2/g Active Al content, % S, m2/g Active Al content, % 

3.5 76.1 15.6 56.7 
 

 
 

Table 2. Comparison of AP thermal analysis results. 

Experimental* 
 

Literature [9] 
 

Sample 

T1/T2, 0C E1/E2,  
kJ/mol 

T1/T2, 0C E1/E2, 
kJ/mol 

Micron-sized AP (MAP) 290/395 163.0/91.0 214/330 167.8/99.2 
Ultra-fine AP (UDP) 285/340 173.6/75.8 - - 

* - T1 and E1 – onset temperature and activation energy of the low-temperature decomposition 
* - T2 and E2 - onset temperature and activation energy of the high-temperature decomposition 
 

 
 

Table 3. Quantitative analysis of XRD patterns 

Phase content, wt.% Sample T, 0C 
C Al γ-Al2O3 α-Al2O3 θ-Al2O3 

20 10 90 - - - 
740 10 65 20 - - 

 
90%Micron-sized 

Al/10%C 1000 - 9 28 52 11 
20 10 90 - - - 

740 - 24 76 - - 
 

Nano-sized activated Al 
1000 - - 100 - - 

 
 
 

Table 4. Al/AP compositions: burning rate measurements 

Average particle size Sample # 
Ammonium 
perchlorate 

Aluminum 
Sample 

Porosity, % 
U, mm/s 

1 10µm 97µm 0.30 2.7±0.2 
2 35nm 97µm 2.65 2.5±0.2 
3 10µm 10-50nm 5.20 13.5±0.2 
4 35nm 10-50nm 5.20 26.5±0.2 
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20µm 

 
 

Figure 1. X-ray diffraction patters of a) micron-sized AP powder 
b) ultra-fine UDP powder. 

 
 

 

 

Figure 2. Optical microscopy images 
of micron-sized ammonium perchlorate 

powder (MAP) 

 

2 theta, deg. 

Micron-sized AP 

Ultra-fine AP

a) 

b) 
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Figure 3. Atomic force microscopy image of ultra-fine ammonium perchlorate powder (UDP): 

particles are rather smooth, and the size of some fraction is below 50nm 
 
 

 
Figure 4. Distribution of the precursor aluminium particles (MA). 
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a)                                                                                                     b) 

 
 

Figure 5. a) Before mechanical activation: optical image of the precursor aluminum 
powder (MA). 

b) After  mechanical activation: atomic force microscopy of Al/C nanocomposite powder 
(NA), scan size 300nm*300nm. The average particle size 20-50nm. 

 
 
 
 
 

 
 
 
 
 
 
 
 

 
 

a)                                                           b) 
 
 

Figure 6. Transmission Electron Microscopy images of Al/C nanocomposite powder 
(NA): 

a) light field – image of Al nanoparticles (dark spots) within aggregate formed by carbon 
“threads”; b) dark field – image of Al/C aggregate with Al nanoparticles (white spots). 

Mechanical activation

50 µm 

1 µm
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Figure 7. TG and DTA results 
for micron-sized ammonium 
perchlorate  (MAP) powder 
(solid line) and for ultra-fine 

ammonium perchlorate (UDP) 
powder (dotted line) under air. 
Measurements are made with 

different heating rate: 
a) 2.5  b) 5.0  c) 10.0 degrees per 
minute. 
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Figure 8. TG (a) and DTA (b) results for micron-sized Al and nano-sized Al powder in 
air. The heating rate is 100/min; the amount of oxidized metal is indicated on the plot. 
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Figure 9. X-ray diffraction patterns of aluminium powder at room 
temperature 200C and after heating to 7400C and to 10000C: 

a) precursor mixture of 90% micron-sized Al (MA) with 10%C; 
b) nano-sized Al powder (NA). 
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a)                                                                               b) 
 

Figure 10. Optical images of the cross-section of the pressed samples with  
a) micron-sized Al and micron-sized AP powders (Table 4, sample #1). 

b) micron-sized Al and ultra-fine AP powders (Table 4, sample #2).  
Both structures seem to be identical. 

 
 
 
 
 
 
 
 
 
 
 
 

a) b) 
 

Figure 11. Optical images of the cross-section of the pressed samples with  
a) nano-sized Al and micron-sized AP powders (Table 4, sample #3). 

b) nano-sized Al and ultra-fine AP powders (Table 4, sample #4). 
Both structures seem to be similar. 
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Figure 12. 
Pressure-time 
history of the 

samples (average of 
3 runs for the every 
sample). P=10atm, 
nitrogen, time scale 

– milliseconds. 
Sample numbers 
are indicated on 

the plot 
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MODELLING INFRARED EXTINCTION OF HIGHLY CONDUCTING MICRO AND 
NANO SCALE FIBRES. 

 
Appleyard Paul G. and Davies Nigel.  

 

Department of Environmental and Ordnance Systems, Cranfield University, Royal 
Military College of Science, Shrivenham, Wiltshire, UK, SN6 8LA 

 
As part of a UK MOD funded obscurant research programme, infrared extinction cross sections of 
micro and nano scale metal fibres have been theoretically calculated using a variety of single 
particle electromagnetic scattering models. The principal, and most flexible, model employed was 
the Finite Difference Time Domain (FDTD) numerical method. This method, although 
computationally demanding, allows accurate calculation of infrared extinction spectra of finite 
metal fibres, where the fibre length (L) is of the order of the incident infrared wavelength λ (i.e. 1 
µm to 15 µm) and the diameter (Dfi) is micro to nano scale (0.5 µm to 10 nm). Such high aspect 
ratio, highly conducting fibres offer very high infrared extinction per unit particle mass or volume, 
a performance which is enhanced by the existence of ‘length resonance’ effects. Results were 
compared to those calculated for ‘infinite’ fibres of equivalent diameters using the exact infinite 
cylinder solution (which adequately represents fibres for which L >> Dfi and λ). A study of the 
extinction spectra dependence on particle orientation with respect to the incident radiation is also 
presented, as is the effect of varying the particle conductivity from ~ 102 (insulator) to 108 S m-1 
(highly conducting). ‘Effective’ conductivity corrections to extinction cross section values, due to 
the fibre diameters being of the order of the electron mean free path, have also been attempted. 

INTRODUCTION 

Due to the increasing effectiveness and threat 
of infrared (IR) battlefield sensing equipment, 
much effort has been diverted into formulating 
effective countermeasures. Obscurants can offer 
good attenuation of IR wavelengths provided 
that the particle size, material and geometry are 
carefully selected. In the past a great deal of 
experimental and modelling work was carried 
out to assess the obscuration effectiveness of low 
conductivity particles. Such particles are 
typically produced by a sustained pyrotechnic 
reaction, for example the burning of phosphorus 
which leads to the creation of aqueous 
phosphoric acid droplets (and other derivative 
compounds). Besides being of low 
conductivity[1][2] (and thus low complex 
refractive index N) such particles are also  often 
approximately spherical in geometry with the 
lowest possible aspect ratio of unity. In the case 
of burning phosphorus, the particle size 
distribution is usually sub micron and near 
optimum for very efficient scattering of visible 
light. For efficient scattering of longer 
wavelength IR light, the major dimension (Dmaj) 

of the particles should be of the order of the IR 
wavelengths. Even if the particle size of 
phosphorus smoke droplets is increased to the 
optimum for IR scattering, the extinction 
performance per unit mass (α) or volume (γ) tails 
off rapidly as the mass and volume increases in 
proportion to the radius cubed[3][4]. Use of solid, 
low conductivity particles with low N allows the 
possibility of non spherical geometries. Extensive 
modelling has shown that γ in the IR of very low 
N particles cannot be significantly improved by 
adjusting the particle aspect ratio, as the spectral 
position in the extinction spectrum of the 
scattering peak is essentially proportional to an 
equivalent volume sphere[5]. Thus for a given Dmaj 
of the order of the IR wavelength, increasing the 
aspect ratio by decreasing the minor dimension 
(Dmin) only serves to push the scattering peak to 
shorter wavelengths. As N increases to larger 
values (e.g. silicon) the dependence of the 
extinction spectrum on aspect ratio becomes more 
sensitive, and some nominal γ performance 
advantage can be gained[6] by use of non spherical 
particles. High aspect ratio particles with a 
conductivity of metallic proportions and a Dmaj of 
the order of IR wavelengths are known from 
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theoretical modelling and experimental data to 
possess very large γ in the IR waveband[7]. 

Thin flakes of metal have been tried 
experimentally and found to be very effective IR 
obscurers. A certain amount of theoretical 
modelling of the IR extinction of such particles 
has been performed to date, frequently 
employing a perfect reflector[8][9] or equivalent 
sphere approach[10]. Typically the flakes 
resemble ‘cornflakes’ and are produced in ball 
milling processes. In other work, we carried out 
extensive modelling of the IR extinction of thin 
flakes, where the flakes were described as thin 
discs of diameter DF and thickness T, and 
identified values for these parameters at various 
conductivities resulting in optimum IR 
extinction[11]. We also modelled the IR extinction 
performance of high aspect ratio, cylindrical 
fibres of length L and diameter Dfi, the results of 
which are expanded in this paper. 

A number of single particle scattering models 
were employed to calculate the extinction spectra 
of high aspect ratio metal fibres (principally the 
modern, flexible FDTD numerical method) 
enabling γ to predicted as a function of particle 
conductivity, L and Dfi. When the Dmin of the 
metal fibre (Dfi) is reduced to the order of the 
mean free electron path length (l), there is a 
reduction in effective high frequency 
conductivity (σω) and we have incorporated a 
correction for this in our calculations of γ. We 
demonstrate that the predicted γ for metal fibres 
of optimum Dmaj and aspect ratio is greater than 
the theoretical maximum offered by thin metal 
flakes, and much greater than that physically 
realised by currently available thin metal flakes. 

SINGLE PARTICLE ELECTROMAGNETIC 
SCATTERING MODELS 

A number of single particle scattering models 
were employed to model the interaction of a 
plane electromagnetic infrared wave with a 
single particle in a given orientation. The key 
parameter calculated by these models is the 
extinction cross section (Cext) which is the 
interaction area of the particle with the incident 
radiation, from which radiation intensity is 
removed from the incident path. Often Cext is 
greater than the geometric cross sectional area 
(G) presented to the incident beam by the 

particle, in which case the efficiency (Q, defined 
as Cext/G) is greater than unity. The volume 
extinction coefficient (γ) for an individual particle 
is simply Cext divided by the particle volume. Of 
the models used the most flexible was the Finite 
Difference Time Domain (FDTD) method[12][13]. 
This recently developed numerical method allows 
a scattering target (in this case an obscurant 
particle) to be constructed with an array of three 
dimensional cubes. Each cube can be assigned 
different complex refractive index N (i.e. 
permittivity and conductivity), and also allows 
different values to be set for the x, y, and z 
directions in the cube. Thus an arbitrarily shaped 
scatterer, that is either homogeneous or 
inhomogeneous and with either isotropic or 
anisotropic optical properties may be handled by 
the model. It is therefore possible to model high 
aspect ratio particles with optical properties 
typical of highly conducting materials. As the 
aspect ratio is increased, so the number of ‘grid’ 
cells used to build the particle is increased, and 
therefore so is the computer memory required to 
perform the calculation. 

A further numerical method which proved to be 
of some use was the Method of Moments for a 
Perfect Conductor (MoMPC) )[14][15]. Technically, 
this model solves the surface integral equation for 
scattering by a particle, and thus is one of several 
Surface Integral Equation Methods (SIEM). This 
method can only handle perfectly conducting, 
perfectly reflecting scatterers that are 
homogeneous. A scattering target surface is 
described by a series of nodes and edges that form 
either a closed or open ‘mesh’ and, within reason, 
any arbitrary geometry may be defined. The 
method is significantly quicker than the FDTD 
model, but its biggest drawback is the inherent 
assumption of an infinite conductivity, and thus 
any dependence of γ on conductivity can not be 
quantified. 

The exact analytical solution to scattering by an 
infinite cylinder (Infinite Cylinder Solution ICS) 
was also used[16]. This model has the advantage in 
that it is much quicker than the FDTD method and 
can also handle any value of N and thus 
conductivity. However, it does not handle finite 
fibres directly, but its solution may be considered 
representative of a finite fibre when L >> Dfi and L 
>> incident wavelength (λ). It also cannot handle 
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inhomogeneous particles or anisotropic optical 
properties, although this is not a limiting factor 
to the work presented here. Many useful results 
were calculated using this method, which were 
compared directly to the results for finite fibres 
calculated by the MoMPC and FDTD methods. 

Calculation speed for all the models is 
proportional to available computer RAM and 
processing power. Solutions could be obtained in 
a matter of hours with the ICS and MoMPC, and 
days with the FDTD method using a PC with a 
1.5GHz processor and 500Mb RAM. Larger 
particle aspect ratios can be handled in the 
FDTD method by increasing the available 
memory, and when necessary a SUN Sunblade 
2000 dual processor machine with 2Gb memory, 
and a SUN Origin 2000 multi-parallel processor 
super computer with 20Gb of memory were 
used. 

OPTICAL PROPERTIES OF METALLIC 
CONDUCTORS 

Drude Model and High Frequency Conductivity 

The complex refractive index N is defined as 
the complex quantity N = n + ik, and comes 
directly from Maxwell’s classical 
electromagnetic wave equation. The arguments 
of N (i.e. n and k) are often called the ‘optical 
properties’ of a material, and define reflection 
and absorption of light by a material, as well as 
the scattering and absorption of light by a small 
particle. These optical properties are also 
frequency (and hence wavelength) dependent. 
There are different theories which accurately 
describe the optical properties for various 
material types and their dependence on 
wavelength. At IR frequencies the optical 
properties of metals are characterised by very 
large n values (~ 1 in the near infrared but rising 
rapidly to >30 in the far infrared) and still larger 
k values that increase more rapidly with 
increasing wavelength. Reflectivity is usually 
greater than 90% in the 0.5 to 15 µm infrared 
spectral region and is well described by the 
Drude theory of electron mobility[17]. 

Delving into the mathematics a little, 
Maxwell’s equations[18] lead directly to the 
following expression for the complex effective 
dielectric constant, 
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where σω is the conductivity, ω is the angular 
frequency of the incident light and εr is the real 
part of the complex dielectric constant. At high 
frequencies relaxation effects occur and σω 
becomes a complex quantity which describes the 
phase lag of current density J behind the electric 
field vector E, and is written as 
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where τ is the relaxation time and σο is the low 
frequency electrical conductivity (i.e. the DC 
electrical conductivity at room temperature). The 
effective dielectric constant at high frequencies 
can be rewritten as 
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The real and imaginary parts of rε follow, 
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where ωp is the plasma frequency and Γ = 1/τ. In 
metals at infrared frequencies rε ′  is normally 
extremely large and negative. The arguments of 
the complex refractive index N can be obtained 
from[16], 
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and the reflectivity R from, 
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Figure 1. Optical properties of aluminium, both 

measured[19] and predicted by Drude 
theory. 

Figure 1 displays a plot of optical properties 
against incident wavelength for Aluminium in 
the IR waveband, both measured[19] and 
predicted according to equations (4) and (5) of 
the Drude theory, and an excellent fit of the 
measured data is obtained. The frequency 
dependent conductivity can also be shown to be, 
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where c is the speed of light, this equation 
giving a relation between σω and λ for a given ωp 
and Γ combination. 

Thus, in the Drude theory, different metals are 
characterised by various combinations of ωp and 
Γ values, which results in a slightly different σω 
dependence on λ. Examples of typical σω against 
λ curves for a few common metals are shown in 
figure 2. Generally σω decreases with decreasing 
wavelength, particularly when ωτ becomes much 
larger than 1 (ωτ ≈ 1 at 15 µm wavelength for 
metals). At long wavelengths σω asymptotes to 
σο. 

 
Figure 2. Typical plots of σω at high frequencies 

against λ for a few common metals. 

Mean Free Electron Path Length and Corrections to 
Conductivity 

For a given metal, characterised by a particular 
combination of ωp and γ values, the mean free 
electron path length l remains fairly constant at 
room temperature and is independent of incident 
wavelength. Usually l increases with decreasing 
temperature and can become of the order 10-3 m 
near 0 K. l is related to σο by[17] 
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where me is the electron mass, vf is the electron 
velocity at the fermi surface, n is the number of 
conduction electrons per m3 and e is the electron 
charge. This can be expanded using (2), (7) and 
(8) to give, 
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and l is constant for fixed vf, ωp and Γ values, 
and σω and λ are related by, 

λ
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which is equivalent to equation (7).  
For a fixed wavelength (at room temperature) a 

straight line relationship between l and σω results, 
with l vanishing to zero as σω approaches zero. In 
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the calculations that follow, we adopted values 
of vf  = 1 × 106 ms-1, ωp = 1.78 × 1016 s-1 and Γ  = 
1 × 1014 s-1, which are typical of a conductive 
metal. A σω against λ curve representing such a 
‘typical’ metal is included in figure 2. As the 
conductivity and l decreases, these properties 
will change, moreover for low conductivity 
materials the Drude model may become 
unrealistic. However this basic approach allows 
an estimate of mean free electron path length l to 
be made for a given σo and wavelength in the 
infrared waveband. This is important in allowing 
a correction to the conductivity σo (or σω), which 
reduces as the Dmin of a small particle becomes 
of the order of l. Extinction performance of 
narrow fibres will be reduced when this occurs, 
as the effective conductivity ωσ  of the particle 
will be reduced. Fibres with a minor dimension 
of ~100 nm (0.1 µm) or more will not experience 
a significant reduction in conductivity[16] (and 
associated change in optical properties) from 
electron path length effects. Estimating the ωσ  
when the smallest dimension is less than 100 nm 
and thus of the order of l can be problematical. 
We used the following expression[7] to estimate 
the effective conductivity of fibres with Dfi ~ l, 
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where h is the ratio of the fibre diameter (Dfi) 
to electron mean free path (l) (note x is not the 
size parameter). A significant reduction in 
conductivity and IR extinction is predicted for 
narrow fibres where Dfi ≈ l or less, as will be 
detailed further in the results section. We found 
the following simpler, sigmoid function well 
approximated (11) 
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where a = 2, b = 1 and c = 0.29. 

Optical Property Approximations 

A simple approximation was used for the optical 
properties of metals, which results in a unique pair 
of n and k values for a given σω and λ, thus 
allowing a study of extinction performance as a 
function of electrical conductivity. Without such 
an approximation there are any number of possible 
n and k combinations at a given electrical 
conductivity, corresponding to any number of 
possible ωp and τ combinations, and we wish to 
simplify the relation between n, k and σo. We used 
an Equivalent Conductivity Approximation 
(EQCA), which involved fixing εr´ to 1 and 
recalculating εr´´ at a given wavelength using 

ωεεσ ω ro ′′=′ . Values of n and k are obtained from 
equations (5). 

Figure 3 shows the variation of n, k, and R with 
σο at λ = 10 µm calculated using the EQCA. 
Included on the plot is a data point representing 
the reflectivity (calculated from measured n and k 
values) of aluminium. The FDTD model can 
calculate Cext for metal particles for a given σο and 
wavelength using the corresponding values of n 
and k derived from the EQCA. Thus it is possible 
to calculate the difference in extinction 
performance between two metals with differing σo 
for a given particle geometry. 

 
Figure 3. Plot of adjusted N (n and k) and R against σo  

at λ = 10 µm according to the EQCA 
approximation. Note that n > k at all σo and 
k → n → ∞ and R → 100% as σο → ∞. 

Another similar and simple approximation used 
was the Equivalent Reflectivity Approximation 
(EQRA), which again required εr´ = 1. By solving 
equation (6) for a given R (using (5)), unique 
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values of εr´´ can be obtained, along with values 
for n and k. This approximation results in values 
of n and k which are unique for a given R and λ. 
Both approximations also resulted in more 
consistent convergence of the FDTD algorithm 
used, as convergence was often not obtained 
when k > n, (i.e. when εr´ is negative, as is the 
case for most metals in the infrared region, and 
predicted by Drude theory). These 
approximations result in a value of n that is 
always larger than k as εr´ is fixed to a positive 
value. 

 
Figure  4. Calculation of γ for aluminium spheres of 

2.0 µm diameter for UIL using Mie 
theory, FDTD method and MoMPC 
method. 

VALIDATION, COMPARISON AND TESTING 
OF SCATTERING MODELS 

A program of rigorous checking of the 
scattering models and the optical property 
approximations was undertaken. Calculations of 
Cext and scattering diagrams (i.e. the phase 
function or angular scattering pattern of light 
from a particle) for identical geometries, but 
using different scattering models, were directly 
compared. Numerical method results were 
checked against exact solutions for a sphere and 
infinite cylinder, both using measured optical 
properties and those obtained from the EQCA 
and EQRA. A typical example of one such check 
is given in figure 4, which compares γ calculated 
for aluminium spheres of 2.0 µm diameter using 
Mie theory and the FDTD method and various 
combinations of measured and approximated 
optical properties. An MoMPC calculation is 
also included for comparison. The calculations 
are for unpolarised incident light (UIL). We 

found that the EQCA gave slightly more accurate 
values of Cext for high conductivities, particularly 
for the ICS, than the EQRA and was the chosen 
approximation for the bulk of this work. 

CALCULATION OF Cext AND γ 

It shall be demonstrated in this section that the 
extinction per unit volume of highly conducting, 
high aspect ratio particles far exceeds that of low 
aspect ratio particles of equivalent conductivity, in 
certain cases being up to 2 orders of magnitude 
greater. In-depth results for metal spheres and 
other low aspect ratio geometries are not shown 
here, but figure 4 illustrates typical extinction 
performance one can expect from such particles. 
Depending on the sphere radius a maximum γ of 
~1 to 5 m2/cc in the 1.0 to 15.0 µm IR waveband 
is all that is possible. Indeed spheres of carbon 
graphite with far lower conductivity and identical 
radius, possess similar γ to that of metal spheres. 

Finite fibres FDTD method 

Prolate cylinders were described in the FDTD 
method to model the extinction of finite fibres. To 
minimise ‘staircase’ effects in modelling a circular 
cylinder as accurately as possible, a cubic grid cell 
size of Dfi/10 or less should be used. Therefore a 
fibre of L = 5.0 µm and Dfi = 0.1 µm required 
30,000 cells of size 0.01 µm to construct. The 
FDTD method requires a separate execution of the 
code for each orientation of the incident light with 
respect to the particle. Initially a series of 
calculations of Cext for a fibre of σο =  106 S m-1, L 
= 5.0 µm and Dfi = 0.1 were performed as a 
function of incident light orientation, and the 
results are displayed in figure 5. The rotational 
axis of the fibre was aligned along the x axis of the 
orientation coordinate system (see inset of figure 
5), and polar angles θ and φ define the orientation 
of the incident light. Thus G is at a maximum 
when the fibre is ‘side on’ to the incident 
orientation, i.e. when the incident light is 
perpendicular to the rotational axis of the cylinder 
at θ = 0º and 180º for all values of φ, and when φ = 
90º and 270º for all values of θ. As one may 
expect, the profile of the Cext contour displayed in 
figure 5 mirrors that of G. Interestingly the 
particle has an efficiency Q of ~9 for side on 
orientations, which is very large. Taking an 
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average over all possible orientations yields an 
effective <Cext> (representing a randomly 
orientated fibre) that is ~0.7 times the Cext for 
side on orientations. To save computation time, 
many of the calculations presented later were 
only performed for the side on orientation, 
although simple corrections to approximate 
random orientation were easily made. 

 
Figure  5. Dependence of Cext on incident light 

orientation with respect to a finite fibre of 
L = 5 µm and Dfi = 0.1 µm and for UIL 
(FDTD method). The orientation 
coordinate axis is also shown. 

Taking the same fibre of L = 5 µm and Dfi = 
0.1 µm, Cext was calculated for a range of 
conductivities between σο = 102 and 5 × 108 S m-

1 using optical properties derived from the 
EQCA and which incorporated the l effect 
correction of (12). Calculations were performed 
across the entire 1.0 to 15.0 µm IR waveband 
with UIL orientated perpendicular to the 
rotational axis of the fibre. A plot of the 
calculated γ against wavelength for L = 5 µm and 
Dfi = 0.1 µm is shown in figure 6. An increase in 
extinction with σο  is evident and noticeably γ 
plateaus to a peak for σο ≈ 5 × 107 S m-1. The 
increase in γ occurs at most wavelengths (apart 
from those at the interference structure minima) 
and certainly at the principal scattering peak (the 
region of maximum extinction). Similar 
calculations were performed for fibres of L = 5 
µm and a range of Dfi values from 50 nm to 0.5 
µm and an identical σο range, an example of 

which is shown in figure 7 which shows plot of γ 
against wavelength for L = 5 µm and Dfi = 0.5 µm. 
For each Dfi value, peak γ  increases with rising σο 
and plateaus to a maximum value, reaching this 
maximum at a ‘threshold’ value of σο (σΤΗ). 
Further increases in σο beyond σΤΗ do not result in 
increased extinction, and the value of σΤΗ 
increases with diminishing Dfi. This is illustrated 
in figure 10 which shows γ plotted against σο for L 
= 5 µm at λ = 10 µm (approximately the 
wavelength of peak extinction) and selected Dfi of 
50 nm, 0.1 µm and 0.5 µm. Also the interference 
structure of the extinction spectra of figures 6 and 
7 is clearly visible at high σο and resonant peaks 
were present at λ ≈ 2L and L. It should be noted 
that Cext increases with σο, but decreases as Dfi is 
reduced. However this reduction on Cext is lowest 
at high σο. Thus the net result is an increase in γ 
with decreasing Dfi at high σο, but that is 
independent of Dfi at low σο. 

A series of identical calculations were 
performed for fibres of L = 2.5 µm and a range of 
Dfi values from 50 nm to 0.5 µm and an identical 
σο range. Typical results are depicted by figures 8 
and 9, which show plots of γ against wavelength 
for L = 2.5 µm and Dfi = 0.1 µm and 0.5 µm. 
Again a principal scattering peak is observed at 
approximately λ ≈ 2L, and the magnitude of γ at 
this peak increases with rising σο in a near 
identical fashion for the fibres of L = 5.0 µm. 
Again the value of σΤΗ for peak γ increases with 
diminishing Dfi. 

Also included in figures 6 - 9 are MoMPC 
calculations for fibres of the same size, and ICS 
calculations for infinite fibres of the same 
diameter. The MoMPC method predicts a large 
principal extinction peak that agrees reasonably 
well with that predicted by the FDTD method. 
This method allowed quick calculation of γ for 
highly conducting finite fibres with Dfi as small as 
10 nm, but would not accommodate corrections to 
σo due to l effects. As one might expect for an 
endless, infinite cylinder, the ICS predicts no 
sharp extinction peaks, but serves to illustrate how 
γ at the principal extinction peak of finite fibres of 
selected lengths (Dmaj of the order of IR 
wavelengths) is far greater that that of a long fibre 
(L >> λ). 
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Figure 6. Plot of γ against λ for a cylindrical, 

acicular fibre (L = 5.0 µm and Dfi = 0.1 
µm) in side on orientation (i.e. θ = 0º and φ 
= 0º), calculated using i) the FDTD 
method for eight separate conductivities 
between σο = 102 and 5 × 108 S m-1, ii) the 
MoMPC and iii) the ICS for σo = 5 × 108 S 
m-1 and infinite length. 

 
 

 
Figure 7. Plot of γ against λ for a cylindrical, 

acicular finite fibre (L = 5.0 µm and Dfi = 
0.5 µm) in side on orientation (i.e. θ = 0º 
and φ = 0º), calculated using i) the FDTD 
method for eight separate conductivities 
between σο = 102 and 5 × 108 S m-1, ii) the 
MoMPC and iii) the ICS for σo = 5 × 108 S 
m-1 and infinite length. 

 

 

 
Figure 8. Plot of γ against λ for a cylindrical, acicular 

finite fibre (L = 2.5 µm and Dfi = 0.1 µm) in 
side on orientation (i.e. θ = 0º and φ = 0º), 
calculated using i) the FDTD method for 
eight separate conductivities between σο = 
102 and 5 × 108 S m-1, ii) the MoMPC and iii) 
the ICS for σo = 5 × 108 S m-1 and infinite 
length. 

 
 

 
Figure 9. Plot of γ against λ for a cylindrical, acicular 

finite fibre (L = 2.5 µm and Dfi = 0.5 µm) in 
side on orientation (i.e. θ = 0º and φ = 0º), 
calculated using i) the FDTD method for 
eight separate conductivities between σο = 
102 and 5 × 108 S m-1, ii) the MoMPC and iii) 
the ICS for σo = 5 × 108 S m-1 and infinite 
length. 
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Figure 10. Plot of γ against σo for i) finite fibres of L 

= 5 µm calculated using the FDTD 
method, and ii) infinite fibres calculated 
using the ICS, both for selected Dfi. 
Calculations are for random fibre 
orientation and UIL of λ = 10 µm. 

Infinite fibre ICS results 

Figures 6 - 9 allow direct comparison between 
the FDTD solutions for finite fibres and those 
according to the ICS for high σo = 5 × 108 S m-1 
and equivalent Dfi. As an approximation method 
for high σo finite fibres, the ICS underestimates 
extinction at most wavelengths for L/λ < 10, and 
especially when L ≈ λ/2. Normally, the ICS is 
considered a reasonable estimate of finite fibre 
extinction provided that L/Dfi > 10 and, for high 
σo, if L/λ > 10[5][16]. The reduction in 
conductivity given by equation (12), and the 
associated adjustment of the optical properties, 
have been incorporated into all of the 
calculations in figures 6 - 9. Typically the 
reduction in σo can be ~ 0.67 for Dfi = 0.1 µm 
and σo = 5 × 108 S m-1 

Further ICS calculations of extinction were 
carried out for a wide range of Dfi, λ and σο. An 
example of these calculations is given in figure 
11, which displays Cext per unit length (Cext/L) 
for Dfi = 0.01 to 0.5 µm and λ = 1.0 to 15.0 µm, 
and at two values of conductivity σο = 103 and 
106 S m-1. Similar to the ‘short’ finite fibre 
FDTD calculations, Cext/L increases with σo. As 
one might expect Cext/L is lowest for the smallest 
Dfi of 10 nm, and climbs to a maximum at Dfi = 
0.5 µm (an increase in G of 50), this being 
observed at all conductivities. However, as the 

volume per unit length is some 2500 times smaller 
at Dfi = 10 nm than at Dfi = 0.5 µm, so γ generally 
increases as Dfi is reduced at any given σo. 

Within the λ = 1.0 to 15.0 µm IR waveband, 
there is generally a dependence of Cext/L (and thus 
the scattering and absorption components, Csca/L 
and Cabs/L) on λ. This dependence is greatest at 
high σo and low Dfi. The relative contribution of 
Csca/L and Cabs/L to Cext/L (Cext = Csca + Cabs) also 
varies with σo and Dfi, and a typical example of 
this is shown in figure 11b and 11c which display 
the scattering and absorption components of Cext/L 
in figure 11a for σo  = 106 S m-1. Absorption is 
mostly dominant at this relatively high 
conductivity, although there is a significant 
scattering component at larger Dfi values 
approaching 0.5 µm. 

 
Figure 11. Calculation of Cext/L using the ICS for 

randomly orientated thin metal fibres, at 
two conductivities, σo = 103 and 106 S m-1. Dfi 
ranges from 10 nm to 0.5 µm. The 
calculation is for UIL of λ = 1.0 to 15.0 µm. 

Figure 12 more clearly illustrates the 
dependence of Cext/L (and the relative 
contributions of Csca/L and Cabs/L) on conductivity. 
Data is shown for three fibre diameters of Dfi = 10 
nm, 0.1 µm and 0.5 µm, calculated for a UIL of λ 
= 10 µm. As noted for the FDTD calculations for 
finite fibres, the Cext/L steadily climbs with 
increasing σo until reaching a plateau. The 
‘threshold’ value of σo at which this occurs (σTH) 
increases with diminishing Dfi, and the maximum 
value of Cext/L reached declines as the fibre 
diameter is reduced. However, the reduction in 
fibre volume per unit length is far greater resulting 
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in a net increase in γ (see figure 10). It is also 
clear from figure 12 that absorption dominates at 
low σo for all Dfi, and this is so at all 
wavelengths in the 1.0 µm to 15.0 µm IR 
spectral region. As σo is increased, the scattering 
contribution to extinction increases until it 
becomes the dominant contributor at high σo. 
The conductivity at which Csca/L is equal to 
Cabs/L increases with diminishing fibre diameter. 
Thus absorption is the dominant component of 
extinction for very narrow fibres of Dfi = 10 nm, 
even at high conductivities. Virtually identical 
trends in Cext, Csca and Cabs were predicted for the 
finite fibres at λ ≈ 2L by the FDTD calculations. 

 
Figure 12. Cext/L, Csca/L and Cabs/L of randomly 

orientated fibres calculated using the ICS, 
for Dfi = 10 nm, 0.1 µm and 0.5 µm for 
UIL of λ = 10.0 µm. 

A direct comparison between the ICS ‘long’ 
fibre and FDTD ‘short’ fibre calculations of 
equivalent Dfi can be made. We may compare γ 
for ‘short’, high conductivity finite fibres 
calculated at a wavelength close to the principal 
extinction peak maximum to γ for ‘long’, high 
conductivity fibres at the same wavelength. 
Figure 10 displays such a comparison. Firstly γ 
calculated by the ICS is plotted against σο for 
various Dfi between 5 nm to 1.0 µm for UIL of λ 
= 10 µm. Again γ increases with σο until 
reaching a maximum, which in turn clearly 
increases with diminishing Dfi, as does the value 
of σο at which γ plateaus (σΤΗ). At low σο, before 
the threshold conductivity σΤΗ is reached, the 

dependence of γ on σο is identical for all Dfi in the 
range modelled. The effect of the Dfi ≈  l 
corrections to σο on γ is also noticeable at high 
conductivities. At the highest conductivity 
modelled of σο = 5 × 108 S m-1 it is clear that γ 
peaks for a Dfi ≈ 10 nm, with smaller diameters 
having a lower value of γ. The FDTD calculations 
for finite fibres (represented by hollow data points 
in the figure) share a near identical γ dependence 
on σο at low σο, but at high conductivity the γ of 
the finite fibres far exceeds that for the long fibres 
(L >> λ and L >> Dfi) of equivalent Dfi provided 
that λ ≈ 2L. 

 
Figure 13. Plot of γ against Dfi for i) ‘short’ finite fibres 

calculated using the FDTD method, and ii) 
‘long’ fibres (L >> λ and L >> Dfi) calculated 
using the ICS. Fibres are randomly 
orientated. Mean free electron path length 
effects have been incorporated into the 
calculations. Also included is data 
calculated by the MoMPC. 

Summary of Fibre Calculations 

Figure 13 neatly summarises the results of the 
calculations of γ, both for ‘short’ fibres where L is 
of the order of the IR wavelength to be obscured, 
and ‘long’ fibres where L is much greater than the 
incident wavelength and the fibre diameter Dfi. 
The figure depicts γ plotted against Dfi for both 
finite and infinite lengths and selected 
conductivities. The ICS results are displayed for 
selected conductivities and λ = 5 and 10 µm. 
Finite fibre FDTD results are shown for L = 2.5 
and 5.0 µm taken at wavelengths close to the 
respective principal extinction peak maxima at λ ≈ 
2L, and σο = 5 × 108 S m-1. For both ‘short’ and 
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‘long’ fibre calculations the effects of the mean 
free electron path length (l) correction are clearly 
visible, resulting in an optimum Dfi for a given 
σο at which γ peaks. Further reductions in Dfi 
below this optimum for a given conductivity do 
not result in increased γ, rather a reduction in γ 
occurs. 

SUMMARY AND DISCUSSION 

Extensive modelling of thin lamella flakes[11] 
showed that despite the Cext of a finite fibre being 
lower than that of a thin disc flake of equivalent 
σo, Dmaj and aspect ratio, its volume extinction 
far exceeds that of the flake due to its 
substantially smaller volume. For optimum IR 
extinction performance fibres should be of high 
conductivity and the length L should be 
comparable to the IR wavelengths to be 
obscured. Ideally L should be approximately 
equal to λ/2. Reducing the fibre diameter Dfi 
generally increases the volume extinction γ as, 
even though the Cext diminishes, the particle 
volume reduces more rapidly (in proportion to 
Dfi

2). As the fibre diameter Dfi is decreased, 
optimum extinction occurs for progressively 
greater conductivities, and reciprocally, so as the 
fibre conductivity is increased greater extinction 
is possible by reducing Dfi. Mean free electron 
path length effects reduce the effective 
conductivity when Dfi ~ l according to equation 
(12), and this puts a limit on the maximum 
possible γ  for a given σo (for which there is an 
optimum Dfi) or Dfi (for which there is an 
optimum σo). Extinction from very high aspect 
ratio fibres with a Dmin of 10 nm is mainly via 
absorption for σο > 5 × 107 S m-1, thus there 
would be little multiple scattering in a cloud 
comprised of such particles, and attenuation 
should be well predicted by the Beer Lambert 
law. 

Optimum extinction in the λ = 0.5 to 15 µm IR 
waveband would be achieved with high 
conductivity (σo > 107 S m-1) fibres possessing a 
length distribution between 2.5 and 5.0 µm. 
Extinction from short (L ≈ λ) IR ‘chaff’ fibres 
ought to be approximately an order of magnitude 
greater than that of long fibres (with L >> λ and 
L  >> Dfi). Assuming that a σο of 5 × 107 S m-1 is 
all that is feasible with available metals, the table 

below lists the optimum Dfi for both ‘short’ and 
‘long’ fibres, and the resulting peak γ one could 
expect. These the theoretical predictions of γ are 
far in excess of that currently realised by currently 
available thin metal flakes[11], which typically 
possess a Dmin of ~0.1 µm and a IR γ of ~ 10 
m2/cc. 

 
Geometry L (µm) Dfi 

(nm) 
λ 

(µm) 
γ 

(m2/cc) 
Fibre 
(long) 

(L >> 
λ) 

20 10 580 

Fibre 
(long) 

(L >> 
λ) 

30 5 150 

Fibre 5 50 10 1000 
Fibre 2.5 50 6.25 500 

Table 1. Approximate peak γ for σo = 5 × 107 S m-1. 
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ABSTRACT 
 
The problem of safe utilization of strategic rockets solid propulsion systems (SPS) by the method of 
burning on the stand is considered. The possibility of occurrence of anomalous combustion processes at 
combustion of solid propellant inside the rocket motor with removed nozzle section is analyzed. A 
numerical study of anomalous physico-chemical processes was carried out. Calculation results show that 
anomalous modes of ignition (which are accompanied by intense shock waves in the high-loading-density 
SPS combustion chamber) shows that they are extremely dangerous. The results of research have shown 
that anomalous combustion processes at the large-sized SPS fire utilization represent serious danger to the 
environment and for population. On the basis of the numerical modeling results, new technologies for 
safe ignition of case-bonded solid propellant charges was developed. This technologies allows reduction 
of the ignition-transient period time without a pressure increase in the engine combustion chamber and 
simultaneously reduction of the thermal loads on the charge and the structural elements of the engine 
combustion chamber. Use of the solid-flame burning processes allows change the mechanism of the heat 
supply to the propellant burning surface placed in the stagnation zones.  

 
INTRODUCTION 

 
In accordance with the SALT-I and SALT-II agreements on the reduction of strategic nuclear 

arms, Russia and USA have to reduce their military potential to a level still sufficient to assure national 
security. In this connection has appeared the problem of utilization (recycling) of the strategic rockets 
solid propulsion systems (SPS). In particular, will be provided utilization of the SPS of the next rocket 
systems: SS-N-20-Sturgeon, SS-24-Scalpel and SS-25-Sickle. Within this scope, the construction of the 
plant for the SPS propellant fire utilization in the Votkinsk area, Udmurt Republic, was planned. It was 
supposed that the Lockheed-Martin SPS fire utilization technology will be used in this plant. In 
accordance with this technology will be provided combustion of solid propellant inside the rocket motor 
with removed nozzle section. The nozzleless rocket motor will be installed in the neutralization chamber. 
This neutralization chamber has length of 60 m and diameter of 8 m. In accordance with the utilization 
program should be processed 916 SPS. The mass of solid propellant that should be processed will be 
equal to 17 494 tons. The basic characteristics of utilized engines are submitted in tables 1 - 4. 

However, the construction raises many concerns with citizens. The main argument against it is the 
feeling that the plant is a source of danger to human life and environment. In result, in December 2002 
these plans have changed. Udmurtiya Republic has not allowed to locate of the Centre of the SPS 
utilization in the territory of republic. And now the process of SPS fire utilization will be organized in 
Perm, where these SPS were manufactured. 

The similar technology of the SPS propellant fire utilization also it is planned to use in the State 
Unitary Enterprise Federal Research-and-Production Center "Altai" (Biisk, Altai territory, Russia).   
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There is a large number of papers, devoted to the problems of safety of the SPS fire utilization. 
Also there are papers, devoted to research of thermo-gas-dynamic processes at the SPS fire utilization 
(Ref. 1 – Ref. 3). Nevertheless, the problems, connected with anomalous ignition and combustion 

 
Table 1. The basic characteristics of utilized SPS. 

 
 

Type of the rocket and 
the number of stage 

 
Mass of the 
motor, kg. 

 
Mass of the 

solid 
propellant 
charge, kg. 

 
Diameter of 
the engine 
casing, m. 

 
Length of 

the 
engine, 

m. 

 
Number of 
propulsion 
systems, 
pieces. 

 
SS-N-20, Sturgeon, 
D-19, R-39, (RSM-

52), 3M65, “The Sea 
Hawk”, First Stage, 

engine 3D65 

 
 

52 800 

 
 

48 000 

 
 

2.4 

 
 

9.5 

 
 

91 

SS-24-Scalpel, SS-
24М, RT-23 UTTH, 
(RS-22, RS-22M), 
15ZH60, 15ZH61,  

First Stage 

 
 

53 700 

 
 

48 000 

 
 

2.4 

 
 

9.7 

 
 

66 

SS-25-Sickle, 
РТ-2ПМ (RS-12M), 

15ZH58, “Topol" 
First Stage 

 
 

27 800 

 
 

26 000 

 
 

1.8 

 
 

8.1 

 
 

253 

SS-25-Sickle, 
РТ-2ПМ (RS-12M), 

15ZH58, “Topol" 
Second Stage 

 
 

11 200 

 
 

10 200 

 
 

1.55 

 
 

5.1 

 
 

253 

SS-25-Sickle, 
РТ-2ПМ (RS-12M), 

15ZH58, “Topol" 
Third Stage 

 
 

4 670 

 
 

4 200 

 
 

1.34 

 
 

3.5 

 
 

253 

 
 

processes of the solid propellant charges in the nozzleless combustion chambers, during the fire 
utilization were not considered at all. In particular, in all these papers, authors do not pay attention on the 
design features of solid propulsion systems. The solid propellant charges in the nozzleless combustion 
chambers will burn at the lowered (atmospheric) pressure, that is, in the conditions, essentially different 
from usual conditions of the SPS operation and the SPS fire stand tests. Such burning mode cannot be 
considered as a stationary burning. In these conditions, in the solid propellant charge channel probably 
occurrence of unstable, intermittent burning.  
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The solid propellant charges burning occurs in the transient mode, when the cellular-pulsating 
burning phenomena will take place (Ref. 4). It is important to note, also, that process of the charge 
burning is executed at the lowered pressure, in the burning mode that not optimal for propellant. It results 
in the increased quantity of toxic compounds and to significant amount of solid waste products. In 
accordance with tentative estimations, the quantity of solid waste products will make up to 70 % from the 
weight of propellant charge. 

 
Table 2. Sustainer high-loading-density solid propellant rocket motor of the first stage 15D206. 

 
Casing The engine case has a “cocoon” type design and is manufactured from 

organic plastic materials. 
Solid Propellant Charge case-bonded, with the channel of the star-shaped form 
Solid Propellant T9-BK, composite 
Overall length, m 8.4 
Overall diameter, m 2.4 

 
Table 3. Sustainer high-loading-density solid propellant rocket motor of the first stage 15D305. 

 
Casing The engine case has a “cocoon” type design and is manufactured from 

organic plastic materials. 
Solid Propellant Charge case-bonded, with the channel of the star-shaped form  
Solid Propellant OPAL, composite 
Overall length, m 8.4 
Overall diameter, m 2.4 
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Table 4. Sustainer high-loading-density solid propellant rocket motor of the second stage 15D339. 

Sustainer high-loading-density solid propellant rocket motor of the second stage 15D339 

 
Casing The engine case has a “cocoon” type design and is manufactured from 

organic plastic materials. 
Solid Propellant Charge case-bonded, with the channel of cylinder-conic shape with inclined ring 

slot such as "umbrella". 
Solid Propellant START, composite 
Overall length, m 5.9 – 6.7 
Overall diameter, m 2.4 

It is especially necessary to underline that, till now, is not predicted the situation connected with not 
igniting or extinction of the charge which is possible at this technology of utilization. It is obvious, that 
appearance of this situation will result in additional especially dangerous situation. 

 
 

THE PECULIARITIES OF UTILIZED HIGH-LOADING-DENSITY 
SOLID PROPULSION SYSTEMS 

The main peculiarity of utilized solid propulsion systems is that the case-bonded charge with 
internal channel has a partially non-fastening and unarmored end-face surface. Under these conditions the 
end-face combustion surface can represent up to 50 % or even more of the whole combustion surface. The 
charge end-face is usually fastened to the engine head end by use of a boot (sealing ring). Figure 1 shows 
a typical structural diagram of this type of SPS (1 -  lid; 2 -  engine  casing;  3 - case-bonded  solid  
propellant  charge; 4 - fastening layer connecting propellant charge with load-carrying SPS case; 5 - 
pyrotechnic ignition system (IS); 6 – split control nozzle; 7 - autonomous solid propellant engines for roll 
channel control; 8 - actuators). The engine case has a “cocoon” type design and is manufactured from 
organic plastic materials. 

The other peculiarity of this class of SPS is that under normal conditions the clearance between the 
engine case head end internal surface and the charge end-face surface ∆  ≤  0.001 m. As the chamber is 
filled by the high-temperature combustion products (CP) coming from the IS and from the ignited part of 
the propellant, there are simultaneous elastic deformations of the propellant charge and the engine case. 
Under such conditions, the thickness of the non-flowing clearance between the SPS case head end 
internal surface and the charge end-face clearance can increase 20-100 times at the operating pressures in 
the combustion chamber (5-10 МPа). Figure 2 shows the clearance between the engine case head end 
internal surface and the charge end-face surface. In Fig. 3 the dependence of the front end-face clearance 
cross-sectional area on the longitudinal coordinate is shown for various time intervals:  1 -  t = 0 sec.,  2 - 
0.036 sec., 3 - 0.048 sec.,  4 - 0.060 sec.  
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Fig. 1.  Sectional view of high-loading-density sustainer SPS design 

of the intercontinental ballistic rocket upper stage. 
 

 

 

 
Fig. 2. Sectional view of high-loading 

density SPS case head end. 
Fig. 3. Front end-face clearance cross- 

sectional area in the vicinity of the 
SPS front bottom vs. longitudinal 

coordinate for various time intervals. 
 
Here the coordinate ξ  = 0 corresponds to the boundary between the end-face cavity and the engine front 
volume. The coordinate system is shown in Fig. 4.  
Numerical analysis of ignition of the SPS front-end face clearance combustion surface has shown the next 
results. These results are shown on Fig. 5 (curve 1 corresponds to parameters: ∆ = 0.002 m., K def =0.; 

curve 2 - ∆ = 0.002 m., K def =0.15; curve 3 - ∆ = 0.001 m., K def =0. and curve 4 - ∆ = 0.001 m., 

K def =0.3). When the front-end face clearance is not deformed, the propellant surface in this front-end 
face clearance is not ignited completely even at time t > 0.3 sec. In case, when the front-end face 
clearance is increased with time, all propellant surface in this clearance is ignited during the time t < 0.12 
sec (curves 2, 4). These results have shown the next. For safe intensification of ignition process of the 
propellant charge burning surface, located in the narrow front-end face clearance (stagnation zone), is 
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necessary to provide IS CP flow supply, in this stagnation zone, when the cross-section of this zone will 
be considerably increased. At the same time it is necessary to provide intensification of ignition process 
of the propellant charge burning surface in this stagnation zone without increase of the CP mass flow 
from the IS and without increase of thermal load on the charge and on the engine combustion chamber 
structural elements. However, in considered situation connected with fire utilization of the SPS, it is 
impossible to provide these conditions. The elongated end-face clearance will not be expanded up to the 
necessary size. 

 
 

  
Fig. 4. Calculated diagram of the SPS 

curvilinear zone (the front-end face clearance) 
Fig. 5. Dependence of the charge front-end face 
clearance burning surface ignition delay time 

from the relative longitudinal coordinate. 
 
 In accordance with technology of fire utilization, for ignition of the SPS charge is used the standard 
pyrotechnic IS with increased mass of the ignition charge. In the considered situation it is the most critical 
factor. In considered situation, the reason of an anomalous mode of ignition and combustion in the SPS 
can serve the unpredictable action from the pyrotechnic IS. Usually, traditional IS design schemes ( Fig. 6 
and Fig. 7) provide CP supply to  the  high-loading-density SPS charge (Fig. 1) simultaneously in all 
directions.  
 

 

 

Fig. 6. Sectional view of pyrotechnic IS design 
for the sustainer SPS. 

Fig. 7. Sectional view of the accompanying type 
pyrotechnic IS design for the sustainer SPS. 
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THE DEVELOPMENT OF ANOMALOUS PROCESSES AT THE HIGH-LOADING-DENSITY 
SOLID PROPULSION SYSTEM IGNITION 

 
 Usually, in the SPS with installed nozzle section, in the course of filling the intrachamber volume 
with CP coming from the IS and from the already ignited part of the charge, simultaneous elastic 
deformations of the propellant charge and the organic plastic SPS case occurs. However, in the rocket 
motor with removed nozzle section, in the conditions of low pressure in the combustion chamber, the 
elongated non-flowing end-face clearance will not be expanded up to the necessary size. When this 
occurs, in the most crucial period of ignition in this class of SPS, anomalous physico-chemical processes 
can be initiated. The most probable sequence of anomalous-mode ignition development is as follows. The 
end-face clearance, being a poorly-heated stagnation zone, will reduce the supply of heat, available for 
ignition of the charge front-end face. In the absence of carefully distributed CP flows from the IS, it may 
also result in much greater irregularity of the heat supply to the charge. It will lead to an increase in the 
front-end face ignition time delay and to the non-uniformity of all charge ignition processes. Furthermore, 
in the early stages of ignition, the CP flowing into and out of the IS, and from the ignited charge sections, 
will compress the gas initially placed in the end-face clearance. Compression waves will begin propagate 
into the depths of the end-face clearance and, typically, form an intensive shock wave. The latter, on 
reaching the area of interface of the engine head end with the boot and the charge end-face, is reflected by 
simultaneously built-up pressure. Then, propagation of a reflected shock wave begins, and the initial gas, 
which is contiguous to the area of interface of the engine head end with the boot and the charge end-face, 
will be compressed to high pressure. In the area of the interface of the end-face clearance cavity with the 
boot, which fastens the charge end-face with the engine head end, this process can give rise to strong 
local dynamic loads, causing the boot to break off either from the engine case or from the charge or from 
both. In result, in the solid propellant charge is appeared a defect. Use of standard pyrotechnic IS with 
increased mass of the ignition charge will lead to the even greater amplification of described above 
intensive shock waves inside the end-face clearance cavity. 
 Numerical analysis shows that for a clearance of ∆  = 0.001 m, the maximum pressure in the end-
face clearance cavity will exceed 13 times the pressure level, corresponding to a clearance of ∆  = 0.1 m. 
The boot breaking off from the engine case is accompanied by the opening of a new cavity, into which 
the high-temperature CP begins to flow. At this point anomalous process development begins on a new 
qualitative level. Such anomalous behaviors can have large-scale effects on the SPS intrachamber 
processes. 
 The further development of non-stationary physico-chemical processes can endanger the normal  
process of fire utilization of the SPS. If the surface from which the boot breaks off is large, the 
intraballistic process in the engine chamber can develop in the following way: over time the CP pressure 
near the point where the boot breaks off can decrease, and a rarefaction wave will be propagated in the 
SPS chamber. In case of a strong rarefaction wave the propellant charge may be completely or 
temporarily extinguished or the propellant charge may transition to unsteady burning modes (SPS 
“chuffing”) (Ref. 5). Propagation of the compression wave along the cavity formed where the boot breaks 
off can result in ignition of the opened propellant surface and can create dangerously large pressures in 
the vicinity of the upper boundary of the cavity. This, in turn, can result in the destruction of the 
propellant charge.  
 Also, in traditional IS design schemes, it is necessary to increase the IS mass flow-rate 
characteristics and the heat flow from the CP in order to intensify the solid propellant charge ignition 
process and reduce the ignition-transient period time. In this situation, however, the increased thermal 
effects on the solid propellant charge induce charge "burn out" and an pressure extreme rise (pressure 
peak) in the engine casing. Intensive, non-stationary axial pressure differentials will arise between the 
various charge channel cross-sections. As a result high non-estimated vibrational and impact loads arise, 
and act on the solid propellant charge and the SPS case. These loads may cause both break-off of the 
charge from the engine case and destruction of the charge. 
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 Attempts to improve this situation without changing traditional IS design schemes, by reduction of 
the IS charge mass and the standard IS flow-rate characteristics, results in reduction of the reliability of 
the SPS charge front-end face clearance surface ignition, especially, under low temperature conditions. 

Development of anomalous processes, described above, can result in two possible emergency 
situations: dangerously large increase of the level of pressure in the chamber of burning and explosion of 
the solid propellant charge. In these conditions will take place either emission of the combustion products 
in the atmosphere or destruction of the neutralization chamber. 

 
 

NUMERICAL MODELING OF ANOMALOUS PROCESSES AT THE HIGH-LOADING-
DENSITY SOLID PROPULSION SYSTEM IGNITION 

 
When constructing a mathematical model of anomalous physico-chemical processes in the SPS 

end-face clearance, after boot break-off, the following assumptions were made: the cold gas originally 
occupying the clearance cavity, the hot CP coming through the opened boundary into the computational 
domain from the IS, and the solid propellant CP, all form a chemically non-reacting mixture, the flow of 
which is non-stationary and follows the laws of the ideal gas flow; in the CP mixture condensed particles 
can be present, at rates and temperatures which coincide with the corresponding parameters of the gas;  
the heat flows from the CP to the propellant charge and the engine case are determined by using the 
criteria relations; boot break-off occurs instantaneously; the friction losses and the heat transfer from the 
CP mixture into the propellant and the material of the end-face clearance walls are taken into account by 
introducing source terms into the momentum and energy equations; the gas mixture is transparent; the 
solid phase thermo-physical coefficients do not depend on space and time; the solid propellant located in 
the narrow and non-flowing end-face clearances is ignited and heated by the hot CP, which flows into the 
computational domain through the opened boundary. 
 
 

MATHEMATICAL MODEL 
 

Let us consider two-dimensional differential gas-dynamics equations for the CP flow in the SPS 
curvilinear zone (the SPS front-end face clearance) (Fig. 2). A diagram of the SPS curvilinear zone (the 
SPS front end face clearance) is shown in Fig. 4. Here r and R are the distance from the symmetry axis 
and the curvature radius of the clearance, respectively. θηξ ,,  designate the orthogonal coordinate 
system. Since the end-face clearance value is small, it is reasonable to assume that the variation in gas-
dynamics parameters in the direction along the clearance thickness is negligible. Moreover, we believe 
that the curvature of the calculated area can be ignored, i.e. 1R/R max

1 << , where .rrR SPEC1 −=  In 
accordance with these assumptions, all the gas-dynamics parameters are averaged across η : 
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For flow of the CP mixture along the clearance, in the orthogonal coordinate system ( θξ , ), this 
equation has the following form: 
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where: 
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Moreover, since the geometry of the calculated area does not depend on the peripheral coordinate 

θ  in the design considered here, we assume that partial derivatives on the peripheral coordinate θ  are 
equal to zero, and also that V = 0. Multiplying the left-hand and right-hand parts of Eq. (1) by the " π⋅2 " 
value, and taking into account that ,F)RR2( 21 =⋅⋅π⋅  ,Per)r2( SP =⋅π⋅  we get: 
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ρ
ρ= 1a  (8) 

 

ρ
ρ= 2b  (9) 
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The experimental results show that the SPS case deformation is determined by the CP pressure 
level in the SPS combustion chamber (the pressure on opened boundary of the end-face clearance, 
through which the hot CP flow into the computational area). During engine operation, with installed 
nozzle section, the thickness of the clearances between the charge end-face and the engine head end can 
change under the linear law, depending on the pressure level in the central charge channel. The end-face 
clearance cross-sectional area is determined by the following empirical relation: 
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The volume of the newly opened cavity is simulated by the following relation: 
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For the gas-dynamic solution of the open (left) boundary, the following additional conditions are 

set. For the CP subsonic flow into the end-face clearance through the open boundary, the following 
conditions are accepted:  )t(TT,)t(PP LBLB == , and for the CP subsonic flow out of the end-face 
clearance, the sufficient condition is: )t(PP LB = .  In case of sonic (or supersonic) CP efflux from the 
end-face clearance, the additional conditions on the parameters on the open boundary are not required. On 
the right-hand (non-flowing) boundary, the inflow conditions (Ref. 6) are accepted. 

In the CP mixture energy equation, the radiative heat flow value Uq into the CP is determined by 
solving the following equations (Ref. 7): 
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The boundary-value problem for the incident radiation density η  is decided at the next boundary 

conditions: 
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The propellant heating is determined from the following correlations: 
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These correlations are obtained under the hypothesis that the propellant surface heated by convective and 
radiative heat transfer, the convective heat flow realized in the laminar mode, and the heated propellant 
layer all have temperature profiles of an exponential form. Eq. (18) is integrated in each section of the 
end-face clearance up to the moment when the propellant ignition conditions are satisfied for that section 
(Ref. 8): 
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In system (19), the igT  value is determined empirically, and the sq  value corresponds to the sum of the 
convective and the radiative heat flow components. 
The integral dependencies suggested by V. P. Bobrishev are used to account for the possible erosive 
effect of the solid propellant burning (Ref. 9). The basis of this procedure is the solution of the asymptotic 
equations of heat conduction and diffusion in the gas phase of the burning propellant. The distinctive 
feature of Bobrishev's model consists is that threshold (critical) values of the velocity of the CP flow, 
below which there is no erosive burning, are not required for each specific solid propellant. According to 
this procedure, the erosive coefficient beε , is determined on the basis of the following relationships: 
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The last equation is solved iteratively. For the first approximation it is believed that 0fC = 0.04. 

All the flow-rate characteristics are determined in accordance with the dependencies given in Refs. 
10 and 11. 

NUMERICAL ALGORITHM 
 

The set of equations (2)-(24) is substantially non-linear, and therefore we shall use numerical 
methods for the processes development analysis. The system (2)-(13), describing the gas-dynamic 
processes, represents a set of differential equations with partial derivatives of a hyperbolic type. For this 
study we shall employ the large-particle method developed by Yu. M. Davydov (Ref. 12).  

The large-particle method is a method for computing compressible flows of a continuous medium. 
The method is based on splitting the original differential equations in accordance with the physical 
processes they represent. It can be used to solve systems of evolution equations. The procedure may 
establish the existence of steady-state solutions. The large-particle method is a development of Harlow's 
"particles in cell" method. The method is widely used to investigate aerodynamic flows, diffraction 
problems, transonic flows, and the interaction of radiation and matter, among other things. The solution 
process is divided into three chronological stages, each of which consists of three steps: an Eulerian, and a 
Lagrangian and a third final step.  
 Application of explicit schemes of this method is ineffective in the case under consideration, as 
the Mach number values (М < 0.3) are insignificant and the end-face clearance cross-sectional area 
changes are sizeable ( 0.1/),(F >>ttξ  ). Both marked factors reduce the numerical calculation 
stability (the Courant number permissible value, which is accepted in calculations, does not exceed Co ≤  
0.2 ÷ 0.4). The analysis establishes that the increase in stability of the numerical calculations up to Co ≈  
1 and at small velocities (M < 0.1) can be achieved by modification of the large-particle method Euler 
stage finite-difference schemes (Ref. 6 and Ref. 9).  
 Equations (16) and (17) for the definition of incident radiation density are solved by the sweep 
method (Ref. 13). The numerical solution of all other equations of the system is not difficult. In particular, 
it is possible to integrate Eq. (18) by using any known method, such as the Euler method (Ref. 13).  

For the constructed numerical algorithms, autonomous and complex investigations of stability and 
convergence were conducted. 

 
 

COMPARISON WITH FIRE STAND TEST DATA, SIMULATION 
RESULTS AND DISCUSSION 

 
  For the complex check-up of the developed mathematical model of the physics-chemical 

processes, the numerical calculation results have been compared with the fire stand tests (FST) results. 
Tables 5 and 6 list the initial data used in the computer model. The IS charge is manufactured as a set of 
granulated elements, having a spherical form and pressed from the pyrotechnic mixture. The pyrotechnic 
mixture has the following chemical composition: technical barium nitrate - 60 %, titanium powder - 35 %, 
binding solution containing Mg compounds and graphite - 5 %. 
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Table 5.  Characteristics of the pyrotechnic ignition system 

 Parameters of the ignition system 

 
Propellant charge 

(pyrotechnic mixture) 

 
IS
igT  = 1090 K            IS

CPT  = 3500 K        ISk  = 1,276 
IS
cγ  = 0,62                 ISω  = 2.5 kg        IS

cρ  = 2930 kg / 3m  

sec/m020.0u IS
1 =        IS

cν = 0.37             ISH  =  4.44 ⋅10 6  22 sec/m  
Chamber 

ISL  = 0.24 m               ISW  = 0.003 2m               SI
poF  = 0.0127 2m  

 
Table 6.  Characteristics of the solid propellant rocket motor 

 Parameters of the solid propellant rocket motor 

 
Propellant charge 

(composite) 

PCL =  2 .0 m                PCD  =  1.8 m                      PCS  =  7.0  2m  
3

c m/kg1850=ρ          sec/m00541.0u 1 =  

=ν c 0.23                        226 sec/m1054.6H ⋅=  
Combustion chamber 

CCF = 0.0597  2m                  DP = 1.5  MPa 

 
The pressure gauge was installed in the engine head end area, namely in the IS flange plug. In Fig. 8 
comparison of the numerical calculation results (curves 1 and 2, continuous lines) with the FST results for 
the full-scale SPS front end volume (curve 3, dotted line) is presented. Figure 8 (a) corresponds to the 
processes development without boot break-off and Fig. 8 (b) corresponds to the processes development at 
boot break-off. In Fig. 8 (a), curves 1 and 2 - are the calculated CP pressure on the boundary between  the  
front-end face clearance and the boot and in the SPS front volume, and curve 3 - is the experimental CP 
pressure in the SPS front volume (P - is the CP mixture pressure; t -  is the time of the process). 
 

  
(a) (b) 

Fig. 8.  CP pressure on the boundary between the front end face clearance and the boot and in the 
SPS front volume without boot break-off (a) and at boot break-off (b). 

 
In Fig. 8 (b) curves 1 and 2 - are the calculated CP pressures on the boundary between the front-end face 
clearance and reopened cavity and in the SPS front volume. During the calculations, the volume of the 
opened cavity was accepted equal to 3calc

0 m130W .≈ . Thus, the boot breaking off calculated pressure has 
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appeared equal to the value ≈calc
*P 3.225 MPa, and the break-off pressure value, obtained by an 

experimental way has made P *
exp ≈ 3.153 МPa. Curve 3 - is the experimental CP pressure in the SPS 

front volume.  
The numerical research has shown that the transient processes caused by boot break-off pose the 

greatest danger to the SPS at the instant of boot break-off. Therefore, the analysis of the anomalous 
processes was performed only for the instant of boot break-off. The numerical investigations were 
executed taking into account the influence of a number of factors: the boot break-off pressure value, the 
cavity volume which opened after break-off, the length over which the seal separates and the duration in 
time of break-off. Also, calculation results show, in particular, the appearance of strong rarefaction 
waves, resulting in either extinction of the propellant charge (complete or temporary) or transition to a 
mode of the unsteady burning.  

The volume of the cavity opened by boot break-off influences to a greater degree the transitional 
processes in the vicinity of the boundary between the end-face clearance and the separating boot. The 
calculations show that at 3calc

0 m04.0W >  the transitional process develops abnormally. The pressure drop 
caused by boot break-off is considerable (> 1.2 MPa), because the filling of the cavity occurs in the 
powerful compression wave mode (or in the shock wave mode). The danger of this type of transitional 
process development lies in the fact that the powerful rarefaction wave will propagate along the end-face 
clearance towards the charge central channel, and may cause either the extinction of the propellant charge 
or transition to an unsteady burning mode ("chuffing" of the engine). Another danger lies in the fact that a 
compression wave propagating towards the newly opened cavity can produce dangerously large pressures 
in the vicinity of the upper boundary of the cavity, resulting in charge destruction.  

Figures 9 and 10 present variations in CP flow velocity along the front end-face clearance length, 
during the propagation of a strong rarefaction wave at the opened cavity with a volume of  

3calc
0 m03.0W ≈  (Fig. 9) and 3calc

0 m06.0W ≈  (Fig. 10). Curve 1 corresponds to time t = 0.050 sec. (before 
the beginning of the transitional period). Curve 2 corresponds to time t = 0.057 sec., curve 3 to t = 0.060 
sec. and curve 4 to t = 0.080 sec. (completion of the transitional period). The CP velocity dependencies at 
t = 0.050 s. are identical in Figs. 9 and 10, as are those at t = 0.080 s. (Curves 1 and 4). For the purposes 
of representation it is assumed, that the positive CP velocity value corresponds to the direction from the 
engine axis towards the non-flowing end-face clearance boundary.  

 

  
Fig. 9. Fig. 10. 
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As follows from Figs. 9 and 10, the intensity of the wave processes in the end-face cavity is much higher 
at 3calc

0 m06.0W ≈ . For 3calc
0 m03.0W ≈  the maximum value of the CP velocity, in the uncovered end-

face cavity is 63 m/s (Fig. 9, Curve 3), whereas for 3calc
0 m06.0W ≈  the peak velocity is 486 m/s (Fig. 

10, curve 3, peak not shown). The transient in the end-face clearance (in terms of CP velocity values) 
lasts between 0.02 s. (for 3calc

0 m03.0W ≈ ) and 0.04 s. (for 3calc
0 m06.0W ≈ ). The character of the 

dependence U(t) becomes clearer, if the dependence of the front end-face clearance cross section area in 
the vicinity of the engine head end from the longitudinal coordinate (Fig. 3) is taken into account. 

The intensive compression wave results in an increase of the CP pressure maximum level in the 
non-flowing boundary area. The calculations reveal that at 3

0 m04.0W =  the maximum pressure values 

correspond to ≈maxP 8.0 MPa. 
 Realization of the described above, or similar, anomalous mode ignition, (which is accompanied 
by intensive shock waves rise in the high-loading-density SPS combustion chamber) shows they are 
extremely dangerous at the process of the SPS fire utilization. 

On the basis of the numerical modeling results, new technologies for safe ignition of case-bonded 
solid propellant charges was developed.  
 
 

APPLICATION OF THE SELF-PROPAGATING HIGH-TEMPERATURE SYNTHESIS 
PROCESSES AND NANO-MATERIALS FOR PREVENTION 

OF ANOMALOUS IGNITION PROCESSES 
 
 Achievements in the basic researches of the self-propagating high-temperature synthesis (SHS) 
processes (Refs. 14-17), opens new possibilities for use of these processes for prevention of anomalous 
ignition processes. First of all, use of the SHS technologies opens an opportunity of considerable increase 
of stability of the physical-chemical processes in the combustion chamber.  

Multilayered nano-foils, containing hundreds or thousand alternating layers at thickness of each 
layer of (1-1000) nm, are rather perspective for creation on their basis of the new materials and coverings 
(Refs. 17-24). Such nano-foils show unusual properties. Many of mechanical, electromagnetic, physical-
chemical and other properties of the substances considerably change at reduction of the characteristic 
sizes of the objects up to the nano-meter values.  

For safe intensification of ignition process of the propellant charge burning surface, located in the 
narrow front-end face clearance (stagnation zone) is suggested to use of the phenomenon of the solid-
flame burning of the nano-dimensional multilayered foils. Thus, appears the opportunity for exception of 
non-uniformity of ignition of the burning surface, located in the narrow front-end face clearance and for 
stabilization of the ignition and burning processes.  

For the first time use of multilayered nano-foils for exception of anomalies of ignition of the solid 
propellant charges was suggested in paper (Refs. 25-26).  
  SHS is based on the exothermic mixing of reactants which typically includes a transition metal 
and a light element. These exothermic reactions often have high maximum temperatures and relatively 
high heating rates, both of which are desirable for a variety of applications including near-net shape 
forming, brazing, and ignition (Refs. 14-16). The properties of powder-based SHS reactions depend 
strongly on the size, purity, and packing density of the constituent powders, as described in several 
review articles (Refs. 14-16). The maximum reaction temperature depends on the initial temperature, the 
formation enthalpy for the final product, and the presence of secondary transformations such as melting. 
The reaction velocity depends on the maximum temperature and also on diffusion distances, impurities, 
and diffusion barriers at the reactant interfaces. 
Besides powder compacts, self-propagating exothermic reactions (SERs) have also been observed in 
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vapor deposited multilayered foils (Refs.  17-19). These foils contain many nanometer thick layers that 
alternate between two elements that react exothermically (Fig. 11). It is necessary to note that these 
processes develop with abnormal high burning rate, that is connected with the features of behavior of the 
substances in the nano-dimensional state. The reaction occurs with rate that in tens and hundreds times 
exceeds the rate value, characteristic for the solid-phase chemical reactions.  

With the purpose of increase of the flame propagation velocity in the SPS narrow front-end face 
clearance (stagnation zone), is suggested to use of the nano-dimensional  multilayered foils as a cover of 
the burning surface. Use of the solid-flame burning processes allows change the mechanism of the heat 
supply to the propellant burning surface. In this case, for providing of stable ignition of the propellant 
charge burning surface, located in the narrow front-end face clearance (stagnation zone)  

 
 

 
Fig. 11.  Schematic representation of a self-propagating reaction in a multilayer foil that is 

propagating from left to right. The as-deposited foil consists of alternating layers of elements A and 
B with an intermixed region between the layers (Ref. 19). 

 
it is not necessary to increase the temperature, velocity and the pressure level of the CP flowing from the 
IS. In particular, as a material for nano-dimensional multilayered foils may be used both the high- and 
low-exothermic systems. 

Also is possible the technology for more reduction of the ignition delay time of the charge 
burning surface located in the dead-end peripheral channels, when the flame propagation along the nano-
dimensional multilayered folis can be regulated and stimulated by additional heating up by the electric 
current. 

The diffusion distances in the reactive multilayer foils are reduced 10–1000 times compared to 
powders, thereby enhancing atomic mixing. The layering also places the reactants in intimate contact and 
reduces interface impurities, as compared to powder compacts. These differences result in large increases 
in reaction velocities and enable exothermic reactions to self-propagate in many more binary systems than 
is possible in powder compacts. For an exothermic reaction to self-propagate, heat must be generated 
through atomic mixing faster than it is removed by thermal diffusion. Atomic mixing or diffusion is 
thought to be assisted by melting of the reactants, but is reduced by the presence of impurities or second 
phases at the interfaces between the reactants (Ref. 19). In the exothermic reaction of multilayered foils, 
atomic diffusion mainly occurs normal to the layering while thermal diffusion occurs parallel to the 
layering as indicated in Fig. 11.  
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Exothermic reactions can self-propagate rapidly in multilayered foils, and the properties of these 
reactions depend strongly on the heat of reaction, the average atomic diffusion distance, and the degree of 
intermixing at the layer interfaces prior to ignition (Ref. 19).  

The experimental, analytical, and numerical results suggest that in multilayer foils the velocities 
of SERs are governed by the balance between the small diffusion distances, which enhance atomic 
mixing, and the higher density of interfaces, which increases the fraction of A-B bonds and thereby 
reduces the energy released. As the diffusion distances are decreased by reducing the layer thicknesses, 
the reaction velocity initially increases. However, at layer thicknesses approaching 10s of nanometers, 
further reductions in layer thickness decrease the velocity due to a decrease in the stored energy. 
As the bilayer thickness decreases, the velocity rises steadily. However, at some critical thickness, the 
velocity reaches a maximum and then rapidly drops toward zero. The velocity of self-propagating 
reactions in multilayer foils depends primarily on the bilayer thickness and the maximum reaction 
temperature. A desired reaction velocity and maximum temperature can be obtained by properly selecting 
the thickness of both the bilayer and the intermixed region. It is also likely that the energy required to 
initiate the SERs will depend on the bilayer thickness and the amount of initial intermixing. Thus, in 
addition to being able to control the reaction velocity and the maximum temperature, it may also be 
possible to control the initiation energy of SERs. 
 In the considered case, for providing of stability of the physical-chemical processes development 
may be used a method of covering of the propellant burning surface by the nano-dimensional 
multilayered foil (Fig. 12).  
 

Fig. 12. 
 
Moreover, for providing of the more intensive heat-supply to the propellant burning surface, located in 
the narrow front-end face clearance (stagnation zone), may be used the method of applying of the nano-
dimensional multilayered foil on the internal surface of the SPS casing head end. These technologies 
allows to reduce the ignition-transient period time without increase of the pressure level in the SPS 
combustion chamber and simultaneously reduce the thermal loads on the solid propellant charge and the 
SPS combustion chamber structural elements. This technology, also, allows stabilize and program the 
flame propagation velocity along the propellant charge burning surface, located in the narrow front-end 
face clearance (stagnation zone). 
 
 

APPLICATION OF SPECIAL MATERIALS WITH SELF-ADAPTIVE SPATIAL-PERIODIC 
MICRO-STRUCTURES FOR PREVENTION 
OF ANOMALOUS IGNITION PROCESSES 

 
 Existing technologies for suppression of the solid propellant combustion instability do not take 
into account the influence of the synergetic spatial-periodic micro-structures on the propellant burning 
surface. In the recent Russian patent (Ref. 27), at the designing of the acoustic absorbers is suggested use 
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of special materials with self-adaptive microstructures providing effective absorption of oscillations in the 
solid-propellant gas-generator combustion chamber cavity. Formation of micro-structures of the 
absorbing material occurs in the process of the SHS, under influence of the field of the CP oscillations, 
propagating from the solid propellant burning surface.  
 In accordance with the experimental data, obtained for the SHS processes (Refs. 28, 29), the 
external oscillations, including the ultrasonic band, are transmitted through the gas phase on the surface of 
the reacting material to produce essential influence on formation of the micro-structures on the surface of 
indicated material. In the result, in the SHS process on the acoustic absorber surface is formed the spatial-
periodic micro-structures, appropriate for the synergetic microstructures, formed on the burning surface of 
a specific solid propellant. In other words, in the SHS process, this absorbing material adapts for 
properties of specific solid rocket propellants and on this reason has the maximal absorbing capability. 
For practical realization of this new technology, special SPS IS design scheme were elaborated. Such IS 
can be used in the high-loading-density SPS. In Fig. 13 the longitudinal cross-section of the design 
version of the developed pyrotechnic IS design is shown schematically. The SPS IS design scheme has 
greater reliability. The pyrotechnic IS (Fig. 13) contains the cylindrical casing, having two sections - 1 
and 2. On the lateral surface of section 1 and on the end face surface of section 2 there are perforations - 3 
and 4. In the casing are mounted two flange plugs - 5 and 6. In the casing also are located sequentially the 
additional 7 and the main 8 ignition charges. All perforation 3, in the IS casing section 1 lateral surface, 
are overlapped by the solid propellant layer 9, which is located on the internal cylindrical surface of 
section 1. This layer 9 provides time delay of the CP flow supply from the IS section 1 in the cross 
direction, into the SPS front-end face clearance. The IS casing surface is covered by thermal insulating 
layer 10. On the external surface of the IS casing first section 1 is installed special layer 11, manufactured 
from an exothermic hydrogen-generating mixture (EHM). As the EHM is used the mechanical mixture of 
powders of the solid fuel - carbide - or nitride-forming metals of IV - V groups of D.I.Mendelyeev's 
Periodic System and the solid oxidizer - hydrogen-containing compounds of carbon or nitrogen. The 
combustion process of the mentioned layer represents the self-propagating high-temperature synthesis. 
Whole perforations 3 and 4 are hermetically sealed outside by the external cover 12. In the SPS front 
volume (Fig. 14), this layer 11 will be opposite the non-flowing front-end face clearance. The micro-
structures formed on the absorbing layer surface (11) in the SHS process are located in the SPS non-
flowing front-end face clearance (Fig. 14). Formation of the spatial-periodic micro-structures is 
influenced by the CP oscillations propagating from the solid propellant burning surface. The micro-
structures formed is appropriate for the synergetic micro-structures formed on the burning surface of the 
specific solid propellant. In the SPS non-flowing front-end face clearance (Fig. 14) is possible the 
compression waves propagating. 
 

 

Fig. 13.  The sectional view of the design of 
developed pyrotechnic IS. 

Fig. 14.  The pyrotechnic IS operation in the 
high-loading-density SPS. 
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Development of this process can produce dangerously large pressures in the vicinity of the upper 
boundary of the cavity, resulting in charge destruction. Thus, in the SHS process, the material of layer 11 
adapts for properties of specific solid rocket propellant and for this reason layer 11 provides suppression 
of the unstable combustion modes and the compression waves and also provides highly effective 
absorption of the CP acoustic oscillations energy in the wide frequency band in the non-flowing front-end 
face clearance cavity. For more effective adaptation of the material of the layer 11 to the properties of the 
specific solid rocket propellant, can be used additional heating up of this layer by the electric current. 

 
 

CONCLUSION 
 
 For the first time the problem connected with anomalous ignition at the process of fire utilization of 
the high-loading-density SPS are analysed. The peculiarities of the high-loading-density SPS design are 
the main reason of occurrence of anomalous ignition processes. The possible sequence of development of 
anomalous ignition process of the solid propellant charge is analysed. The results of research have shown 
that anomalous ignition processes at the large-sized SPS fire utilization represent serious danger to the 
environment and for the population. On the basis of the numerical modeling results, new technologies for 
safe ignition of case-bonded solid propellant charges was developed. This technologies allows reduction 
of the ignition-transient period time without a pressure increase in the engine combustion chamber and 
simultaneously reduction of the thermal loads on the charge and the structural elements of the engine 
combustion chamber. Use of the SHS technologies opens an opportunity of considerable increase of 
stability of the physical-chemical processes at the SPS fire utilization. 

 
 

NOMENCLATURE 
 

a, b -  mass concentrations of combustion products formed at the solid propellant burning 
   surface and flowing  into the front head-end clearance through its opened boundary 

CC  -  specific heat capacity of the solid propellant 

0fC  -  friction coefficient 
Co -  Courant number, stability coefficient 

pC  -  constant-pressure specific heat capacity of the combustion products 

VC  -  constant-volume specific heat capacity of the combustion products 
d -  diameter of clearance 

PCD  -  diameter of the solid propellant charge 
E -  energy of the combustion products mixture (the sum of the combustion product 

    internal and kinetic energy) 
aE  -  reaction activation energy 

F -  area or front end-face cavity (clearance) cross-section area 

CCF  -  solid propellant rocket motor combustion chamber throat area 
SI
poF  -  solid propellant rocket motor ignition system total perforation opening area   

H -  propellant enthalpy   
k -  adiabatic exponent (specific heat ratio) 

0k  -  pre-exponent   

bK  -  coefficient of proportionality, determined experimentally   
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defK  -  coefficient of proportionality, determined experimentally   
L -  length of clearance 

ISL  -  length of the ignition system 

PCL  -  length of the solid propellant rocket motor charge 
M -  Mach number 
P -  combustion product mixture pressure 

bP  -  combustion product pressure value in the boot area 

DP  -  engine pressure sealing diaphragm destruction pressure value   

0P  -  environmental pressure 
pusP  -  support pressure, )Pa10981.0P( 5

pus ⋅=  

*P  -  boot break-off pressure value 

Per -  clearance lateral surface perimeter   
Q -  reaction heat effect 

sq  -  heat flow value on the propellant surface 

Uq  -  value of radiative heat flow into the combustion products 

r -  distance from the symmetry axis   
R -  gas constant or clearance curvature radius 

0R  -  universal gas constant 
Re -  Reynolds criterion 

PCS  -  solid propellant burning surface area 
t -  process time 

∗t  -  solid propellant surface ignition delay time  (surface, located in the re-opened end 
   face cavity) 

T -  temperature 

igT  -  critical temperature 

1u  -  individual burning rate in the degree combustion law (temperature-dependent constant) 

cu  -  solid propellant linear burning rate 

U -  longitudinal component of the combustion product flow velocity 
V -  lateral component of the combustion product flow velocity 

ISW  -  solid propellant rocket motor ignition system chamber internal volume value 
0W  -  volume value of the re-opened cavity at 

0PP =  
α  -  heat exchange coefficient 

cγ  -  relative mass concentration of the c-phase in the combustion product mixture   
ε  -  combustion product blackness coefficient 

sε  -  propellant surface blackness coefficient 

beε  -  coefficient of erosive burning 

η  -  density of the volumetric incident radiation or diametrical coordinate of the solid 
   propellant rocket motor curvilinear zone (the solid propellant rocket motor front 
   end-face clearance) 

ECη  -  coordinate of the engine case internal surface (the boundary coordinate) 
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SPη  -  coordinate of the solid propellant external surface (the boundary coordinate) 

λ  -  heat conductivity coefficient 
µ  -  combustion product dynamic viscosity coefficient 

cν  -  exponent in the degree combustion law  (pressure exponent) 

θ  -  peripheral coordinate 
ρ  -  density or combustion product mixture density 
σ  -  Stefan-Boltzman constant 
τ  -  friction stress 
∆  -  clearance between the engine case head end internal surface and the charge end-face 

    surface 
aΣ ,

tΣ  

-  coefficients of radiation and combustion product interaction (function of the 
   combustion product properties) 

ISω  -  mass of the pelletized solid propellant, placed in the ignition system cavity 

ξ  -  longitudinal coordinate in the solid propellant rocket motor curvilinear zone 
   (coordinate along the solid propellant rocket motor front head-end clearance axis) 

ξ  -  ξ relative value, Lξ=ξ  

 
 
Subscripts & Superscripts 
 
b -  parameters on the boundary  

c -  parameters of the condensed (solid) phase (the solid propellant) 

cal
c 

-  parameters obtained computationally 

CP -  parameters of combustion products 

EC -  parameters on the internal surface of the solid propellant rocket motor head end 

exp -  parameters obtained experimentally 

ig -  parameters at the moment of propellant ignition 

IS -  parameters of the ignition system 

LB -  parameters on the left (opened) clearance boundary 

o -  initial conditions 

RB -  parameters on the right (non-flowing) clearance boundary 

s -  parameters on the propellant surface 

SP -  parameters on the external surface of the solid propellant rocket motor charge 

st -  stationary values of the parameters 

1 -  parameters of the solid propellant combustion products 
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2 -  parameters of the combustion products entering the clearance through the 
    opened boundary 

3 -  parameters of the gas originally filling the clearance 
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ABSTRACT 
 

Studies of shock-induced processes in fuel/oxidizer mixtures followed by formation of 
solid final reaction products have been performed. The obtained results showed a 
possibility for detonation-like processes to propagate with steady-state velocity in 
porous samples made of mechanoactivated energetic composites (MAEC) based on 
Al/Teflon mixtures. There were measured pressure histories in barriers of different 
materials placed in contact at the end-plane of tested samples. It allowed one to 
evaluate pressure in reaction products. Replacing air in pores by helium showed minor 
influence of gas of pores on detonation-like processes propagation. 
 

 
 

INTRODUCTION 
 
Detonation is a self-sustaining process of 

an energy release propagating in a reactive 
medium with steady-state velocity exceeding 
sound speed of the initial material. Detonability 
is one of the fundamental properties of 
chemically active media. According to Yu.B. 
Khariton [1]: “…any material or mixture, in 
which mechanical or thermal actions of the 
explosion products accelerate chemical reaction 
should detonate, whatever mechanism and 
duration of reaction. In other words, any 
substance capable of exothermic transformation 
is able to detonate. The more is reaction 
duration, the larger should be the diameter of the 
charge, at which steady-state detonation could 
occur.” The most of detonable substances and 
mixtures are the compositions reacting with 
formation of gaseous products. However, there 
is not any interdiction on detonation in gasless 
compositions. Searches for realization of 
“gasless” or “solid-phase” detonation have long 
been started (see e.g. [2, 3]). Nevertheless, 
steady-state gasless detonation has not been still 
found.  

Previously, we performed studies on 
shock-wave initiation of reactions in mixtures of 

aluminum with sulfur and metal oxides [4]. In 
high-dense samples, reaction damped out when 
initiated by powerful shock wave. In this case, 
shock wave spreads with high velocity, reaction 
front lags behind shock wave front and the 
substance disperses in a rarefaction. 

Self-sustaining regime was observed for 
loose-packed charges. Large volume of pores 
provides better conditions for component 
intermixing and their interaction behind wave 
front. A magnitude of initiating pulse as well as 
a structure of a sample strongly affected on the 
process stability. A minor changes in the initial 
mixture density or in initiating pulse intensity 
resulted either to the process failure with 
formation of a “plug” consisted of reaction 
products mixed with reagents or to the regime of 
slow burning. Nevertheless, the obtained results 
showed the ability of detonation-like processes 
to spread in mixtures of aluminum with 
oxidizers. However, reaction rate was 
insufficient to support steady-state process over 
whole charge 30 mm in diameter. There were 
undertaken attempts to increase mixture 
reactivity. Preliminary mechanochemical 
activation of the mixture was found to be the 
most promising method. Basing on it, there was 
developed a technique for production of 
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mechanoactivated energetic composites 
(MAEC), fuel-oxidizers particles of which are 
mechanically bonded. MAEC reactivity 
markedly grows in comparison with common 
mixtures. Mechanoactivation resulted to 
significant increase of both velocity of 
detonation-like process propagation and burning 
velocity. 

 
MATERIALS 

 
Al/Teflon mixture with component mass 

ratio 45/55 was chosen as a basic one. 
Calculations show that reaction in the mixture 
should be followed by significant heat effect 
comparable with heat of explosive 
decomposition of aluminized HE. For mixture 
preparation, there were used powders of Al 
(ASD-6 spherical particles with mean-size 3.6 
µm) and Teflon (F-4PN consisted of two 
batches: coarse one (main fraction) with mean 
size 10-300 µm and fine – with mean size 1.5 – 
2.5 µm). Mixing and mechanochemical 
activation of the components with addition of 
small amount of hexane were performed in 
Aronov-type vibration mill, energy intensity of 
which is equal to 9 W/g. Total activation time 
was 15 min. After activation, the powder was 
drying till complete hexane extraction. In so 
doing, produced composite is a powder of flaked 
particles consisted of Teflon matrix with Al 
inclusions. The flakes could not be separated 
into components either by mechanical action or 
in solvents. Sizes of the most particles were 5 – 
50 µm with 2-5 µm of thickness. X-ray analysis 
of MAEC showed that the reaction between 
components does not proceed at a stage of 
mixing.  

In order to compare the reactivity of both 
MAEC and non-activated mixtures, there were 
performed tests on mixtures burning in 
hermetically sealed ampoules. Analysis of the 
combustion products of MAEC showed absence 
of gaseous products and practically complete 
interaction of the components with formation of 
solid final products (AlF3, C, and Al4C3). At the 
same time the analysis of burning products of 
non-activated mixture prepared by common 
milling indicated that a reaction was incomplete, 
there was found some amount of non-reacted 

Teflon. Thus it was shown high reactivity of 
MAEC Al/Teflon. 
EXPERIMENTS 

 
Tests with shock wave initiation were 

performed in thick-wall steel tubes with internal 
diameter 29 mm (see Fig. 1). Al/Teflon mixture 
was charged into casings in portion with 
consequent pressing by hand from 0.16 to 0.25 
TMD. AP/PMMA (95/5) mixture was used as a 
booster charge that was initiated by electric 
detonator. Velocity was measured by contact 
electric gauges and optical fibers as well. 
Experimental accuracy was not worse than 50 
m/s. Witness-plate made of duralumin or Teflon 
with PVDF pressure gage was placed at the end-
plane of the charge. Experimental data on 
velocities are presented in Fig. 2. There are also 
shown the data for Al/S and Al/MoO3 mixtures 
obtained in the same conditions. Values of final 
velocities for Al/Teflon mixtures and maximum 
pressures are given in Table 1. 
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Fig. 1. Experimental set-up. 
 

It was Al/Teflon mixture, for which, for 
the first time, there was observed steady-state 
detonation-like regime propagation with 
constant velocity. At density 0.4 g/cc final 
velocity of the process was more than 800 m/s. 
Density increase up to 0.5 g/cc resulted to the 
velocity decrease to 700 m/s. For Al/Teflon 
mixtures, the curves lie very close at first ~80 
mm, shock-induced process seems to be over-
driven one and the reaction does not contribute 
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much to the wave propagation. Thus, the process 
velocity is controlled by intensity of initiating 
charge. At larger distances, one can observe 
steady-state regime with higher velocity for less 
dense mixture as a rule. It means that reaction 

conditions are more favorable for loose-packed 
compositions. Porosity growth, it seems, makes 
better conditions for relative moving of the 
components and their intermixing. 

 
 

Table.1. Final detonation velocity in MAEC Al/Teflon 45/55  
(Activation time – 15 min; charge diameter - 29 mm; Shot No 1210 - charge was blown by helium) 

 

Shot No Density,  
g/cc 

Charge 
length, mm D, m/s Witness plate Pressure in plate, 

GPa 
1205 0.40 150 840 - - 
1209 0.44 150 780 Duralumin 1.0 
1208 0.48 180 740 Teflon 0.6 
1210 0.49 140 710 Teflon - Plexiglas 0.5 
1207 0.50 305 705 - - 

 
Fig. 2. Detonation velocity vs. charge length for different mixtures: 

 
1 - 5 - MAEC Al/Teflon 45/55 of different densities: 

1 - 0.40 g/cc (Shot 1205), 2 – 0.50 (1207); 3 – 0.48 (1208); 4 – 0.44 (1209),  
5 – 0.49 (1210 - charge blown by helium);  

6 – Al(UDA)/S 45/55 (0.45 g/cc) (UDA – nanosize Al ~ 100 nm);  
7 – Al(PP-2)/MoO3  45/55 (1.138 g/cc) (PP-2 – Al flake particles);  

8 – Al(PP-2)/S/Fe2O3  55/33/12 (0.81 g/cc)   
 
For previously investigated quasi-steady-

state process in loose-packed Al/S mixture 
simultaneous recording performed with the help 

of electric gages and light fibers showed that 
zone of intensive chemical reaction lagged 
behind SW front in the course of SW 
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propagation along the sample. For Al/Teflon 
mechanoactivated mixture no delay was 
observed. One can see that the velocity curve 
obtained for Al/S and Al/MoO3 mixture 
indicates velocity decrease with charge length (it 
means that the process itself is unsteady one). 
Moreover, measured velocities for the sulfur-
based mixture are lower.  

In order to examine a role of air in sample 
pores, there was conducted an experiment, in 
which the air was replaced by helium (at 
pressure 1 bar). It is also known that sound 
velocity in helium is practically three times more 
than that in air. Prior to the test, air was 
evacuated from the sample sealed in the tube, 
and then the charge was blown by helium. As is 
followed from the test, filling of the sample 
pores by helium (instead of air) resulted to a 
minor, within the experimental error, decrease of 
the velocity of the process at the initial stage 
(see Fig. 2). Nevertheless, the velocity reached 
the same final value that in case of a sample 
with air in pores. The results indicate that 
oxygen has only minor effect on steady-state 
velocity of the process in tested sample. It 
should be also mentioned that measured 
velocities significantly exceed sound velocity in 
loose-packed mixtures. So according to [5], 
equilibrium sound speed for similar material 
should not exceed 50 m/s at pressure about 1 
bar. Rogosinskii A.K. (ICP, RAS) measured a 
velocity of ultrasonic ping (pulse duration 100 
µs, frequency 200 kHz) in a given mixture. The 
sound speed in pressed Al/Teflon (45/55) with 
density 1.2 g/cc (0.5 TMD) was measured to be 
100±20 m/s. Sound speed should decrease at 
lesser density, but we was have failed in 
measuring of sound speed in loose-packed 
samples due to strong pulse attenuation. Thus, 
velocity of detonation process in Al/Teflon 
MAEC significantly exceeds sound speed in 
initial mixture and it is independent of the gas in 
pores. 

Pressure histories were recorded in tests 
with Al/Teflon samples with densities: 0.44, 
0.48, 0.49 g/cc. PVDF gage was placed between 
two duralumin or Teflon plates, or at the 
Teflon/Plexiglas interface; maximum pressure 
measured was 1.0 GPa, 0.6 GPa, and 0.5 GPa 
respectively. Pressure history in Teflon plate is 
shown in Fig. 3. Signal rise time is 0.5 µs. 

Maximum pressure measured in different 
materials allowed to estimate maximum pressure 
in reaction products 0.1 GPa. 

 

 
 

Fig. 3. Pressure profile in witness plate 
(Teflon) 

 
Besides studies of low-dense mixtures, 

there were tested Al/Teflon samples of 
maximum available density close to TMD. It 
was shown that the process rapidly damped and 
steady-state regime could be generated only if 
10 – 15% HE was added. Qualitatively these 
data agree with the results of studies of pressed 
mixtures Al/S and Al/MoO3 [4]. 

 

 
 

Fig. 4. Detonation velocity vs. charge length 
for Teflon-based mixtures with HMX.  

 
Detonation velocities measured in 

Al/Teflon/HMX mixtures are presented in Fig. 4 
Charge diameter was 40 mm, density ~ 2.2 g/cc, 
RDX booster was used for initiation. Final 
detonation velocity measured for the mixture 
with 15% HMX was 4700 m/s. Detonation 
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velocity in high-dense sample decreased with 
decreasing HMX content. Changing Al in the 
mixture to inert LiF leads to detonation failure. 
This data illustrate the sensitizing role of HE 
addition into high-dense Al/Teflon mixture. 

 
CONCLUSION 

 
Basing on previously obtained results for 

shock induced reaction in metal-oxidizer 
mixtures and taking into account the data of 
present work one can assume that porosity of 
samples and difference in dynamic 
characteristics of components are favorable 
factors for reaction and detonation propagation. 
The most reaction rate, possibly, is achieved at 
the initial stage of shock wave action when the 
difference in particle velocities between 
components exists. For some period of time, 
lighter Teflon possesses larger velocity than 
aluminum. Intensive component intermixing and 
more active interactions take place within the 
time of the establishment of velocity 
equilibrium. After this time, intermixing 
processes slow down, a layer of final products 
grows between reagents, and thus the reaction 
turns into a slow burning. Time of intermixing 
reduces with porosity decrease. Thus, it results 
to the decrease of the total reaction rate in high-
dense charges. 

The obtained results showed detonability 
of aluminum-Teflon MAEC with formation of 
solid final reaction products. An actual 
mechanism of detonation propagation in the 
tested mixtures is still an open question. 
Possibly gaseous products might be among 
intermediate reaction products. The role of these 
gaseous products in sustaining of shock wave 
process could be important. Clarification of the 
actual mechanism of the reaction is one of 
directions of further investigation.  

Surface area of the contact of fuel with the 
oxidizer is one of the most important factors 
controlling reaction rate also. In future, we plan 

to perform studies of detonation-like processes 
in energetic nano-scale composites (i.e. mixtures 
with components of nano-scale particles). Large 
contact surfaces of the reagents could be 
achieved in such nano-scale composites. 
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ABSTRACT 
 
Investigations of V.N.Marshakov have shown, that for majority of gasified energetic materials (EM) is 
typical the cellular-pulsating burning phenomena significantly influencing on the combustion processes 
stability. This phenomenon has been the subject of many investigations already more than four decades, 
however within the framework of the combustion classical theory the mechanism of its excitation and 
development does not find an adequate explanation. The analysis of investigations executed in this area 
(K.I.Synayev, B.V.Novozhilov, Merrill W.Beckstead, Kenneth K.Kuo, Herman F.R.Schoyer, Vigor 
Yang, F.E.C.Culick, Luigi T.DeLuca, V.N.Marshakov, A.G.Istratov, N.M.Pivkin, G.V.Melik-Gaykazov, 
I.G.Assovskii, V.Ye.Zarko) has allowed suggesting the new concept of occurrence of this phenomenon, 
connected, mainly, with excitation of the synergetic dissipative spatial-periodic cellular micro-structures 
(SPMS) in the thin liquid-viscous layer and on the EM burning surface and determining the burning wave 
spatial instability. Obviously, it is possible to speak about the fundamental law determining processes of 
the EM burning: the phenomenon of the SPMS formation has universal nature. In accordance with 
suggested theoretical model, at heating from above in the thin liquid-viscous layer occurs the thermo-
electric convection excitation that induce cellular movement and formation of the synergetic SPMS. 
Besides the velocity cells, in the liquid-viscous layer arise the electric field cellular structures.    
 
 

INTRODUCTION 
 

The problem of combustion instability and anomalies of burning of the energetic materials (EM) 
traditionally remains one of actual problems in the theory of combustion (Ref. 1). The principles of the 
EM combustion anomalies theory were established by outstanding Russian scientist Ya.B.Zel'dovich 
(Refs. 2, 3). For creation of new highly effective technologies and systems for suppression of the solid 
propulsion systems (SPS) combustion instability, and also for optimal organization of the internal 
ballistics processes development in the SPS during the ignition-transient period are necessary to have 
detailed representations about unstable combustion mechanisms of the EM. 

Understanding the physical reasons for the existence of the EM cellular-pulsating burning 
phenomena, and therefore the conditions under which it will occur, has been the subject of many 
investigations in the last four decades.  

For the first time the conception of cellular-pulsating burning was entered by K.I. Synaiyev 
(1968) (Ref. 4). And since that time this scientific problem exists.  

The next step was made by V.N.Marshakov (Chief of the Group of Non-Stationary Combustion, 
Semenov Institute of Chemical Physics of the Russian Academy of Sciences, Moscow, Russia). He has 
executed a large number of experiments for understanding of this phenomenon. Investigations of 
V.N.Marshakov have shown, that for majority of gasified EM is typical the cellular-pulsating burning 
phenomena significantly influencing on the combustion processes stability (Ref. 5 – Ref. 8). This 
phenomenon was discovered for all kinds of tested substances - for gunpowders, solid rocket propellants 
(ballistite and composite) and explosives in all investigated range of burning conditions. The cellular-
pulsating burning phenomenon is observed not only near the critical conditions of burning, but also at the 
increased pressures and initial temperatures. The experimental data have shown that this phenomenon 
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develops irrespective of properties and structure of the specific EM. At realization of this burning mode 
the sizes of burning cells are not connected with sizes of components and the sizes and structure of 
researched EM. For example, for composite solid propellants, the dispersiveness of the components (for 
example, the sizes of crystals of the ammonium perchlorate) does not influence on the cellular-pulsating 
burning parameters. Existence of scientific problem connected with studying of the cellular-pulsating 
burning phenomenon also is underlined in the recent paper of Arkhipov V.A., Bondarchuk S.S. and 
Vorozhtsov A.B. (Ref. 9) (Tomsk State University and Institute of Problems of Chemical & Energetic 
Technologies, SB of the RAS, Russia).   

The EM cellular-pulsating burning phenomenon has been a subject of many investigations, 
however within the framework of the combustion classical theory the mechanism of its excitation and 
development does not find an adequate explanation.   
 

 
THE PHENOMENON OF FORMATION OF THE SPATIAL-PERIODIC 

MICRO-STRUCTURES ON THE BURNING SURFACE:  
SOME EXPERIMENTAL RESULTS 

 
Microvideoshooting of the EM samples burning surface has allowed to observe behavior of the 

spatial-periodic microstructures (SPMS) (Ref. 8). The images of video film of burning of the colloxylin 
sample at the atmospheric pressure is shown on Fig. 1, (Ref. 8). The diameter of the sample was equal to 
0.01 m and the initial temperature of the sample is equal to 343 K.  
 

 
 

Fig. 1.  Four sequential images (the time interval between the images is 40 milliseconds) 
of the video film of burning of the colloxylin sample (Ref. 8). 

 
The images of video film of burning of the sample of the model nitroglycerin gunpowder “A” at the 
atmospheric pressure is shown on Fig. 2 (Ref. 8). The diameter of the sample was equal to 0.012 m. The 
view of the burning surface from the bottom end face of the sample, "on the translucence". On the figures 
it is possible to see the cellular micro-structures that develops on the burning surface. The burning cells 
appear and disappear on the burning surface. The typical shapes of the extinguished burning surfaces of 
the pyroxylin samples is shown on Fig. 3. 
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Fig. 2.  Four sequential images (the time interval between the images is 80 
milliseconds) of the video film of burning of the sample of the model 

nitroglycerin gunpowder “A” (Ref. 8). 
 
 
 
 

  
 
 

Fig. 3.  The typical shapes of the burning surfaces of the pyroxylin samples (Ref. 6). 
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The diameter of the samples was equal to 0.01 m and the density is equal to 1500 3m/kg  (Ref. 6). At the 
left side - the imprint (trace) of the burning front on the plasticine (modeling clay) at the atmospheric 
pressure, upon the air. At the right side – the extinguished burning surfaces of the pyroxylin sample.  The 
experiment was executed in the nitrogen atmosphere at pressure equal to 0.51 MPa. The burning surface 
on the extinguished samples (Fig. 3) is not quite planar, and represents a set of superficial (shallow) 
craters (cells). The cross-sectional sizes of these craters do not depend on diameter of the sample and at 
(10 – 15) times more than characteristic thickness hh of the EM heated up layer at burning. On the Fig. 1 
- Fig. 3 it is possible to see that the boundaries of craters (cells) forms similarity of a grid. The sizes of the 
burning cells decrease with the pressure increase and do not depend on the specimen diameter. However 
the ratio of the cells sizes to the thickness of the heated up layer is kept by a constant. Also, the sizes of 
cells have correlation with the size of critical diameter of burning which exceeds the cross-sectional size 
of the cells in 1.5-2 times.  
  

SEARCH OF THE PHYSICAL REASONS OF THE CELLULAR-PULSATING 
BURNING PHENOMENA EXCITATION 

 
The analysis of micro-pulsations on the EM burning surface are presented in papers of 

N.M.Pivkin (Refs. 10, 11). As the reason for appearance of micro-pulsations on the burning surface, the 
non-simultaneous burning out of the EM components was considered. The idea of non-simultaneous 
burning out of the EM components was suggested at the end of 19th century by D.I.Mendeleyev (Ref. 12). 
The method of measurement of the electric conductivity micro-oscillations in the EM combustion zones 
was used for detailed investigation of the non-simultaneous burning out of the EM components. The 
method are presented in papers (Refs. 10, 11). These experimental research work were carried out in the 
Scientific-Research Institute of Polymeric Materials (Perm, Russia). In particular, measurement of the 
electric conductivity of the EM combustion zones allows observe pulsation of the burning cells 
concentration in the combustion zone and deviations of the unstable oscillatory process directly in the 
combustion zones. Pulsation of the burning cells determines a pulsation of the combustion products that 
flows from the burning surface into the combustion chamber. Also these experimental data allows 
estimate the intensity and the frequency characteristics of oscillatory process in the combustion zones that 
provides significant influence on the combustion instability and gas dynamics processes in the 
combustion chamber. The experiments show direct dependence of unstable combustion of EM from the 
regular micro-oscillations in the EM combustion zones.  

Authors have shown that each specific solid propellant has its intrinsic (own) frequencies of 
micro-oscillations in the combustion zones (Refs. 10, 11). Thus the new “universal” integrated parameter 
("propellant intrinsic frequencies of micro-oscillations") was entered. This parameter allows characterize 
the most probable range of the acoustic oscillations, radiating from the burning surface of each specific 
propellant, from the point of view of the phenomenon of the non-simultaneous burning out of the 
components. The results, obtained in papers (Refs. 10, 11) shows that in case of coincidence of the 
"propellant intrinsic frequencies" with the acoustic frequencies of the charge channel cavity (combustion 
chamber cavity), are observed the oscillations of the combustion products pressure and the combustion 
instability. However, these experimental results and the theory (Refs. 10, 11) have not allowed to explain 
the reason of the spatial-periodic cellular micro-structures excitation on the burning surface and all other 
mechanisms of the cellular-pulsating burning phenomena. At the same time, the "propellant intrinsic 
frequencies of micro-oscillations" are display of some universal mechanism. 

For explanation of the EM cellular-pulsating burning phenomena, V.N.Marshakov has suggested 
theoretical model of the burning wave thermal instability (Refs. 5, 6, 8). In accordance with this model, 
on the burning surface there is a mobile system (grid) of burning transverse waves, which is the waves, 
spreading on the heated-up layer, in the transverse direction to the burning propagation. Between these 
transverse waves burning stops. The scheme of propagation of a sequence of the transverse burning waves 
is shown on Fig. 4. 
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Fig. 4. The scheme of propagation of the transverse burning waves (Ref. 6) 
 
 

In accordance with the theoretical scheme of V.N.Marshakov, the transverse burning waves are 
propagating one after another. Also, in accordance with this model the burning cells are considered as a 
wave cells and is supposed that the picture of this phenomenon corresponds to the theoretical model of 
transverse spin burning waves at the self-propagating high-temperature synthesis (SHS) (Ref. 13). These 
theoretical model is very similar to the theoretical model of the spiral propagation of the burning wave, 
which for the first time was suggested by V.N.Fomenko, in 1990 (The Federal Centre of Dual-Use 
Technologies “SOYUZ”, Dzerzhinsky, Moscow Region, Russia). V.N.Fomenko has used this model for 
description of the end-burning charges rhythmic extinctions phenomenon. However, theoretical model 
suggested by V.N.Marshakov (Refs. 5, 6, 8), does not give a real explanation of the cellular-pulsating 
burning phenomenon. Firs of all there is no full analogy between the burning processes of the solid rocket 
propellants and the SHS-systems. At the SHS the condensed reaction products continue to produce 
essential influence on the further development of the burning process. The solid-flame combustion (Ref. 
13) is an self-wave chemical process in the system of solid-phase reagents. This process leads to 
formation of the intermediate and finished products in the solid-phase. The solid-flame combustion is 
only solid-phase process, not connected with formation of liquid and gaseous phases. For example, in the 
reaction zone there is no liquid-viscous layer. After the burning wave propagation, in the material 
develops the volumetric physics-chemical processes that not connected with burning. In these conditions, 
considerable influence on the process development is provided by significant heterogeneity of the EM 
structure. For example, for the SHS-systems, the transverse burning waves may exist at various ratios 
between propagation velocities of the transverse and longitudinal burning waves. However, at the 
gunpowders and solid propellants burning, the transverse burning waves can be considered only if their 
propagation velocity considerably exceeds the longitudinal burning wave propagation velocity.  

 
For the analysis of the system of the burning cells on the burning surface, G.V.Melik-Gaiykazov 

has suggested to use the theory of clusters (Refs. 14, 15). In particular, was suggested to consider the 
system of burning cells as infinite cluster that disintegrates at the time of the cells extinction. However, 
the mechanism of formation of the burning cells on the burning surface was not explained. 
 

On the other hand, behavior of the complex microstructures, developing on the EM burning 
surface is unanalyzable by traditional methods. V.N.Marshakov’s theoretical model of the burning wave 
thermal instability, considers only separate components and connections between them. As noted by B.V. 
Novozhilov (Ref. 16), the solid propellant burning surface represents oscillatory system with infinite 
number of freedom degrees. However, such composite systems cannot be understood, analyzing their 
parts separately. A lot of efforts has been put into the development of models for transient burning of 
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solid propellants. The abstract of paper (Ref. 17) indicates that the model of physics-chemical processes, 
suggested in this paper, explains all known experimental phenomena observed at the solid propellants 
burning. At the same time, the theory of the solid propellants combustion, presented in that paper, can not 
explain the cellular-pulsating burning phenomenon.  

 
In B.V.Novozhilov's recent work (2003) (Ref. 18) was suggested synergetic approach to 

consideration of the problem of combustion instability - the anomalies of the EM burning and the 
phenomenon of non-acoustic instability (the "chuffing" phenomenon) in the combustion chambers. 
However the cellular-pulsating burning phenomenon was not considered.   
 
 
FORMATION OF THE SPATIAL-PERIODIC MICRO-STRUCTURES AND THE CELLULAR-

PULSATING BURNING PHENOMENON 
 

The first, who has paid attention on existence of the general universal law of formation of the 
SPMS in the natural objects and the processes of self-organizing of the dissipative structures in the nature, 
was the well-known German astronomer and mathematician Johannes Kepler. In 1611 he published a 
short treatise “On the Six-Cornered Snowflake”, which is perhaps the first scientific reference to snow 
crystals (Ref. 19).  In his treatise Kepler ponders the question of why snow crystals always exhibit six-
fold symmetry. Kepler was astute in recognizing that the genesis of crystalline symmetry was an 
interesting scientific question, and he also realized that he did not have the means to answer it. In 
particular, Kepler suggested that all forms and symmetries in the nature are subordinated to the "forming 
force" of the Earth and develop under influence of this force (Fig. 5). Also, such processes of forming are 
not connected with the properties of specific substance. 
 
 

 

Fig. 5.  Fig. 6. 
 
 
However, at that time, the important results of Kepler, were not used for understanding of the mechanisms 
of the combustion processes.  
 

The next step in understanding of processes of formation of the SPMS was made through three 
centuries by French researcher Bénard. In 1900 he investigated a fluid, with a free surface, heated from 
below in a dish, and noticed a rather regular cellular pattern of hexagonal convection cells (Fig. 6). 
Benard experimented on only very thin layers (a millimeter or less) that had a free surface and observed 
hexagonal cells when the convection developed. The convection cells appearing at marginal instability 
are called Bénard cells (also called Rayleigh-Bénard convection cells) in honor of French fluid mechanist 
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H.B.Benard who performed pioneering experiments on convective instability in his doctoral thesis in 
1900 (Ref. 20).  

Stimulated by these experiments, Rayleigh in 1916 explained this in terms of a buoyancy driven 
instability, by doing a linear expansion of the equations in the fluid velocities. It was later understood that 
in buoyancy driven convection the expected pattern would be a stripe pattern of convection rolls, rather 
than the cellular pattern observed by Benard. (This is a non-linear phenomena, that was not accessible by 
the methods Rayleigh used). The convection observed by Benard is now understood to be driven by 
temperature dependent surface tension forces rather than by buoyancy. Nevertheless, the stripe or roll 
state formed in buoyancy driven convection is today referred to as Rayleigh-Benard convection. Surface 
tension induced convection is known as Maringoni convection. 

At the last decades were obtained the experimental data on excitation of the convective flows and 
the convection cells at heating of the solids from above, from the side of free surface (Fig. 7) (Refs. 21-
26). Such convective, cellular movement is observed at smelting of solids by laser radiation 
 
 

 
 

Fig. 7. 
 
 
and especially in experiments on alloying of the steels and on preparation of the semi-conductor alloys.   
It is necessary to underline, that between processes of formation of SPMS at the EM burning and at 
smelting of the solids under influence of the laser radiation energy there is an analogy. In both cases on 
the surface of materials there is the liquid-viscous layer that is heating up from above. At the same time, 
at the influence of the laser radiation energy on the propellant surface, the liquid-viscous layer can be 
absent. 

However, such cellular movements can not be excited by the non-electric mechanisms. As shows 
the experiments, under influence of heating can arise the electric charge and the electric field. The 
experimental data have shown that the SPMS develops on the surface of solids under influence of the 
laser radiation energy (Fig. 8) (Refs. 21 – 26).  
In particular, the experiments have shown that the SPMS do not arise at the temperatures lower than 
melting point. At once above the melting point arise the non-stationary SPMS which disappear through 
tens of nano-seconds. At increase of the intensity of influence, is observed the SPMS formation, which 
are kept after the ending of the impulse. Also, the experiments have shown, that at the SPMS formation 
on the surface of materials is observed the strong increase of the optical radiation absorption by the 
surface of these materials.  
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As show the experimental data, the thermo-electric mechanism is excited in the melted layers, 
which thickness less than h = (1.0 - 0.1) mm. These are the most thin layers that observed by the 
experimental way. 

  
A) B) 

  

 
C) D) 

 
 

Fig. 8. The superficial periodic micro structures, formed on the surface of solids under 
influence of the laser radiation energy with various parameters (Table 1.): the 

wave length λ , the duration of  impulse τ , the number of influencing impulses 
in the series N, the density of luminous flux 0C . (Ref. 27) 

 
 

Table 1.  Parameters of the laser radiation energy used in the experiments (Ref. 27). 
 

Fragment Material mµ,λ τ  N 2
0 cmMW,C  

A Germanium 1.06 200 ns 20 60 
B Silicon 1.06 1 ms 1 0.7 
C Stainless 

Steel 
1.06 30 ns 40 30 

D Titanium 10.6 40 sµ 80 1 
 
 
Taking into account the above mentioned experiments, it is necessary to underline, that characteristic 
thickness of the solid propellant heated up layer at burning (and especially liquid-viscous layer) much less 
than this critical thickness of the melted layer.  
Both the experiment, and the theory confirm, that the SPMS formation is rather universal phenomenon. 
Such microstructures arise at the diversified modes of the materials processing by laser radiation.  
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However, how the processes described above can be connected to the processes on the EM 

burning surface? And what physical process on the EM burning surface can be the reason for excitation of 
the SPMS that observed in the experiments? 

In 1949 B.P.Zhukov has shown, that at the EM burning on the boundary between of solid and gas 
phases there is a liquid-viscous layer (Ref. 28). These data were received by experimental way. Namely 
from that time has appeared the opportunity to analyze the EM combustion instability and the abnormal 
physics-chemical processes at the EM burning at a new qualitative level. 

In the paper (Ref. 29) was given one of possible explanations of the cellular-pulsating burning 
phenomena, as a synergetics phenomenon. In accordance with this theoretical model, the self-organizing 
process – the Rayleigh-Benard instability phenomenon arises in the local areas of the EM liquid-viscous 
layer, on the boundary (contact surface), that divided spatial zones formed by liquid components with 
different densities.  

The form of the EM burning surface will correspond to the form of the contact surface and even 
can repeat this surface. In particular, each of the cellular micro-structures, that develops on the burning 
surface determines localization of the specific burning cell. On this reason the pulsating flows of the 
combustion products will be propagating from the burning surface. 

But the question on the cellular-pulsating burning phenomena nature has remained open. 
Further detailed analysis of investigations executed in this area (K.I.Synayev, B.V.Novozhilov, 

Merrill W.Beckstead, Kenneth K.Kuo, Herman F.R.Schoyer, Vigor Yang, F.E.C.Culick, Luigi T.DeLuca, 
V.N.Marshakov, A.G.Istratov, N.M.Pivkin, G.V.Melik-Gaykazov, I.G.Assovskii, V.Ye.Zarko) has 
allowed suggest the new concept of occurrence of this phenomenon, connected, mainly, with excitation of 
the synergetic dissipative spatial-periodic cellular micro-structures in the thin liquid-viscous layer and on 
the EM burning surface, when from chaotic convective streams is born the regular heat-conducting 
hydrodynamic micro-structure, so-called “Benard cells”. It is supposed, that in the local areas of the EM 
liquid-viscous layer, arises the self-organizing process - the thermo-electric instability phenomenon. In 
the thin liquid-viscous layer of the EM at heating from above occurs an interaction of the hydrodynamic, 
electric and thermal subsystems of the disordered system - the thermo-electric convection excitation. The 
thermo-electric mechanism can induce instability of the liquid-viscous layer and occurrence of the 
cellular movement. Excitation is possible at any direction of heating, including heating of the liquid-
viscous layer from above. Besides the velocity cells, in the liquid-viscous layer arise the electric field 
structures.  

In 1976 I.V.Ioffe and E.D.Eidelman (Ref. 30) have shown that the thermo-electric mechanism of 
excitation is characterized by the dimensionless Eidelman number E. 
 
 aνρhAγεIE ⋅⋅⋅⋅⋅== 2222 , (1) 
 
where I is the dimensionless Ioffe number. 
 
The physical sense of this number is similar to sense of the Rayleigh (Ra) and Maringoni (M) numbers. 
The E number shows the ratio of the thermo-electric force arising at heating, to the dissipative force.  
From the qualitative point of view, it can be understood so, that arising of the temperature fluctuation 1T , 
in the liquid-viscous layer, induces the thermo-electric field fluctuation 11 TγE ∇⋅=

v
 which leads to 

occurrence of the volumetric electric charge ( 1Tγε ∆⋅⋅ ). On such electric charge in the “external” 

thermo-electric field ( Aγ ⋅ ) begins to act the volumetric force ( 1
2 TAγε ∆⋅⋅⋅ ). This volumetric thermo-

electric force can induce movement in the liquid-viscous layer in case this force exceeds the dissipation 
forces ( A/Taνρ 1∆⋅⋅⋅ ).  
In order to study the thermo-electric convection excitation phenomenon, taking into account usually used 
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approaching of the electric convection, it is possible to write down the following equation system: 

 01
0

01
1

0

=
∇⋅⋅⋅

+⋅⋅+∇⋅+∆⋅−
∂
∂

ρ
Tγne

gTβp
ρ

Vν
t
V ,  (2) 

 
 
 0Vdiv = ,  (3) 
 
 

 ( ) 001
1 =∇⋅+∆⋅−

∂
∂

TVTa
t

T
,  (4) 

 
 
 ( ) 011 =∇⋅− TγEdiv ,  (5) 
 
 

 
ε
ne

Ediv 1
1

⋅
= ,   (6) 

 
 
 01 =Erat . (7) 
 
 
The thermo-electric mechanism may excite instability in the thin liquid-viscous layer having thickness 
that satisfies to the next conditions: 
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where I,Rah  is the critical thickness of the liquid-viscous layer, at which the action of the buoyancy 
(lifting) force is equivalent to action of the thermo-electric force. It is comparison of the mechanisms of 
excitation of the cellular movement by the buoyancy (lifting) force and by the thermo-electric 
(electrostatic) force. 
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where CI,M hh =  is the critical thickness of the liquid-viscous layer, at which the action of the thermo-
capillary (surface tension) mechanism is equivalent to action of the thermo-electric mechanism. It is 
comparison of the mechanisms of excitation of the cellular movement by the surface tension (thermo-
capillary) force and by the thermo-electric (electrostatic) force. 
 

Fig. 9 shows the thin liquid-viscous layer in the EM reaction zone. The distribution of the forces 
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interacting in the liquid-viscous layer, is shown. This is the buoyancy (lifting) force LF  (the difference 
between Archimedean force and the force of gravity), the surface tension force (thermo-capillary force) 

STF , and the thermo-electric (electrostatic) force TEF . On the figure it is possible to see that at  

 
 

 
Fig. 9. Thin liquid-viscous layer in the EM reaction zone, having 

thermo-electric properties at heating from above 
 
 

heating from above, the instability can be excited only by thermo-electric force. During interaction of the 
hydrodynamic, electric and thermal subsystems in the open thermodynamic system - in the EM liquid-
viscous layer arise the self-organizing and appearance of macroscopic, existential structures. The burning 
surface is spontaneously divided on the hexagonal hydrodynamic Benard cells, and we have result of this 
instability as a cellular-pulsating burning mode. Each of Benard cells have an own electric field. At the 
density difference change between the layers, for example, at increase of the heat flow, will be observed 
alternation of transitions from stability to chaos and from chaos to stability, i.e. formation and destruction 
of the Benard structures. The cells have convective oscillations with intrinsic frequency. 

Self-organizing (forming and evolution) of such SPMS occurs near with the point of phase 
transition of the EM heterogeneous structure.  

At the stationary burning mode the cells arise in the very thin superficial liquid-viscous layer and 
their lifetime will be so small, that usually it is very difficult to register them.  

Obviously, in the real conditions this mechanism will take place simultaneously with other 
physics-chemical processes, including the mechanism, earlier described in the paper (Ref. 29).  

In the formation of the cellular structure, body forces play a role (see Eqs. 2 and 8). This implies 
that the cellular structure would be different depending on the attitude of the propellant. I.e. the gravity 
vector can be directed towards the burning surface, is parallel to the burning surface or can be directed 
away from the burning surface. However, the effect of gravitation is taken into account here, as the 
additional factor, because this effect is not main or determining in formation of these cellular structures. 
The body forces can be present and can be absent. Existence of the body forces at heating from above 
stabilizes the liquid-viscous layer. Also under (strong) acceleration the formation of the cellular surface 
and hence the frequencies of oscillation (combustion instability) could be different and maybe just match 
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or match not with the acoustic frequencies of the combustion chamber. Such high accelerations would be 
experienced in the flight of a rocket but could be reproduced in a centrifuge. V.N.Marshakov carried out 
experimental researches only in stationary conditions. Unfortunately, the experiments connected with 
formation of the cellular structure on the burning surface under strong acceleration were not carried out. It 
is a theme for future researches. 

The thermo-electric instability, also, are the reason of appearance of the burning wave thermal 
instability phenomenon (Refs. 5, 6, 8). The unstable (vibrating) combustion arises at achievement of 
amplitude of micro-oscillations in the burning zone of some threshold value, that dependent on 
geometrical characteristics of acoustic cavity and from the propellant properties. Suggested theoretical 
model allows give an explanation of the experimental results obtained by V.N.Marshakov. The frequency 
of micro-oscillations on the EM burning surface is determined by the parameters of self-organizing 
synergetics microstructures on its burning surface. Obviously that for each specific EM the considered 
phenomenon of self-organizing synergetics microstructures on the burning surface will have own 
peculiarities and will appear in a various degree.  

At the same time, the thermo-electric field fluctuation phenomenon, which leads to occurrence of 
a volumetric charge in the liquid-viscous layer of the burning EM and to excitation of the thermo-electric 
convection, is very similar to the mechanism of occurrence of the electric polarization phenomenon at the 
SHS-systems burning. In the papers (Refs. 31, 32), on example of the wide class of the SHS-systems, is 
shown, that, simultaneously with propagation of the SHS wave spontaneously arise the wave of electric 
polarization of the reactionary system. The electric polarization may be of three types: formation of 
mainly positive or negative potential of the burning wave or alternation of potentials of both marks. 
Excitation of the electro-motive force at the SHS, the authors of papers (Refs. 31, 32) basically connect 
with the phenomenon of thermal diffusion of the mobile ions inside the condensed phases along the 
temperature gradient of the burning wave. 

In the paper (Ref. 17) it is underlined that the EM burning process can be described with use of 
the mathematical model, which takes into account only a set of specific chemical reactions (in particular, 
destruction and re-structuring of the EM components) in the heated up (liquid-viscous) layer of the EM. 
However, this concept does not allow explain the phenomenon of the cellular-pulsating burning 
phenomena. The cellular-pulsating burning phenomena comply completely to other universal governing 
laws, irrespective of the kind of specific chemical reactions. The basic process here is the process of 
formation of the SPMS. 
 
 

SPATIAL-PERIODIC MICRO-STRUCTURES IN THE LIQUID-VISCOUS LAYER AND 
THE ”GENETIC CODE” OF THE ENERGETIC MATERIAL 

 
Taking into account suggested mechanism of the thermo-electric convection excitation in the EM 

liquid-viscous layer, it is possible to introduce the conditional concept of the "Genetic Code" of the EM. 
This concept is connected with formation of the electric field structures and the SPMS in the EM liquid-
viscous layer. By other words, the "Genetic Code" of specific EM includes a set of the parameters 
determining the governing laws of development of the thermo-electric convection and the SPMS in the 
liquid-viscous layer of this EM. Each specific EM already has a built-in “Genetic Code” that carries out 
the adaptation of the system to external influence. If there is an external source of the entropy (for 
example, the heating), then the standard condition of the medium are the SPMS. Within the scope of 
suggested theoretical model, the integrated parameter of the “propellant intrinsic frequencies of micro-
oscillations" (Refs. 10, 11), which characterizes features of burning of each specific solid propellant, can 
receive a new explanation. The "propellant intrinsic frequencies of micro-oscillations" is a result of 
formation of individual SPMS on the burning surface of specific EM. Such SPMS are the source of 
oscillatory process on the burning surface. At the EM burning, these micro-structures radiate oscillating 
flows of the combustion products which interact with the acoustic cavities of the combustion chamber and 
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the charge channel. 
It is possible to say, that the elementary burning cell is the specific carrier of the EM "Genetic 

Code". In accordance with the experimental data, the ratio of the longitudinal and cross-sectional sizes of 
the elementary burning cell are the most stable characteristic of the thermo-electric mechanism of the 
cellular movement excitation. Change of the boundary conditions practically does not influence this 
parameter. At change (reduction) of the thickness of the liquid-viscous layer occurs change of the basic 
mechanism of excitation of the cellular movement leading to instantaneous change of the sizes of an 
arising cells. Replacing of the mechanism of excitation occurs as the phase transition of the second type. 
These experimental results are shown on Fig. 10. Here ∗w  is the critical parameter describing the 
symmetry of arising cell in the longitudinal and cross directions: 
 
 224 BLhw ⋅= . (10) 
 
 
 

 
 
 

Fig. 10. Instantaneous change of the longitudinal size of the convective cell near to 
the point of the phase transition of change of the mechanism of excitation 

 
 
The experimental researches of V.N.Marshakov (Ref. 7) have shown, the size of the burning cell  L  in 
(10 - 15) times more than characteristic thickness hh of the gunpowder heated-up layer, calculated on the 
average burning rate. At the same time, in accordance with experimental results and theories of Rayleigh 
and Maringoni ( ∗w = 0.5) the cross-sectional size of the Bénard cell and the liquid-viscous layer 
thickness are connected by the following expression: 
 
 hL B ⋅⋅= 22  (11) 
 
In particular, in Benard's experiments the thickness of the layer h was equal to ≈ 0.5 mm. In case of 
realization of the thermo-electric convection ( ∗w  = 1.0) this expression (11) will have the following 
form: 
 hL B ⋅= 2  (12) 
 



- 374 - 

In accordance with the paper (Ref. 33), the average thickness of the liquid-viscous reaction layer may be 
determined as follows: 
 
 ( ) 1010 hhUah =⋅=  (13) 
 
From this expression follows, that in the liquid-viscous layer the characteristic size of the Benard cell (for 
ideal conditions) can be calculated as follows: 
 
 ( )UahhL hB ⋅==⋅= 552  (14) 
 
However, in connection with indefiniteness of the h value, in the paper (Ref. 34) it was suggested to use 
the value of thickness of the heated-up layer: 
 
 hhUah ==  (15) 
 
The basic parameters of the cellular-pulsating burning mode are presented in Table 2 – Table 4 (Ref. 7). 
At execution of the thermocouple measurements was detected the spread of the surface temperature 
values ST . This spread is not random, that is connected with non-perfect technique or errors of 
measurements. The spread in the ST  values is connected with a real existing set of the ST  values 
appropriate to various burning rates in pulsations. 
 
 

Table 2. Scale of the burning cells for the nitroglycerin gunpowder “N”  
(diapason of the sizes) (Ref. 7). 

 
P, MPa 0.5 1.0 2.0 5.0 
L, mm 0.7 – 1.4 0.4 – 0.8 0.2 – 0.4 0.1 – 0.2 

 
 

Table 3. Pulsation of the temperature on the burning surface of the  
nitroglycerin gunpowder "N" (Ref. 7). 

 
P, MPa 0.5 1.0 2.0 5.0 10.0 

sT∆ , % 14 9.8 8.7 7.5 6.8 

ST , K 558 578 618 673 713 

 
 

Table 4. Characteristic thickness of the nitroglycerin gunpowder "N"  
heated up layer at burning (Ref. 7). 

 
P, MPa 0.5 1.0 2.0 5.0 10.0 

hh , mm 0.067 0.050 0.029 0.015 0.0097 
exp
hh , mm 0.070 0.060 0.035 0.023 0.0200 
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Variation of the mode of convective movement in the liquid-viscous layer, formation and destruction of 
the cellular structures influence on distribution of the temperature field in the liquid-viscous layer. The 
convective flows and cellular movement in the liquid-viscous layer also determine oscillations of ST  on 
the burning surface. 
 
 

SPATIAL-PERIODIC MICRO-STRUCTURES AND THE PROCESS OF 
AGGLOMERATION ON THE BURNING SURFACE 

OF THE SOLID ROCKET PROPELLANT 
 

For increase of energetic properties of solid rocket propellants, usually, in their composition 
include pulverous metals, for example, the aluminium having high heat-producing capability of reaction 
of oxidizing. Unfortunately, the metal particles having an initial size of 5-20 microns unite in the burning 
wave and create agglomerates with a size of 100-500 microns. This phenomenon induces a number of 
undesirable effects. In particular, full combustion of agglomerates requires significant time, and they have 
not time to burn away in the combustion chamber.  

Development of any methods providing reduction of the sizes of agglomerates, leaving from the 
EM burning surface, finally, allows increase the ballistic efficiency of the solid propulsion systems. 

At burning of the heterogeneous EM, each of the cells of burning can be considered, also, as the 
center of agglomeration. The process of the SPMS formation provides influence on the process of 
agglomeration and on the spectrum of agglomerates on the burning surface of heterogeneous EM. The 
structures of electric field and the structures of convection in the liquid-viscous layer provides essential 
influence on formation of the agglomerates on the EM burning surfaces. Accordingly, the technology of 
control of the electric field structures in the EM liquid-viscous layer is a key to control of the 
agglomeration processes on the EM burning surface. Changing the sizes, orientation and energy of 
structures of the electric field in the liquid-viscous layer it is possible to control the sizes of agglomerates 
on the EM burning surface. Taking into account intrinsic frequencies of each specific solid propellant is 
possible to control the electric field structures and provide essential reduction of agglomeration. In 
accordance with suggested theory the technologies of transformation of the spatial-periodic micro-
structures on the energetic materials burning surface are developed. 
  
 

CONCLUSION 
 

The mechanisms of the EM burning comply of the general universal concept: if there is an external source 
of the entropy (for example, the heating), then the standard condition of the medium are the SPMS. 
Suggested theoretical scheme changes our representations about the EM burning processes and opens new 
opportunities both for controlling of the EM burning processes and for effective prevention of the 
unstable combustion and the burning abnormal modes in the practical systems. In particular, controlling 
of the self-organizing processes on the EM burning surface opens an possibilities to change a range of 
acoustic frequencies, radiating from the burning surface. Actually, mechanism of the SPMS excitation at 
the EM combustion is one of the fundamental laws determining the burning processes of the EM. The 
technology of control of the electric field structures in the EM liquid-viscous layer is a key to control of 
the agglomeration processes on the EM burning surface. Suggested new concept is baseline for creation 
of the methodology of control by the physico-chemical properties of the liquid-viscous layer and by 
processes of self-organizing on the EM burning surface.  
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NOMENCLATURE 
 

A - ( ) hTT Ch −   - Degree of heat, heating up; 
a - Thermal diffusivity of the liquid-viscous layer; 
0C  - Density of luminous flux of laser radiation; 

e - Electric charge; 
E - aνρhAγεI ⋅⋅⋅⋅⋅= 2222  - Dimensionless Eidelman number, the ratio of the 

destabilizing effect of thermo-electric (electrostatic) force to the stabilizing  effect of 
viscous force; 

1E  -  Electric field intensity; 

1E
v  - 1Tγ ∇⋅  - Thermo-electric field fluctuation; 

LF  - 4hAgβρ ⋅⋅⋅⋅  - Buoyancy (lifting) force (the difference between Archimedean force and 
the force of gravity); 

STF  - 
2hAσ ⋅⋅  -  Surface tension force (thermo-capillary force); 

TEF  -  222 hAγε ⋅⋅⋅  - Thermo-electric (electrostatic) force; 
g -  Acceleration due to gravity; 
h -  Characteristic size of fluctuation movement (the thickness of the liquid-viscous layer); 

I,Mh
 

- 
CI,M hh =  - Critical thickness of the liquid-viscous layer, at which the action of the thermo-

capillary (surface tension) mechanism is equivalent to action of the thermo-electric 
mechanism; 

I,Rah
 

-  Critical thickness of the liquid-viscous layer, at which the action of the buoyancy (lifting) 
force is equivalent to action of the thermo-electric force; 

hh  -  Ua  - Characteristic thickness of the EM heated up layer at burning; 
exp
hh  

-  Characteristic thickness of the EM heated up layer at burning, obtained from the 
experiments; 

H -  Width of the thermal channel, that burnt out by the transverse burning wave; 
I -  21−E  - Dimensionless Ioffe number; 
L -  (10 – 15) hh⋅   - Characteristic size of the burning cell; 

BL  -  Characteristic size of the Benard cell in the liquid-viscous layer (for ideal conditions); 
M - aνρhAσ 2 ⋅⋅⋅⋅  - Maringoni number, the ratio of the destabilizing effect of the surface 

tension (thermo-capillary) force to the stabilizing effect of viscous force; 
N -  Number of influencing impulses in the series of laser radiation; 
1n  - 1Tγ ∆⋅  - Concentration of the electric charge (e) carriers; 

p -  Pressure; 
0p  -  Pressure equilibrium value; 
1p  -  (

0pp −  )  - Pressure fluctuation ( deviation of the pressure from the equilibrium value 
0p  );

Ra -  aνρhAgβρ 4 ⋅⋅⋅⋅⋅⋅  - Rayleigh number, the ratio of the destabilizing effect of buoyancy 
force to the stabilizing effect of viscous force; 

t -  Time; 
T -  Temperature; 
0T  -  Temperature equilibrium value; 
1T  -  (

0TT −  ) - Temperature fluctuation ( deviation of the temperature from the equilibrium  
value 

0T  ); 

CT  -  Temperature of the cold boundary surface of the liquid-viscous layer; 
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hT  -  Temperature of the hot boundary surface of the liquid-viscous layer; 

ST  -  Temperature on the burning surface; 
*
ST  - Temperature on the gunpowder surface in the intervals between the transverse burning 

waves; 
sT∆  -  Pulsation of the temperature on the burning surface; 

*u  -  Propagation velocity of the transverse burning wave; 
U -  Linear burning rate of the energetic material sample; 
V -  Flow velocity of the liquid-viscous layer; 
w -  224 Lhw ⋅=  - Parameter describing the symmetry of arising cell in the longitudinal and 

cross directions; 
∗w  -  Critical value of the parameter w; 

x -  Distance between the transverse burning waves; 
 
Greek Symbols 
 

β  -  ( ) Tρρ/1 ∂∂⋅−  - Coefficient of the thermal expansion of the liquid; 
γ  -  Coefficient of the thermo-electro-motive force. Coefficient shows efficiency of 

transformation of the heating in the electric field; 
ε  -  Dielectric constant; 
λ  -  Wave length of the laser radiation; 
µ  -  Dynamic viscosity coefficient; 
ν  -  ρµ   - Kinematic viscosity coefficient; 
ρ  -  Density of the liquid-viscous layer; 
0ρ  -  Density equilibrium value; 
1ρ  -  (

0ρρ −  ) - Density fluctuation ( deviation of the density from the equilibrium value 0ρ  ); 
σ  - Temperature coefficient of the superficial tension, coefficient that shows the decrease of 

the surface tension with the temperature increase; 
τ  -  Duration of impulse of the laser radiation; 
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ABSTRACT 
There are a number of different models available that allow a theoretical prediction from IR emission. 
This article discusses the results of an investigation where such an IR emission model was used to 
investigate trends in changes in color ratio of different gas/soot mixtures. The term color ratio is 
commonly used in the area of IR decoys, where this designates the ratio of energy emitted in two IR 
bands. This study assumes that both targets and spectrally balanced decoys will make use of some form of 
organic fuel/binder . Therefore this study focuses on the IR radiation from heated mixtures of carbon 
dioxide (CO2), water (H2O), carbon monoxide (CO) and soot (C). The predicted results for combustion 
products are presented, and finally the potential and limitation is discussed.  
 
 

1. Introduction 
Aircraft and helicopters emit infrared 
signatures that makes them vulnerable to heat 
seeking missiles. An IR signature is caused by 
the combustion of fuel/air mixtures to produce 
hot carbon dioxide (CO2), water (H2O), carbon 
monoxide (CO) and soot (C). It is known that 
IR signatures of aircraft also depends on 
factors like engine construction and settings, 
aspect angle, range, altitude and atmospheric 
conditions. Those factors will not be discussed 
because they are outside of the scope for this 
article.  
Infrared flares based on Mg/Teflon mixtures 
are normally used as decoys because they 
generate IR signature at high temperatures 
(around 2200 K)[1]. However, in the 
“evolution” of IR-threat versus IR-
countermeasure, more advanced threats came 
around. These employ two-color IR seekers 
that take into account a “color ratio”, which is 
the ratio of energy between 3-5 and 2–3 µm 
(θ3-5/2-3µm). Koch[2] gives ratio’s for MTV (θ3-

5/2-3µm of 0.75) and targets (θ3-5/2-3µm of 1.25 to 
2). Koch also mentions two-color detectors 

that work in the α-band (1.8 – 2.5 µm) and the 
β-band (3.5 – 4.8 µm).  
 
The response to this characteristic of advanced 
threats resulted in spectrally balanced flares. 
Examples of spectrally balanced flare 
compositions are those patented by Herbage[3], 
Nielson[4] or Posson[5]. Posson states that the 
compositions generate combustion products 
with molar ratio's of CO2:H2O > 4, where θ3-

5/2-3µm is said to be > 3.0.  
Although others like Boulanger[6,7] e.a. have 
used the same model for similar intentions, 
until now there has not been a proper 
discussion of the effects of changing the ratio 
of CO2, H2O, CO, soot and the temperature 
and how that effects the “color ratio”. This is 
important in understanding how that 
contributes to a successful spectrally balanced 
flare. 

2. Aim  
This article aims to investigate the feasibility 
of using a model to investigate trends how the 
“color ratio” changes as a function of 
composition and temperature. It is of interest 
to study all possible combinations of heated 
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case CO2 H2O CO case CO2 H2O CO
1 0 0 1
2 0 0.1 0.9 34 0.3 0.3 0.4
3 0 0.2 0.8 35 0.3 0.4 0.3
4 0 0.3 0.7 36 0.3 0.5 0.2
5 0 0.4 0.6 37 0.3 0.6 0.1
6 0 0.5 0.5 38 0.3 0.7 0
7 0 0.6 0.4 39 0.4 0 0.6
8 0 0.7 0.3 40 0.4 0.1 0.5
9 0 0.8 0.2 41 0.4 0.2 0.4

10 0 0.9 0.1 42 0.4 0.3 0.3
11 0 1 0 43 0.4 0.4 0.2
12 0.1 0 0.9 44 0.4 0.5 0.1
13 0.1 0.1 0.8 45 0.4 0.6 0
14 0.1 0.2 0.7 46 0.5 0 0.5
15 0.1 0.3 0.6 47 0.5 0.1 0.4
16 0.1 0.4 0.5 48 0.5 0.2 0.3
17 0.1 0.5 0.4 49 0.5 0.3 0.2
18 0.1 0.6 0.3 50 0.5 0.4 0.1
19 0.1 0.7 0.2 51 0.5 0.5 0
20 0.1 0.8 0.1 52 0.6 0 0.4
21 0.1 0.9 0 53 0.6 0.1 0.3
22 0.2 0 0.8 54 0.6 0.2 0.2
23 0.2 0.1 0.7 55 0.6 0.3 0.1
24 0.2 0.2 0.6 56 0.6 0.4 0
25 0.2 0.3 0.5 57 0.7 0 0.3
26 0.2 0.4 0.4 58 0.7 0.1 0.2
27 0.2 0.5 0.3 59 0.7 0.2 0.1
28 0.2 0.6 0.2 60 0.7 0.3 0
29 0.2 0.7 0.1 61 0.8 0 0.2
30 0.2 0.8 0 62 0.8 0.1 0.1
31 0.3 0 0.7 63 0.8 0.2 0
32 0.3 0.1 0.6 64 0.9 0.1 0
33 0.3 0.2 0.5 65 1 0 0

mixtures of CO2, H2O, CO and soot and 
observe the theoretical “color ratio” at the 
source. The color ratio is expressed as β/α, 
where the α-band is 1.8 – 2.5 µm and the β-
band is 3.5 – 4.8 µm. 

3. Method 
The basis of the study is RADCAL, a narrow 
band model written by Grosshandler[8].The 
program solves the equation of transfer for an 
absorbing and emitting medium (no scattering) 
by breaking the line-of-sight in a number of 
elements and using molecular models and 
tabulated data for spectral absorption 
coefficient, aλ. Under these conditions the 
equation of transfer can be written as 
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ibλ is the Planck blackbody function, κλ is the 
optical thickness defined as **)(0 dlla∫′≡ λλκ  

λ is the wavelength, and the subscript w refers 
to a bounding wall condition.  
The program solves the equation for the 
Single-Line Group model (SLG) that is 
described in the Ludwig’s “Handbook of IR 
Radiation from Combustion Gases”[[9]. The 
model predicts the radiant intensity leaving a 
volume of heated gas of CO2 , H2O, CO, CH4 
and soot. Table 2 includes the molecular bands 
of CO2 , H2O, CO and CH4 that the model 
includes. Molecular bands are either modeled 
or tabulated. The model is likely to be less 
accurate at temperatures greater than 2500 K 
and at pressures over 1.0 MPa.  
 
Table 2. RADCAL includes the following 
molecular bands in it’s model.  

Species Band 
[µm] 

Method of 
calculation 

CO2 2.0 Modeled 
CO2 2.7 Modeled 
CO2 4.3 Modeled 
CO2 10 Modeled 
CO2 15 Tabulated 
H2O 1.38 Tabulated 
H2O 1.88 Tabulated 
H2O 2.7 Tabulated 
H2O 6.3 Tabulated 
H2O 20-200 Tabulated 

CO 4.6 Modeled 
CH4 2.4 Modeled 
CH4 3.3 Tabulated 
CH4 7.7 Tabulated 
Soot 0.4-2000 Modeled 

 
All simulations with RADCAL discussed in 
this article are limited to one-dimensional 
“line of sight” cases, where the optical path 
length is 0.15 m and total gas pressure is 
assumed to be 300kPa. The results are “at the 
source”, so there is not yet effect of 
atmospheric absorption considered. The focus 
is on CO2, H2O and CO because  these 
combustion gases are considered by RADCAL 
and are considered relevant for us. Below in 
Table 1 sixty-five cases are defined to cover 
all possible ratio’s of. This is a systematic 
change in the fractions of CO2:H2O:CO. 
Table 1. Sixty-five cases defined of fractions of 

[CO2]:[H2O]:[CO] 
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If this investigation would have required a 
higher resolution of the ternary diagram, a 
larger number of cases would have been used.  

4. Results 
Figure 1 includes an area marked off (orange 
line) that is known to be attainable with a 
pyrotechnic composition, as an example. The 
CO2:H2O ratio’s that Posson mentions in his 
patent (dashed lines).  

Figure 1: Color ratios at 1600 K with 10-8 soot 
with area indicated.  
Figures 2-4 show the trend of β/α when the 65 
cases at temperature from 1000 K to 2000 K 
and soot levels from none to 5.10-6 (volume 
faction).  

Figures 5-22 show the ternary diagrams of the 
same 65 cases at temperatures of 1200, 1800 
and 2000 K with soot volume fractions 
ranging from 0 to 5.10-6. 

5. Discussion & Conclusion 
1. The model is determined to be especially 

useful when combined with 
thermodynamic models already in use for 
pyrotechnics[10] .  

2. This model allows an estimation of effects 
when changes are made to a pyrotechnic 
base-composition. The models helps 
understanding how  a change in base-
composition effects the result. 

3. The model is useful for investigating the 
color ratio from infrared emission of 
combustion products of burning gaseous 
pyrotechnic compositions. The model is 

not suitable for modeling traditional MTV 
flares.  

4. Modeling results show that the highest β/α 
is obtained in cases where there is the 
most CO with CO2 and no H2O (see case 
12, 22, 31, 39 etc and Figures 2, 3 and 4). 
Posson’s statement of CO2:H2O>4 appears 
to be in the correct place for good results 
in general, but we are not in favor of a 
general “rule of the thumb”. As soon as a 
small fraction of soot is created the effects 
of specific emission by CO2, CO and H2O 
are lost, or diminished, due to the effects 
of black body radiation from soot (which 
is expected). The presence of soot effects 
the β/α in an order of magnitude, 
depending on the temperature. Increasing 
the volume fraction soot at increasing 
temperatures quickly deteriorates the value 
β/α to a value where it is no longer 
“credible” from the perspective of color 
ratio. 

5. This modeling also allows a quick 
evaluation of the effect on color ratio 
when different threats and bandwidth are 
assumed. 

6. Experimental validation is needed to 
completely evaluate the usefulness of this 
model for the intended task. This article 
does not discuss the experimental 
validation of the predicted spectra.  

7. The effects of atmospheric absorption are 
known to have an influence on the IR 
emission of flares at long distances. This 
will effect the β/α. This effect is being 
evaluated in current studies. 

8. A real flare plume has a three dimensional 
structure that can be composed of multiple 
lines of sight with different temperatures 
and concentration profiles. Multiple lines 
of sight have not been evaluated in this 
article, and that is a limitation.  

9. A real flare will be ejected into an 
atmosphere with a high speed. This air 
will cool the flame and influence the 
flame-envelope and concentration profiles. 
The current modeling did not consider 
cooling/dilution effects and that is a 
limitation.  

Acknowledgement to Menno Wiebes and Martijn 
van Eck 

CO2:H20 
= 1:1 

CO2:H20 
= 4:1 
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Figure 2:

 Color ratio at different temperatures without any soot 
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Figure 3: Color ratio at different temperatures with soot level of 10-8 
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Figure 4: Color ratio at different temperatures with soot level of 10-7 
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Figure 5: Ternary diagram at 1200 K without 
soot 
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Figure 6: Ternary diagram at 1800 K without 
soot 
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Figure 7: Ternary diagram at 2000 K without 
soot 

Note: these images are best examined in color print. Please 
contact the author for a digital copy at webb@pml.tno.nl 
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Figure 8: Ternary diagram at 1200 K for 10-
8 soot level 
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Figure 9: Ternary diagram at 1800 K for 10-
8 soot level 

 

 

0.00 0.25 0.50 0.75 1.00

0.00

0.25

0.50

0.75

1.00 0.0

0.2

0.4

0.6

0.8

1.0

CO
H2
O

CO2

0

1.000

1.250

2.000

2.250

5.000

10.00

50.00

100.0

 

Figure 10: Ternary diagram at 2000 K for 10-
8 soot level 
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Figure 11: Ternary diagram at 1200 K for 10-7 
soot level 
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Figure 12: Ternary diagram at 1800 K for 10-7 
soot level 
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Figure 13: Ternary diagram at 2000 K for 10-7 
soot level 
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Figure 14: Ternary diagram at 1200 K for 
5⋅10-7 soot level 
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Figure 15: Ternary diagram at 1800 K for 
5⋅10-7 soot level 
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Figure 16: Ternary diagram at 2000 K for 
5⋅10-7 soot level 
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Figure 17: Ternary diagram at 1200 K for 10-6 
soot level 

 

 

0.00 0.25 0.50 0.75 1.00

0.00

0.25

0.50

0.75

1.00 0.0

0.2

0.4

0.6

0.8

1.0

CO
H2
O

CO2

0

1.000

1.250

2.000

2.250

5.000

10.00

50.00

100.0

 

Figure 18: Ternary diagram at 1800 K for 10-6 
soot level 
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Figure 19: Ternary diagram at 2000 K for 10-6 
soot level 
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Figure 20: Ternary diagram at 1200 K for 
5⋅10-6 soot level 
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Figure 21: Ternary diagram at 1800 K for 
5⋅10-6 soot level 
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Figure 22: Ternary diagram at 2000 K for 
5⋅10-6 soot level 
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ABSTRACT 
 
Thermal analysis is an interesting technique to determine kinetic parameters of separate components, and 
also of a complete system to receive adequate information on the ageing process of pyrotechnic 
compositions. The investigated tracer is a tracking tracer of a Swiss missile. It is attached to a missile and 
produces during burning a red flame. The missile system is already in use for 15 years. Periodic 
inspections of the system take place every three years. These inspections however only give information 
on the actual state of the tracer and not on the future state. The aim of this investigation is to predict the 
ageing behaviour of the tracer system to give additional information about the future use of the missile 
system. 
After two ageing profiles the tracer systems were tested on the test range at armasuisse in Thun. The 
results of the testing show that an ageing period of 4 weeks at 60°C gives no changes in performance 
(light output and burning time). On the other side also a quite heavy ageing period of 4 weeks at 150°C 
was applied on tracer systems, which gives a dramatically change in burning time. The light output was 
even higher after this ageing profile, although the intensity changes a lot. 
 
 
Introduction 

The first part of the study was focused on a literature survey to look for the most critical 
components in the tracer system. Later on ageing experiments were performed in order to model the 
ageing of the most critical component as a function of temperature. These results were the input for the 
ageing program, where the tracer system was aged at an accelerated rate for a period corresponding to 15 
years of storage, after which the system will be tested.  
It is agreed to assume that the missile systems are stored in such a way that moisture will not enter the 
system. Therefore the influence of external moisture on the ageing behaviour was not investigated. The 
so-called acceleration factor of the tracer system was determined. This factor is needed to calculate the 
time necessary for the accelerated ageing experiments at high temperature to simulate the ageing during 
15 years of storage. 
 
The aged tracers were tested at the set-up in Switzerland, where also the periodic inspections were 
performed. The advantage of using the well known equipment was that it can be checked whether the 
tracer system still meets the requirements, and the obtained data can be compared with data already 
obtained in the past from previous measurements done by the Swiss Ammunition Surveillance 
Organization. If the tracer system will still meets the requirements, it can be assumed that the tracer 
system will function well for the next 15 years if stored under the specified storage conditions. 
 
The chemical properties and possible reactions of each ingredient of the composition are of course well-
known under several conditions and are reported widely. However, no literature was found focusing on 
the ageing aspects of this particular composition. Reactions found in literature on titanium / strontium 
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nitrate composition were all from ignition or combustion studies, and from thermal analysis studies 
investigating the exothermic reactions in the region of 300°C - 700°C. 
 
Influence of the Alloprene binder 

The binder Alloprene is a chlorinated latex rubber with the empirical formula C10H11Cl7. It plays 
an important role in the chemical reactions of the investigated pyrotechnic system. Upon heating, the 
binder decomposes. There are many species involved in the decomposition of Alloprene. Evolved gas 
studies show the release of hydrochloric acid and many low molecular weight chlorinated hydrocarbons, 
the largest of which are species that correspond to the formula {C2Cl5}. Methane is also detected in the 
evolved gasses. At higher temperatures aromatic hydrocarbons are formed. 
 
Alloprene → HCl (g) + CH4 (g) + CxHyClz (g) + … + {carbonaceous residue}(s)         (1) 
 
The released hydrochloric acid can react with the nitrate group to form nitrogen dioxide and strontium 
chloride: 
 
Sr(NO3)2 (s) + 2 HCl (g) → SrCl2 (s) + 2 NO2  (g)+ ½ O2 (g)+ H2O (g)    (2) 
 
Immediately, also nitric oxide is formed according to the nitrogen dioxide/nitric oxide equilibrium: 
2 NO2  (g) ⇄ 2 NO (g) + O2 (g)         (3) 
 
The nitrate / hydrochloric acid reaction occurs at a temperature of 300°C  in thermogravimetry - 
differential scanning calorimetry experiments where samples are heated at a rate of 10 °C min- 1, but it is 
reported that the reaction can readily take place at temperatures as low as 180°C. 
 
Water is formed in the nitrate / hydrochloric acid reaction, and although strontium nitrate is not as 
hygroscopic as other nitrates it is hygroscopic above a relative humidity of 70%, affecting the ignitibility 
and the burning properties of the composition. 
 
Sr(NO3)2 (s) + n H2O → Sr(NO3)2∼nH2O (s)       (4) 
 
The carbonaceous residue of the Alloprene binder absorbs nitrogen dioxide through chemisorption. At 
higher temperatures (but already at temperatures as low as 150°C), the reactive carbonaceous residue is 
oxidized by nitrogen dioxide: 
 
3/2 C (s)  + 2 NO2 (g) + ½ O2 (g) → 3/2 CO2 (g) + 2 NO(g)     (5) 
 
The nitrogen dioxide and oxygen are provided by the nitrate / hydrochloric acid reaction, but nitric oxide 
can also be reduced: 
 
C  (s) + 2 NO (g) → N2 (g) + CO2 (g)        (6) 
 
At even higher temperatures, strontium nitrate can be reduced by the carbonaceous residu to form 
strontium carbonate. Strontium carbonate then decomposes into carbon dioxide and strontium oxide. 
 
C (s) + Sr(NO3)2 (s) → SrCO3 (s) +  NOx (g)       (7) 
 
SrCO3 (s) → CO2 (g) + SrO (s)         (8) 
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Reactions of Nitrate 
At elevated temperatures nitrates decompose. Partial decomposition leads to the formation of 

strontium nitrite and oxygen, complete decomposition to strontium oxide, nitric oxide and oxygen. 
 
Sr(NO3)2 (s) → Sr(NO2)2 (s) + O2 (g)        (9) 
 
Sr(NO3)2 (s) → SrO (s) + 2 NO (g) + 3/2 O2 (g)           (10) 
 
Reaction 10 is accompanied by the nitrogen dioxide / nitric oxide equilibrium (equation 3). All oxides of 
nitrogen can eventually be reduced to molecular nitrogen: 
 
NO2

− → NO → N2O → N2           (11) 
 
It is known that pyrotechnic compositions containing a nitrate and magnesium age in the presence of 
water: hydrogen is developed in the reaction of magnesium and water and reduces the nitrate to an oxide, 
which then can react further to a carbonate in the presence of water and CO2. Without the presence of 
magnesium, these reactions will take place given the proper reducing agent and the presence of water and 
CO2. 
 

Sr(NO3)2  →reduction   SrO + NO + NO2 + O2       (12) 

 → OH 2  Sr(OH)2  → 2CO SrCO3 + H2O      (13) 
 
The presence of water (reaction 2) can lead to a new series of reactions of the NOx products: 
nitrogen dioxide is a mixed acid anhydride and can react with water to give a mixture of nitrous and nitric 
acids.  
 
2 NO2 (g) + H2O (l) → HNO2 (aq) + HNO3 (aq)                  (14) 
 
The reaction products are denoted as ‘aq’ because in literature this reaction is described as taking place in 
solution. It is included in the list of all possible reactions because the species involved in the reaction 
could all be present. The same goes for the following step: upon heating, nitrous acid decomposes to give 
nitric acid and nitric oxide.  
 
3 HNO2 (aq) → HNO3 (aq) + 2 NO (g) + H2O(l)       (15) 
 
Nitrogen dioxide can also react with water and oxygen to produce nitric acid:  
 
4 NO2 (g) + 2 H2O (l) + O2  → 4 HNO3 (l)                        (16) 
 
Reactions 1 to 16 can occur with and without the presence of titanium. Up to temperatures of 300°C 
titanium does not react with oxides of nitrogen or hydrochloric acid. However, the presence of titanium 
does however seem to enhance the oxidation of the carbonaceous residu of Alloprene, it is assumed by 
increasing the potential of the gas - solid interaction. 
 
Reactions of Titanium 

Titanium metal is resistant to corrosion. Only extremely small titanium particles (nanoscale) are 
highly reactive, a behaviour as most nano scaled metal particles show. The sensitivity of these particles 
can be tuned by the thickness of the oxide layer on the particle. Titanium metal is coated with an oxide 
layer that usually renders it inactive at standard conditions:  
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Ti (s) + O2 (g) → TiO2 (s)         (17) 
 
The titanium oxide layer protects the metal from being oxidised completely. Compositions containing 
titanium are therefore far less reactive or sensitive to corrosion than compositions containing for example 
magnesium. 
 
Thermal studies have shown that titanium does not react with water at temperatures up to 70°C. It is 
known that titanium will react with steam to form titanium oxide and molecular hydrogen: 
 
Ti (s) + 2 H2O (g) → TiO2 (s) + 2 H2 (g)         (18) 
 
Titanium will not react with hydrochloric acid at room temperature, but it can react with hot hydrochloric 
acid to form titanium (III) complexes: 
 
2 Ti (s) + 12 HCl (aq) → 2 [TiCl6]3- (aq) + 3 H2 (g) + 6 H+ (aq)       (19) 
 
This reaction requires the hydrochloric acid to be dissolved in water, and will therefore only take place, 
after water is formed in reaction 2 and if enough heat is generated. 
 
Ageing of the titanium / strontium nitrate composition: Proposed mechanism 

TG - DSC experiments show that the same reactions occur in binary Alloprene / strontium nitrate 
compositions and ternary titanium / strontium nitrate / Alloprene compositions. Titanium clearly does not 
play a chemical role in pre-ignition reactions. However, titanium does enhance the decomposition of 
Alloprene and thus the release of hydrochloric acid. Also it enhances the amount of carbon dioxide being 
released, indicating a physical influence on the oxidation of the carbonaceous residue of the Alloprene 
binder.  
 
In thermal analysis studies, the weight loss of ternary compositions increases with increasing binder 
content. Therefore it seems likely that from all reactions investigated, the decomposition of the binder and 
the following reaction of its reaction products with the nitrate are the most likely reactions to occur as a 
result of ageing. It should be stated that these reactions take place without the presence of water.  
 
The proposed mechanism is: 
 
1. Alloprene → HCl  + … + {carbonaceous residue} 
 
2. Sr(NO3)2  + 2 HCl  → SrCl2  + 2 NO2  + ½ O2 + H2O 
 
3. 2 NO2   ⇄ 2 NO  + O2  
 
4. 3/2 C  + 2 NO2  + ½ O2  → 3/2 CO2 + 2 NO 
 
5. C  + 2 NO  → N2  + CO2 
 
The reaction of nitrate with hydrochloric acid will be slow since it is exothermic. In DTA experiments 
however an overall exothermic reaction is observed. This is because the oxidation of the highly reactive 
carbonaceous residu of Alloprene is strongly exothermic and is imposed on the endothermic reaction. The 
limited access of NOx to the decomposing Alloprene is thought to be the cause for the low level of 
oxidation of the highly reactive carbonaceous residue. Preliminary experiments have shown that the 
oxidation process is increased by confinement of the evolved gasses. 
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Determination of critical parameters 

A function and failure analysis is a tool to be used for the determination of the most critical 
components of the tracer with respect to ageing. Those components will be selected for artificial ageing 
experiments and modeling. In order to perform a function and failure analysis the exact build up and 
functioning of the tracer has to be known as well as data of aged tracers. This information is from periodic 
inspections available. The function and failure analysis is performed using information gathered from the 
disassembly of the tracer and from periodic inspection data of the Swiss Ammunition Surveillance. 
 
Detailed description of the tracer 

A tracer was disassembled in order to have a detailed description of its components and functions, 
and also to get material for investigations.  
Figure 1 shows a schematic overview of the tracer. The end that is attached to the missile body is shown 
on the left side. The tracer consists of a steel case, an inert aluminium plug, a pyrotechnic pellet, and an 
end plug. The pyrotechnic charge is separated from the aluminium plug with a cardboard disc. For 
ignition a pyrotechnic igniter cord is fitted to the end plug. 
 

  
Figure 1: Schematic overview of the tracer 

(end plug not shown) 
Figure 2: End plug with igniter cord removed 

from the top of the tracer 
 
An igniter cord runs through the rubber end plug and comes in direct physical contact with the 
pyrotechnic pellet (Figure 2). The composition of the igniter cord consists of boron and potassium nitrate. 
Two wires run through the cord for heat conduction. This kind of cord produces a very hot gassy flame 
that ignites the pyrotechnic pellet. 
 
The tracer was first cut in half at the position of the cardboard disc, and then the steel case was 
longitudinally cut to examine the contents of the pyrotechnic charge to determine the number of different 
compositions. The pyrotechnic pellet consists of two compositions: a black, unknown ignition 
composition pressed against seven pressed pellets of the main pyrotechnic titanium / strontium nitrate / 
Alloprene charge (Figure 3). As mentioned before, the exact composition of this charge is not known. 
However for the function and failure analysis only knowledge of the ingredients is needed. 
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Figure 3: Upper half of the tracer with the 

pyrotechnic pellet, longitudinally cut 
Figure 4: From left to right: pyrotechnic charge 

(broken), phenol resin, steel case 
 
The pyrotechnic charge is pressed in a phenol resin inside the metal casing (Figure 4). With respect to 
ageing the possible interaction of the pyrotechnic pellet and the phenol resin has to be considered.  
 
Functioning of the tracer 

A fire flash ignites the ignition cord. The hot flame of the ignition cord ignites the ignition charge 
which ignites the main charge. By using an extra pyrotechnic charge like the ignition charge the ignition 
is step-wise, limiting the possibility of a misfire (Figure 5).  

main charge main charge

ignition charge

igniter cord
squib squib

 
Figure 5: Schematic picture of the energy needed to ignite the main charge (left) and the 

chain of ignition in the Swiss tracer (right). 

Some requirements on the performance of the tracer: The burning time must be longer than 18 seconds. 
The integral of the light intensity over the buring time must be higher than 200.000 cds1. At periodic 
inspections performed by the Swiss Ammunition Surveillance Group, the ignition time, the burning time, 
the light intensity and the integral of the light intensity over the burning time are measured and calculated. 
 
Used techniques 

For the determination of the kinetic parameters Thermogravimetry Analysis combined with DTA 
(Differential Thermal Analysis) is applied. Thermogravimetry Analysis (TGA) is a technique in which the 
weight of a substance is measured as a function of temperature by subjecting the substance to a pre-set 
temperature program. The weight is continuously monitored with a thermo balance. A sample of the 
substance is put in an oven, which can either be kept at a constant temperature or be heated up with a pre-
set heating rate. The test equipment is also capable to measure changes of energy by Differential Thermal 
Analysis (DTA). The big advantage of this technique is the fast way to perform kinetic analysis of 
energetic materials. 

                                                 
1 Information from the Swiss Defence Procurement Agency: Pruefprotokoll Lichtmessanlage MFT, 2000 
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Kinetic investigations on tracer material 

The kinetics, e.g. activation energy can be calculated in different ways. For this study two 
methods are used,  
• Modified Kissinger method 
• Model Free kinetics method 
 
There is a preference to use a model-free method, because from this method a graph of the activation 
energy as a function of temperature can be calculated. In this case more processes are affecting the 
decomposition, a non-linear curve will be obtained. 
 
The tracking tracer system can be divided in four different parts; 

- Grey composition 
- Black composition 
- Phenol resin 
- Stopper 

 
The first indicative experiment has been performed on the four separate components. The tests are 
performed with a heating rate of 5°C/min under an air atmosphere. 
 

TGA
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2.8
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3.4

°C50 100 150 200 250 300 350 400 450 500 550

 
Figure 6 : TGA measurement on four separate components (5°C/min). 

 
The results of these measurements are presented in figure 6. From this figure it can be concluded that the 
‘grey’ and ‘black’ composition are the most stable ones. This is in line with the reference literature where 
is mentioned that the titanium/strontium nitrate composition is stable. The difference between the ‘grey’ 
and ‘black’ composition is the amount of alloprene. The ‘grey’ composition contains more alloprene 
which results in a small mass change at higher temperatures. 
The two additives, rubber stopper and the phenol resin, are less stable. The first step of the decomposition 
starts for both components at a temperature of about 300°C. 
 
Preliminary conclusions on the kinetic evaluation of the resin: 

a) The values of activation energy, through Friedman, Flynn-Wall-Ozawa and Kissinger, all are 
close, and also close to those from free-model analysis. The values from Friedman and Flynn-
Wall-Ozawa come down from 270-280 kJ/mol at conversion below 5%, to an average of 225 for 
conversions higher than 5%. The same value of 225 kJ/mol is calculated from Kissinger. So let’s 
keep: E = 225 kJ/mol as a good average.  
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b) The resulting kinetic function is as follows; 
  f(a) = [-ln(1-a)]-0.7 

 
(a is the conversion degree) 
 

c) which is close to the 2D diffusion model (for which the power is –1, instead of –0.7). This means 
a cylindrical diffusion of gaseous products. 

 
d) As a result, the pre-exponential factor has been calculated as  

A = 3*1016 1/s. 
 
This confirms indirectly that the kinetics of the beginning of epoxy resin decomposition reaction has the 
parameters: 
 E  = 225 kJ/mol 
 A  = 3*1016 1/s 
 f(a)  = [-ln(1-a)]-0.7 
 
As it appears, it is necessary to age the resin at high temperatures (>180°C) for noticing an effect within 
days. 
 
Proposed ageing profile 

As mentioned in the literature, and investigated in this study, the composition of titanium / 
strontium nitrate seems to be very stable. In the case of this tracking tracer, the limitation will probably be 
the phenol resin, which is located between the composition and the metal casing. To calculate the ageing 
profile the kinetic parameters from combinations of the grey composition and the resin are used. 
Based on the kinetic results, the following ageing profiles are proposed and performed: 
 
4 weeks @ 60°C & 4 weeks @ 150°C 
 
The explanation for these two profiles is as follows. 
 

- 4 weeks @ 60°C  
a maximum temperature which, could be expected during different ‘hot-area’ operations. 
 

- 4 weeks @ 150°C 
 
Although the kinetic studies gives no indication of stability problems (e.g. conversion of the main 
components), a very extreme ageing profile is supplied to the tracking tracer, to investigate the influence 
of temperature on the functionality. This profile is comparable with more than 100 years at a storage 
condition of 10°C. 
In an oven eight tracking tracers were artificially aged for 4 weeks either at 60°C or 150°C. After the 
ageing period, the tracking tracers are tested at the testsite of armasuisse in Thun, Switzerland. 
During the firings the following properties are measured; 
• Ignition time (t1-t0)     [sec] 
• Illumination period (t2 – t1)  [sec] 
• Burn-out time (t3 – t2) [sec] 
• Light intensity (t1 …. t2)     [cd] 
• Light quantity (t1 …. t2)       [cds] 
• Color (X-Y values)         [-] 
• Temperature / humidity [°C/ %-RH] 
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Because of the construction of the test facility, it is possible to do all the firings under the same 
conditions, e.g. wind speed. 
 
Prior to the firings, the artificial aged tracking tracers were inspected visually. 
 

 
Figure 7 : Tracking tracer, not artificially aged. 

 
 

 
Figure 8 : Tracking tracer, aged 4 weeks at 60°C. 

 

 
 

Figure 9 : Tracking tracer, aged 4 weeks at 150°C. 
 
According to the above presented figures, the following general remarks can be made: 

- artificial ageing changes the outside colour of the housing of the tracking tracer. 
- artificial ageing at 150°C results in a push-out of the stopper from the tracking tracer. This effect 

is also presented in figure 10. 
 

 
Figure 10: Effect of ageing on the closing side of the stopper 

{left: 4 weeks @ 150°C / right: 4 weeks @ 60°C). 
 
Based on the results presented in figure 10, a gas producing reaction has taken place during the ageing 
process of the tracking tracer, in combination with expansion of the polymer at this high temperature. The 
figure below shows that there is not only an effect on the stopper but also on the igniter cord. This will 
influence the ignitability of the tracking tracer. 
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Figure 11: Effect of ageing on the igniter cord. 

 
The ageing experiments at 60°C show no visible effects on the igniter cord nor on the stopper. So it may 
be concluded that during the ageing at 150°C gases are produced (probably from the resin) which result in 
a pressure build-up. In combination with the weaker stopper (at that temperature) a pressure escape took 
place, resulting in a significant mass loss. 
 
Firing experiments 

The ignition of the two batches with tracers was quite different. The tracking tracers, aged at 
60°C could be ignited with the normal igniter cord (B/KNO3 composition). Tracking tracers aged 4 weeks 
@ 150°C could not be ignited on the normal way. An additional igniter (black powder) allowed to ignite 
the system. 
 

 
Figure 12: Example of the firing experiment (aged 4 weeks @ 60°C) 

 
During and after the firings a range of parameters were recorded. The Swiss criteria for acceptance of the 
tracking tracers are as follows; 
 
t2 – t1    larger or equal than 18 sec 
light quantity larger or equal than 200000 cds, 
 
in combination that the wind speed is in the range of 5 +/- 0.5 meter/second. 
 
Based on the results in table 10 and the proposed criteria, all the investigated tracking tracers will pass the 
criteria. So the ageing period of 4 weeks @ 60°C has no influence on the functionality of the tracking 
tracers. 
To investigate the trend of the results, also earlier data are analysed to prepare the following graph. 
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Figure 13: Trend analysis on the illumination period [seconds] 
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Figure 14: Trend analysis on the burning time [seconds] 

 
In the situation of the illumination period the data-points are in line with the earlier measurements, and 
fulfil the requirement to be larger than 18 seconds. 
In case of the trend analysis on the ‘light quantity’, the current values are somewhat higher than former 
results. Based on these results there is no indication that the tracers will loose functionality after a storage 
period of another 15 years under regular storage conditions (temperature of 10°C). 
 
To investigate the worst case scenario, the four tracking tracers, aged for 4 weeks @ 150 °C are also 
investigated. Based on the results it could be concluded that this artificial aged tracking tracers will not 
pass the criteria for the t2-t1 value, which has to be more than 18 seconds. The burning characteristics of 
these artificial aged tracking tracers was very intensively, short and sometimes parts of the tracer 
composition were spread out. Strange enough the light quantity will still fulfil the criteria of a value of 
more than 200000 cds. 
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Figure 15: Trend analysis on the illumination period [seconds] 
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Figure 16: Trend analysis on the burning time [seconds] 

 
Based on figure 16, the artificial ageing period for 4 weeks at 150°C were too extreme. 
In the following hypothesis an explanation is given for the strange event that the burning time becomes 
too short and the light quantity is still above the criteria. 
During the ageing period a mass loss of about 1.1 m-% instead of the value of 0.06 m-% after the ageing 
period at 60°C. This mass loss is probably caused by the decomposition of the phenol resin (start of 
decomposition at 308°C). 
This phenol composition has the lowest decomposition temperature. And a long isothermal ageing period 
at 150°C will already give some conversion. This conversion makes the resin weaker, and during the 
firing a flash-over from the front line to more inside the tracer very well possible. This explains the fact 
that the light quantity will be in the same range (no large amount of material is lost) and the burning time 
will be much shorter. After this ageing period an uncontrolled burning profile takes place. 
 
Discussion / conclusion 

 Based on the information of the periodic inspections, the ignition charge comes out as the critical 
function of the Swiss tracking tracer in the function and failure analysis, and possibly the burning 
of the main charge.  

 From thermal studies and thermodynamic calculations it is found that the proposed mechanism of 
the ageing of the titanium / strontium nitrate / Alloprene composition is an exothermic process. If 
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this process occurs it can have an influence on the ignition and burning properties of the 
composition, like not igniting, shorter burning times or low intensities.  

 Not igniting or burning is not observed in the periodic inspections. A low intensity is observed in 
the case of one particular lot. A short burning time is observed in two cases.  

 Because there is little information from consecutive periodic inspections of the same lot over a 
period of time, it is not known if all the abnormalities observed in the periodic inspections are a 
result of ageing. The abnormalities observed in the periodic inspections can in any case all be 
brought back to the pyrotechnic item consisting of the main charge and the ignition charge. In the 
next phase of the project, the two pyrotechnic compositions will be the subject of artificial ageing 
experiments. The interaction with the phenol resin they are pressed into will also be investigated. 

 
References 
 
1. Clinger, E. J.; Smith, W. D., J. Pyrotechnics, 7, 15, 1998 
2. Ishi, T.; Furuichi, R.; Oshima, Y., J. Thermal Analysis, 18, 527, 1980 
3. Maneva, M.; Petroff, N, J. Thermal Analysis, 33, 447, 1988 
4. Charsley E. L.; Warrington S. B.; Emmott,  P.; Griffiths, T. T.; Queay, J., J. Thermal Analysis, 38, 

641, 1992 
5. Barišin, D; Batinić-Haberle, I, Propellants, Explosives, Pyrotechnics, 14, 162, 1989 
6. Charsley, E. L.; Warrington, S. B.; Griffiths, T. T.; Queay, J., Proceedings of the 14th International 

Pyrotchnics Seminar, 763, 1989 
7. Griffiths, T. T.; Queay, J.; Charsley E. L.; Warrington S. B., Proceedings of the 15th International 

Pyrotchnics Seminar, 353, 1990 
8. Emmott, P.; Griffiths, T. T.; Queay, J.; Charsley E. L.; Warrington S. B., Proceedings of the 16th 

International Pyrotchnics Seminar, 937, 1991 
9. Emmott,  P.; Griffiths, T. T.; Queay, J.; Charsley E. L.; Warrington S. B., Proceedings of the 17th 

International Pyrotchnics Seminar, 25, 1991 
10. Emmott,  P.; Griffiths, T. T.; Queay, J.; Charsley E. L.; Warrington S. B., Proceedings of the 18th 

International Pyrotchnics Seminar, 221, 1992 



- 110 - 

 



- 651 - 

EFFECT OF SCALE ON FAST COOK-OFF 
STUDIES OF EXPLOSIVES 

 
Octávia Frota1† and Nigel Davies2  

 
 

1European Space Agency (ESTEC/ESA) 
Keplerlaan 1, Postbus 299, 2200 AG Noordwijk, The Netherlands 

2Department of Environmental and Ordnance Systems 
Cranfield University at Royal Military College of Science 

Shrivenham, Swindon SN6 8LA, United Kingdom 
 

 
ABSTRACT 
 
A low cost cook-off experimental facility has been established at the Royal Military College of 

Science to provide a convenient method of ranking explosives in their response to cook-off by the time to 
event under two widely different heating rates and at two different scales. This paper describes the design 
of the trials vehicles, and the demonstration of its suitability for fast cook-off trials with confined 
explosives. Results are reported for cook-off tests on TNT, RDX, and their mixtures. 

The emphasis of the study is on time to event, and temperature at event, but in addition a 
qualitative assessment of the violence of the event was made by examination of the fragments of the 
vehicles, although it is accepted that the relatively light and low cost design of the vehicle may lead to 
variable confinement in the early stages of the explosive event, and hence to a wider spread of responses 
than would be obtained from a more heavily confined and more costly vehicle. 

The test vehicles give results which differentiate between the various explosives and explosive 
mixtures trialled and between the scales. More experiments are required to establish the reproducibility of 
the measurements. The design of the equipment makes this a relatively inexpensive undertaking. 

 
 
INTRODUCTION 
 
One of the main aims of modern munitions design is to minimise the violence of any response to 

a credible accident without compromising the design performance of the weapon. Ideally, the entire 
munition should behave as if it were inert until the designed initiation stimulus is provided. The time 
elapsed between the application of the accidental stimulus and the event is also of great practical 
importance, because this dictates the acceptably safe duration of mitigation efforts such as fire fighting. 

The violence of the event depends critically on the thermal and mechanical properties of the 
munition system. In particular, the strength of the case, the degree of confinement, and the available 
internal free volume affect the extent to which the explosive decomposes in the short time leading up to 
the event [1,2,3,4,5,6]. The experimental determination of the violence of event therefore requires a very 
reproducible set of conditions of confinement, and usually requires relatively strong and heavy hardware 
[6,7,8]. 

The time to event and the temperature at which it occurs under particular heating conditions are 
somewhat less sensitive to the degree of confinement, and can be determined more conveniently using 
less stringently designed and constructed test vehicles. Such vehicles may be considerably lower in cost, 
and therefore more trials can be conducted to allow the results to be analysed statistically. 
                                                 
† Formerly Cranfield University at Royal Military College of Science, Shrivenham, United Kingdom.  
  Presently a Research Fellow with the European Space Agency (ESTEC/ESA), Noordwijk, The Netherlands. 
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The starting point of the programme reported here was an existing experimental test vehicle 
capable of holding a nominal 12 g of explosive, and used to establish a baseline design, and a convenient 
and safe trials methodology [9]. This test vehicle was developed into a satisfactory small scale test vehicle 
and then scaled up to 200 g. 

This publication constitutes a follow up on the study previously published on the testing 
preformed at slow heating rate [10]. 
 
 

EXPERIMENTAL 
 

Test Samples - Composition and Formulation 
The test samples consisted of pure explosive compounds RDX and TNT, and a range of their 

mixtures. The pure explosives were obtained from Royal Ordnance Bridgwater to normal military 
specifications.  

For the cook-off test samples, RDX was dried for 3 hours at 100ºC before being used and flake 
TNT was used as received. The RDX/TNT mixtures were prepared by a water bath melt casting 
procedure. The experimental formulations are listed in Table I. 
 

Composition (wt %) 
100 RDX 

75:25     RDX/TNT 
60:40     RDX/TNT 
50:50     RDX/TNT 
40:60     RDX/TNT 
25:75     RDX/TNT 

100 TNT 
 

Table I - Explosive samples tested in small and medium scale cook-off studies. 

 
Design and Construction of a Cook-Off Test Vehicle 
A small scale (nominal 20 g capacity) and a medium scale (nominal 200 g capacity) stainless 

steel cylindrical cook-off vessels with bolt on end caps were designed and constructed using readily 
available materials. For the specific aim of scaling up the test vehicles, particular care was taken to 
maintain the diameter/length ratio constant, as well as all the main features of the test vehicles 
(manufacturing processes, batches of materials used, number and type of components). 

Both test vehicles were then submitted to preliminary tests in order to assess their mechanical 
integrity during cook-off test conditions, and thermal gradients during heating. 
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Figure 1 - Small and medium scale test vehicles designed and constructed at R.M.C.S.. 
 

Mechanical Stress Failure Tests 
The tensile strength of the bolts used in the small scale vehicle was determined using a 

Houndsfield tensometer. Double nuts at both ends of the bolt ensured that failures occurred on the shank 
of the bolt and not at the nut threads. Sister bolts were tensile tested and failed at 386.8 ± 5 MPa. 
Therefore, with six such bolts the highest operation pressure of the vehicle structure is 23.21 kbar before 
failure of all six bolts [11]. Changing the tensile strength of the bolts can vary this. Considering the 
vehicle structure has an UTS of approximately 390 MPa and that the material used is a EN3 mild steel 
(Ys = 250 MPa), the vehicle structure will yield at 14.5 kbar [12]. 

The Houndsfield tensometer could not accommodate the larger bolts used for the medium scale, 
and therefore both sizes were tested using an Instron Universal Testing Machine. Two different series of 
stress failure tests were performed: 

(i) Various combinations of nuts on single bolts were tested to induce failure on the shank of 
the bolt and not on the nut threads; 

(ii) Completely assembled test vehicles were tested at room temperature and at high 
temperature, to assess any effect on the failure mode. 

The results obtained for bolts with various combinations of nuts (single or double at each end, 
single at one end and double at the other) are shown in Table II. The results for completely assembled test 
vehicles at room and elevated temperature are presented in Table III. 

 
Mechanical Integrity of the Test Vehicles 
The following procedure was adopted to test for leakage of molten TNT. 
The filled vehicle was assembled with the nuts tightened in diagonal sequence to the appropriate 

torque and thereafter: 
(i) The vehicle was placed on a Petri dish, in an oven at 100ºC for 66 hours; 
(ii) The vehicle was checked every 15 minutes for the first hour and every hour for the next 

three hours and then at the end and start of every working day; 
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(iii) If leakage was observed the oven was switched off and allowed to cool to room 
temperature. When the sample had cooled to less than 50ºC it was removed from the 
oven and placed in the breakdown facility for disposal. 

Caution should be exercised when performing this test, as TNT has been reported to undergo 
violent thermal degradation under similar test conditions [13]. 

The end caps sealing washers tested were initially made out of copper. However, washers 
recovered after the leakage trial showed significant signs of corrosion by the liquid TNT. Aluminium was 
tried successfully in the small scale vehicle, but reproducible sealing could not be achieved at medium 
scale. The most satisfactory results were found with internal combustion engine head gasket seals, which 
were used for the rest of the programme. 

The ferrule and screw assembly through which the braided leads of the K-type thermocouples 
passed were rendered completely air tight using an explosives compatible long-curing epoxy resin 
system. 
 

 Stress Failure 
(MPa/bolt) 

Nuts’ Configuration Small Scale Medium Scale 
1 + 1 454 468 
1 + 2 475 ---- 
2 + 2 480 468 

Table II - Experimental results obtained for stress failure for small and medium scale bolts. 
 

 
 Small Scale Medium Scale 
 Troom T250º C Troom T250º C 

Maximum Load (kN) 

Possible from all Six Bolts 

55 57 138 137 

Pressure to Fail (kbar) 22 29 29 29 

 
Table III - Experimental results obtained for stress failure for small and medium scale completely 

assembled cook-off test vehicles, at different temperatures. 
 

 
Trials Set Up 
Two K-type thermocouples were positioned on the inside of the test vehicle in order to record the 

temperature of the wall (TC 4) and the centre of the charge (TC 1). The heating rate was controlled by the 
thermocouple at the wall (TC 4), which was simultaneously connected to the temperature controller and 
the data acquisition system. An additional K-type thermocouple was placed on the external surface (TC 2) 
of the test vehicle (clamped between the surface and the wrapped insulated heating wire) to monitor the 
heating wire temperatures and another one was clamped on the external surface of the containment box 
(TC 3), in order to provide an insight on the fragment containment box temperature after an event occurs. 

The filled vehicle was wrapped in a glass fibre insulated Nichrome heating wire and then in a 
layer of Rock Wool as thermal insulation. The instrumented vehicle was placed in a welded steel box with 
a well-vented lid designed to contain the fragments for examination. The vehicle was positioned in the 
box on a thick plastic disk to reduce the damage to the bottom of the box. A stack of strawboards and 
steel plates were placed on top of the box to prevent the loss of fragments through the vent. 
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All firings were conducted in a concrete block enclosure capable of containing the most violent 
event (see Fig. 2). 
 

 
 

Figure 2 – Cook-Off Test Facility – Firing Chamber. 
 

The controls for all the sensors and measuring equipment (temperature controller, data acquisition 
system for thermocouples, CCTV system with IR capability and video recorder) were placed in the 
control room separated by protective walls from the firing chamber. A XANTREX xkw 80-37 DC power 
supply unit was used and a Coulton Instruments Temperature PZX4 Controller controlled the heating rate. 
A Grant Squirrel 1005 data logger was used to record all these temperature readings during the entire 
duration of a trial. All operations from the start of heating on were executed remotely (see Fig. 3). 

The fast cook-off heating profile was: a first heating ramp from ambient temperature to 100ºC at 
a rate of 300ºC/h, then a dwelling period of 1 hour at 100ºC, and finally a second heating ramp to 400ºC 
at a rate of 240ºC/h. 

If the temperature reached 400ºC without an explosive event, the heating system was switched off 
and the test vehicle left until the temperature fell to room temperature and then for a further 30 minutes 
before access to the building was permitted. The recovered material was sealed in plastic bags, placed in 
cardboard boxes and handled appropriately. 

For comparison of the cook-off results, the experimental conditions and methodology were kept 
rigorously the same for either small and medium scale cook-off test vehicles for all the tested samples. 
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Figure 3 – Cook-Off Test Facility – Control Room. 
 
 
Fast Cook-Off Results 
The results obtained for small and medium scale cook-off testing are presented in terms of time to 

cook-off and cook-off temperature for all the samples tested (see Table IV).  
 

 SMALL SCALE MEDIUM SCALE 
Sample t (s) TTC1 (ºC) TTC4 (ºC) t (s) TTC1 (ºC) T TC4 (ºC) 

RDX 1582 191 203 1574 143 203.5 
75RDX/25TNT 1189 166 182 999 117.5 161 
60RDX/40TNT 1324 196.5 186.5 1212 144 177 
50RDX/50TNT 1449 215.5 211.5 1149 219 220.5 
40RDX/60TNT 1626 234.5 230 1423 ---- 220.5 
25RDX/75TNT 1486 226.5 228.5 1558 229 223.5 

TNT 1083 243 148 992 195.5 226.5 
 

Table IV - Experimental results obtained for small and medium scale fast cook-off studies. 
 

Typical examples of the fast cook-off profiles obtained for small and medium scale for the same 
sample are presented in Figures 4 and 5, respectively. 
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Figure 4 - Fast cook-off profile of a small scale 60 RDX/40 TNT charge. 
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Figure 5 - Fast cook-off profile of a medium scale 60 RDX/40 TNT charge. 
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 The trend of time to cook-off vs. RDX content is plotted on Figure 6. 
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Figure 6 - Time to cook-off vs. RDX content profile for small and medium scale cook-off tests, 

with RDX/TNT mixtures. 
 

 
Figure 7 shows the correlation of cook-off temperature with the RDX content of the trialled 

samples. 
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Figure 7 - Cook-off temperature vs. RDX content profile for small and medium scale fast cook-off tests, 

with RDX/TNT mixtures. 
 

Fragmentation Analysis 
 The violence of event was assessed qualitatively by a simple visual fragmentation analysis, on the 
basis of the types of fragments produced (detonation - small fragments, deflagration - large fragments, 
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pressure burst - no fragments but disrupted and distorted vessel, pressure release - no fragments and only 
slight distortion). 
 Some examples of the fragmentation obtained during this series of trials are presented in Figures 
8 and 9. 
 

 
 

Figure 8 - Fragmentation analysis of a 75 RDX/25TNT small scale fast cook-off trial. 
 

 

 



- 660 - 

Figure 9 - Fragmentation analysis of a 75 RDX/25TNT medium scale fast cook-off trial. 
 

The fragmentation analysis results are shown in Table V:  
 
 

 SMALL SCALE MEDIUM SCALE 
Sample Type of Response Type of Response 
RDX Detonation Detonation 

75RDX/25TNT Deflagration Deflagration 
60RDX/40TNT Deflagration Deflagration 
50RDX/50TNT Pressure Burst Deflagration 
40RDX/60TNT Deflagration Deflagration 
25RDX/75TNT Deflagration Deflagration 

TNT Pressure Release Pressure Release 
 

Table V - Qualitative assessment on the violence of response of the explosives tested. 
 

The type of response presented in Table V should not be taken as definitive for these systems. 
Any study on violence of response necessarily demands a more reproducible degree of confinement than 
the one likely to be achieved in the present study. Therefore, these designations represent only the 
possible qualitative assessment of the violence of response based on “hands-on experience” type of 
assessment. For further studies of fragmentation analysis to be conducted in order to completely assess 
and quantify the violence of response obtained for these systems, a fully confined test vehicle would need 
to be designed and constructed. 

 
 
DISCUSSION OF THE RESULTS 
 
The results obtained for the mechanical stress failure tests proved that two nuts on each end of 

screw thread resulted in tensile failure on the shank, not on the thread. 
For the small scale test vehicle it was possible to determine that the highest operation pressure for 

the vehicle structure is 23.21 kbar before failure of all six bolts. Changing the tensile strength of the bolts 
can vary this. Considering that the vehicle structure is fabricated out of EN3 mild steel, calculations show 
this structure will yield at 14.5 kbar. 

The failure stress per bolt obtained in these tests were 480 MPa and 468 MPa, for small and 
medium scale respectively, thus demonstrating that scale has little or no significant effect on the failure 
stress per bolt. 

The failure load of the bolts has been shown to be independent of temperature over the range 
between room temperature and 250ºC, therefore the stress failure mode is unlikely to be affected by the 
temperature encountered in these tests. 

The mechanical integrity studies conducted with both scale test vehicles proved that the design is 
capable of providing a liquid and airtight seal, therefore achieving the adequate confinement for 
performing the proposed cook-off tests. 

A preliminary analysis from the fast cook-off results from experiments performed with zero 
ullage, whatever concerns the volume of explosive in the cook-off test vehicles, show that at both scales, 
as the composition changes from pure TNT, through the RDX/TNT mixtures to pure RDX the time to 
cook-off rises to a maximum at 25% RDX (medium scale) or 40% RDX (small scale) then decreases to a 
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minimum at 75% RDX (both scales) and then rises at pure RDX. The difference in times at different 
scales is similar for comparable samples. 

In summary, we may state that the small and medium scale fast cook-off results show a trend with 
respect to time to cook-off for the RDX/TNT mixtures: the higher the RDX content in the mixture the 
shorter the time to cook-off. With respect to the cook-off temperatures, there is similarly a decrease of 
these with the increase on RDX content in the RDX/TNT mixtures.  

Concerning both trends on time to cook-off and cook-off temperature, the mixture 50 RDX/50 
TNT for medium scale seems to be the one presenting and exceptional behaviour. No explanation for this 
apparent exception has been so far found [14]. 

For the pure explosives, although RDX presents similar values for both time and temperature of 
cook-off for both scale sizes, there is, however, a reduction in cook-off time on moving from small to 
medium scale cook-off test vehicles. As for TNT, tests with zero ullage showed pressure release for lower 
values of time to cook-off and cook-off temperature on both scales. 

In the fast cook-off regime, as in the slow cook-off regime, any apparent anomalies in the results 
obtained in both scales induce the recommendation that further tests should be performed in order to 
allow for a statistical analysis of the cook-off behaviour of these explosive systems under these 
experimental conditions. 

 
The basic fragmentation analysis results reflect a qualitative assessment of the violence of 

response. The fast cook-off results reveal for small scale cook-off of RDX/TNT mixtures a trend of 
increase in violence of response with increasing RDX content in the mixtures, except for the 50 RDX/50 
TNT and 75RDX/25TNT mixtures, for as yet unknown reasons. 

For the medium scale, again the same trend is observable, although the 60 RDX/40 TNT mixture 
appears to behave somewhat less violently than its neighbours. 

 
 
CONCLUSIONS 
 
Results obtained for small and medium scale fast cook-off trials for RDX/TNT mixtures show, 

for both scales, and in most cases, a trend for time to cook-off and cook-off temperature to decrease with 
increasing RDX content of the same mixtures. The 50 RDX/50 TNT mixture appears to behave 
anomalously, for as yet unidentified reasons, in both scales of experiments. Nevertheless, this is not a 
sample problem as the samples were made up every time from the same batch of ingredients for each 
experiment. 

More experiments are required to establish the reproducibility of these measurements, and to 
investigate the apparent anomaly of the 50 RDX/50 TNT mixture. The design of the equipment makes 
this a relatively inexpensive undertaking. 

Although the experiment is not designed to assess violence of response, there is an indication 
that, as would be expected, mixtures with higher RDX content respond more violently, and that response 
at medium scale is more violent than at small scale. 

Further work needs to be developed in order to explain the exceptional behaviour of some of the 
tested explosives and to adequately assess and quantify the violence of response of these systems, 
therefore implying the design and construction of a fully confined test vehicle. 
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ABSTRACT 
 

In accordance with earlier suggested universal concept of the spatial-periodic micro-structures 
(SPMS) excitation at the energetic materials (EM) combustion have appeared new opportunities both for 
controlling of the EM burning processes and for effective prevention of the unstable combustion and the 
burning abnormal modes in the practical systems. The main idea of this concept is that in the local areas 
of the EM liquid-viscous layer arises the self-organizing process - the thermo-electric instability 
phenomenon. Taking into account of the thermo-electric convection excitation phenomenon in the liquid-
viscous layer of the burning EM and processes of self-organizing of the synergetic dissipative micro-
structures on the burning surface, are suggested the new technologies for suppression of the combustion 
instability. These technologies allow provide transformation and a regrouping of the electric field 
structures in the liquid-viscous layer of the burning EM and synergetic dissipative micro-structures on the 
burning surface. In particular, controlling of the self-organizing processes on the EM burning surface 
opens possibilities to change a range of acoustic frequencies, radiating from the burning surface. At the 
heterogeneous EM burning, the SPMS that arising on the burning surface provides essential influence on 
the process of agglomeration. Application of suggested technologies in practical systems will allow 
control the development of physical-chemical processes at a new qualitative level. 
 
 

INTRODUCTION 
 

 The problem of combustion instability and anomalies of burning of the energetic materials (EM) 
traditionally remains one of actual problems in the theory of combustion (Ref. 1). For creation of new 
highly effective technologies and systems for suppression of the solid propulsion systems (SPS) 
combustion instability, and also for optimal organization of the internal ballistics processes development 
in the SPS during the ignition-transient period are necessary to have detailed representations about 
unstable combustion mechanisms of the EM. 
 Investigations of V.N.Marshakov have shown, that for majority of gasified EM is typical the 
cellular-pulsating burning phenomena significantly influencing on the combustion processes stability 
(Refs. 2-5). The experimental data have shown that this phenomenon develops irrespective of properties 
and structure of the specific EM. At realization of this burning mode the sizes of burning cells are not 
connected with sizes of components and the sizes and structure of researched EM. For example, for 
composite solid propellants, the dispersiveness of the components (for example, the sizes of crystals of 
the ammonium perchlorate) does not influence on the cellular-pulsating burning parameters. 
 The EM cellular-pulsating burning phenomenon has been a subject of many investigations, 
however within the framework of the combustion classical theory the mechanism of its excitation and 
development does not find an adequate explanation.   

In accordance with earlier suggested universal concept of the spatial-periodic micro-structures 
(SPMS) excitation at the EM combustion have appeared new opportunities both for controlling of the EM 
burning processes and for effective prevention of the unstable combustion and the burning abnormal 
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modes in the practical systems.  
The main idea of this concept is that in the local areas of the EM liquid-viscous layer arises the 

self-organizing process - the thermo-electric instability phenomenon. In the thin liquid-viscous layer of 
the EM at heating from above occurs an interaction of the hydrodynamic, electric and thermal subsystems 
of the disordered system - the thermo-electric convection excitation. The thermo-electric mechanism can 
induce instability of the liquid-viscous layer and occurrence of the cellular movement. Besides the 
velocity cells, in the liquid-viscous layer arise the electric field structures. Actually, mechanism of the 
SPMS excitation at the EM combustion is one of the fundamental laws determining the EM burning 
processes. One of the basic conclusions of this theory is that the cellular-pulsating burning phenomenon 
and the process of formation of the cells is not connected with random structure of the EM. The same 
conclusion was confirmed by the experiments executed by V.N.Marshakov (Refs. 3-5). 

Existing technologies for suppression of the EM combustion instability do not take into account 
influence of the synergetic micro-structures on the EM burning surface. Taking into account of the 
thermo-electric convection excitation phenomenon in the liquid-viscous layer of the burning EM and 
processes of self-organizing of the synergetic dissipative microstructures on the burning surface, are 
suggested the new technologies for suppression of the combustion instability. These technologies allow 
provide transformation and a regrouping of the electric field structures in the liquid-viscous layer of the 
burning EM and synergetic dissipative microstructures on the burning surface. In particular, controlling of 
the self-organizing processes on the EM burning surface opens possibilities to change a range of acoustic 
frequencies, radiating from the burning surface.  

 
 

TECHNOLOGY OF DIRECT INFLUENCE ON THE ELECTRIC FIELD 
STRUCTURES IN THE LIQUID-VISCOUS LAYER 

 
The influence of external electromagnetic fields upon the combustion processes induce numerous 

effects which can be used both for studying various stages of burning, and for active influence on the 
burning processes in the various technical devices and technological processes (Ref. 6). For example, 
known techniques include the electrochemical regulation of the burning rate of the high energy condensed 
system (Ref. 7) and the method of electromagnetic control of intensity of the propellant burning in the 
solid propellant rocket motor (Ref. 8). However, the existing technologies for suppression of the solid 
propellant combustion instability do not take into account influence of the synergetic micro-structures on 
the propellant burning surface. Reduction of pulsations on the propellant burning surface requires 
stabilization or decceleration of the instability development in the propellant liquid-viscous layer.  

 
For transformation of the spatial-periodic microstructures on the EM burning surface can be used 

the variable electromagnetic field of given frequency. Under influence of specified field, the conditions of 
formation of the electric field structures in the EM liquid-viscous layer can be considerably changed. 
Conditions of development of the thermo-electric convection in the liquid-viscous layer also will be 
changed. Change of parameters of the thermo-electric convection will lead to changes in the process of 
self-organizing of the cellular micro-structures on the burning surface and will be provided transformation 
of the spatial-periodic micro-structures on the EM burning surface. Transformation of the spatial-periodic 
micro-structures will lead to change of the effective parameters of the liquid-viscous layer: the heat 
conductivity, scale of heterogeneity, uniformity of the components distribution in the burning wave. In 
particular, such transformation of the parameters of the liquid-viscous layer will lead to change of the 
local burning rates of the cells. In the result, the spectrum of frequencies of micro-oscillations of the 
combustion products (CP) that flow back from the burning surface will be changed. 
 
For creation of the electromagnetic field in the reaction zone of the solid propellant charge, the system of 
thin film (foil) electrodes that have been built-in in the solid propellant charge can be used. The specified 
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electrodes can be built-in at the process of manufacturing of the solid propellant charge by spray-coating 
of the thin layer of the metal. In particular, with use of the specified system of electrodes, the cylindrical 
solid propellant charge can be divided in the longitudinal direction (along Z axis, Fig. 1) on the 
electrically-insulated longitudinal sections, and each section can  be  divided  also on  
 
 

 
 

Fig. 1.  The elementary cell of the solid propellant cylindrical charge 
in the cylindrical coordinates system. 

 
 
the electrically-insulated angular sectors (along ϕ  coordinate, Fig. 1). The specified angular sectors can 
be presented as elementary cells (Fig. 1). In each of cells, on two opposite sides (1, Fig. 1), oriented along 
the longitudinal Z coordinate, are installed the electrodes, connected with external multi-channel control 
system. And on two other opposite sides, oriented along the angular coordinate ϕ  are installed the 
insulating layers (2, Fig. 1). The charge burns on the part of the channel, along the radial R coordinate 
(along the cylindrical surface 3). At burning of the charge, on the burning surface the electrodes melts and 
burn-out together with moving of the propellant burning front. All electrodes 1 are insulated from each 
other and used both for measurement of the electric conductivity of the propellant reaction zone, and for 
creation of the electric field, inducing the electric current. With other things being equal, the propellant 
burning rate is a function of the electric current passing through the conducting layer. The specific sizes 
of sectors are determined by the temperature sensitivity of the burning rate of the specific propellant and 
required intensity of influence on the intra-chamber processes. The suggested technology provides an 
opportunity of stabilization of pulsations of the burning surface in each of the charge sectors by 
supporting of constant quantity of the burning cells. For realization of this purpose, in each of the charge 
sectors execute measurement of the electric conductivity of the solid propellant reaction zone. Periodic 
reduction of the level of electric conductivity of the reaction zone will indicate on formation in the liquid-
viscous layer of the thermo-electric convection excitation phenomenon, inducing the cellular-pulsating 
burning mode. The extinguished cells will have the maximal electric resistance. In case of reduction of 
the level of electric conductivity in any sector, it is necessary to provide a controlled energy supply in the 
reaction zone of the specified sector.  
 
 Obviously, there is an opportunity of control of the range of the “propellant intrinsic frequencies of 
micro-oscillations” (Refs. 9, 10) by transformation and a regrouping of the electric field structures in the 
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liquid-viscous layer of the burning EM and synergetics dissipative micro-structures on the burning 
surface. In this case, the liquid-viscous layer properties transformation is possible: the effective 
parameters of the heat conductivity, viscosity, scale of heterogeneity and uniformity of the components 
distribution in the burning wave will be changed. Also is possible to increase the chemical transformation 
degree, the burning rate and the burning temperature of the EM.  
 Suggested technology also provides control of the CP flow structure, the CP pressure distribution 
on the channel length and suppression of unstable combustion and wave processes in the charge channel. 
For this purpose with use of external control system is provided the selective supply of the given amount 
of energy separately in each of sectors and electrochemical regulation of kinetics of the initial stages of 
burning. In this case also provided compensation of the influence of perturbations, caused, for example, 
by pulsations on the propellant burning surface. In particular, is possible the purposeful creation in the 
charge channel of the CP pressure field distribution in the anti-phase to the arising abnormal pressure 
oscillations.  

At burning of the heterogeneous EM, each of the cells of burning can be considered, also, as the 
center of agglomeration. The process of the SPMS formation provides influence on the process of 
agglomeration and on the spectrum of agglomerates on the burning surface of heterogeneous EM. The 
structures of electric field and the structures of convection in the liquid-viscous layer provide essential 
influence on formation of the agglomerates on the EM burning surfaces. Accordingly, the technology of 
control of the electric field structures in the EM liquid-viscous layer is a key to control of the 
agglomeration processes on the EM burning surface. Changing the sizes, orientation and energy of 
structures of the electric field in the liquid-viscous layer it is possible to control the sizes of agglomerates 
on the EM burning surface. Taking into account intrinsic frequencies of each specific solid propellant is 
possible to control the electric field structures and provide essential reduction of agglomeration. 

 
 

TECHNOLOGY OF TRANSFORMATION OF THE ELECTRO-PHYSICAL PROPERTIES OF 
THE LIQUID-VISCOUS LAYER 

 
 One of the new methods for control of formation of the spatial-periodic micro-structures on the 
burning surface is inclusion of the semi-conductor materials in the EM structure. In this case, conditions 
of formation of the electric field cellular structures in the liquid-viscous layer will be considerably 
changed. Also the conditions of development of the thermo-electric convection in the liquid-viscous layer 
will be considerably changed. And change of the parameters of the thermo-electric convection will lead to 
changes of the process of self-organizing of the cellular micro-structures on the EM burning surface. In 
the result, the spectrum of frequencies of micro-oscillations on the EM burning surface will be corrected 
or displaced.  
 
 As an example of practical realization of this technology, it is possible to consider the experimental 
data obtained in the Scientific-Research Institute of Polymeric Materials (Perm, Russia). For suppression 
of the combustion instability in the specific solid propulsion system, the various kinds of stabilizers of 
burning were tested (Refs. 11-13): CaCO3, MgO, ZrO2, ZrC, TiO2, TiC, NiN, TiO, TiN, SiO2, SiC and 
TiSi2. These experiments were executed for the case of coincidence of the "propellant intrinsic 
frequencies" and the acoustic frequencies of the charge channel cavity. Practically in all fire tests, the 
oscillations of the CP pressure and the combustion instability were observed. However, the experiments 
have shown, that at use of the titanium disilicide ( TiSi2 ) the most effective suppression of the 
combustion instability in the SPS is provided. Some of the experimental data are shown on Fig. 2. In 
accordance with the patents (Refs. 12, 13) for stabilization of combustion process of the charge it was 
suggested to insert the titanium disilicide into the structure of the propellant in quantity from 1 up to 5 % 
from the charge mass. In this case, the ratio of the length of a cylindrical section of the charge channel to 
its diameter should be in the limits from 6 up to 28.  
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Fig. 2. Experimental pressure evolutions for the composite solid 
propellant charges with two kinds of stabilizers of burning 

 
 

As an explanation of the reasons of effective suppression of combustion instability it was supposed 
that on the propellant burning surface occurs the reaction of decomposition of the titanium disilicide 
(Refs. 11, 12). In particular, it was supposed that as a result of this reaction, two other stabilizers of 
burning will be formed (Ref. 11): 
 
 

TiSi2 + 3 O2   → TiO2  +  SiO2 
 
In this thesis (Ref. 11) also it was noted that at use of the titanium disilicide, the non-simultaneous burn-
out of the propellant components will change. In result, the spectrum of frequencies of micro-fluctuations, 
radiating from the burning surface should be changed.  

However, taking into account the physical and chemical properties of the titanium disilicide (Table 
1) it is very difficult to agree with such explanations.  
 
 

Table 1. Physics-chemical properties of the stabilizers of burning. 
 
Chemical Name Titanium Disilicide 

(size of powder: 3-13 
micron) 

Titanium Dioxide Silicon Dioxide 

Chemical Formula TiSi2 TiO2 SiO2 
Density, 3mkg  4390 4260 2200 
Melting Point, K 2033 2103 - 2123 1986 

 
 
First of all, the melting point of the titanium disilicide (2033 K) is much higher, than temperature on the 
propellant burning surface. And chemical reaction, mentioned above, can not occur on the burning 
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surface. In the result, the real mechanism of suppression of the combustion instability at use of the 
titanium disilicide was not understood. And in the thesis (Ref. 11) the incorrect explanation of this 
phenomenon was given. 
  
 In accordance with earlier suggested universal concept of the SPMS excitation at the EM 
combustion, these experimental data obtain a new explanation. Titanium disilicide (TiSi2) is a material 
used in the semiconductor industry. It has the lowest resistivity of all refractory metal silicides and good 
thermal stability. At inclusion of the semi-conductor materials in the structure of propellant the conditions 
of formation of the electric field cellular structures in the liquid-viscous layer will be considerably 
changed. Also the conditions of development of the thermo-electric convection in the liquid-viscous layer 
will be considerably changed. And change of the parameters of the thermo-electric convection will lead to 
changes of the process of self-organizing of the cellular micro-structures on the propellant burning 
surface. In the result, the spectrum of frequencies of micro-oscillations on the propellant burning surface 
will be corrected or displaced. And will be provided mismatching of the spectrum of frequencies of 
micro-oscillations on the propellant burning surface and the acoustic frequencies of the charge channel 
cavity. 
 
 

TECHNOLOGY OF USE OF THE MAGNETIC FLUIDS FOR TRANSFORMATION OF THE 
SPATIAL-PERIODIC MICROSTRUCTURES ON THE ENERGETIC 

MATERIAL BURNING SURFACE 
 

For intensification of influence by the constant and variable electromagnetic fields on the 
parameters of the SPMS, in the liquid-viscous layer of the burning EM can be formed the magnetic fluid. 
Formation of the magnetic fluid in the liquid-viscous layer can be provided by insertion of the solid 
magnetic materials in the structure of EM. For example, as a solid magnetic materials can be used the 
ferromagnetic nano-particles, ferromagnetic particles of micron size or nano- and micro- particles of the 
semi-conductor materials. The properties of the magnetic fluid substantially depend from the number, the 
sizes and the form of magnetic particles. Under influence of external electric and magnetic fields in the 
magnetic fluid can be formed the micro-structures. The sizes and the form of formed micro-structures can 
change under influence of external electric and magnetic fields. It gives an opportunity for effective 
regulation of the electro-physical properties of the magnetic fluids.  

 
The technology of use of the magnetic liquids opens new opportunities for control of the processes 

of formation of the electric field micro-structures, of the development of the thermo-electric convection in 
the liquid-viscous layer and directly of the physical-chemical properties of the liquid-viscous layer. Under 
influence of the electro-magnetic fields in the liquid-viscous layer will take place controlled regrouping of 
the ferromagnetic particles. In particular, is possible formation of networks of the particles, oriented along 
the lines of force of the electromagnetic field. Actually, in this case it is possible to speak about formation 
and controlling by the ferromagnetic nano-domain structures. Under influence on the magnetic fluid in 
the liquid-viscous layer by the constant or variable (impulse) magnetic field will be changed the density, 
the heat capacity, the heat conductivity and the viscosity of the liquid-viscous layer. Controlled change of 
the physical-chemical properties of the liquid-viscous layer will lead to change of basic parameters of the 
process of self-organizing of the SPMS on the burning surface and to change of the spectrum of 
frequencies of the micro-fluctuations on the burning surface. In this case also will be changed the 
mechanism of development of the cellular-pulsating burning. Controlled increase of viscosity of the 
liquid-viscous layer will allow to change or to decelerate the process of formation of the burning cells, to 
reduce diffusion processes in the liquid-viscous layer and to reduce the frequency of micro-pulsations on 
the burning surfaces of the EM. 
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CONCLUSION 
 

Taking into account of the thermo-electric convection excitation phenomenon in the liquid-viscous 
layer of the burning EM and processes of self-organizing of the synergetic dissipative micro-structures on 
the burning surface, are suggested the new technologies for suppression of the combustion instability. 
These technologies allow provide transformation and a regrouping of the electric field structures in the 
liquid-viscous layer of the burning EM and synergetic dissipative microstructures on the burning surface. 
In particular, controlling of the self-organizing processes on the EM burning surface opens possibilities to 
change a range of acoustic frequencies, radiating from the burning surface. One of the new methods for 
control of formation of the SPMS on the burning surface is inclusion of the semi-conductor materials in 
the EM structure. Application of suggested technologies in practical systems will allow control the 
development of physical-chemical processes at a new qualitative level. 
 

 
NOMENCLATURE 

 
P -  Pressure; 
R -  Radial coordinate; 
t -  Time; 
Z -  Longitudinal coordinate; 
ϕ  -  Angular coordinate; 

(Z, R, ϕ ) -  Cylindrical coordinate system. 
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ABSTRACT 
 

The environmental constraint on all activities in society increases. Conventional munition is not an 
exception and there is a rising need to evaluate and to limit the effects that munition has on the 
environment. Environmental Life Cycle Assessment (LCA) is a tool to examine the environmental 
impacts from a service or a product during its whole life cycle. In the LCA, data is collected from the 
cradle to the grave for a specific service or product. Using databases and evaluation methods, a picture of 
the environmental impacts is drawn. Hereby, the life cycle part responsible for the most severe 
environmental impacts can be identified, and comparisons can be made between different impact sources 
and other systems. The study also includes the use of a simplified LCA called the MECO method. The 
MECO is a much faster method but it doesn’t include all the data that a quantitative LCA does. The goals 
of the project are to get an idea of the impacts of the munitions’ life cycle, to see which part/parts that 
have the most severe environmental impacts and to see if the qualitative and the simplified LCA differ in 
result. According to the results from the quantitative LCA and the MECO method we suggest the 
following improvement strategies: Change the shell in the grenade, decrease the use in practice, increase 
recycling of the grenade, increase the use of recycled material in the grenade, avoid use of electricity 
generated from fossil fuels, and consider replacement of hazardous substances both in the grenade and in 
production of the grenade. 
 
 
Introduction 
The amount of environmental consideration in 
today’s society is increasing. In Sweden military 
activities are also under environmental 
consideration. The Swedish Armed forces has 
commissioned this project to study the 
environmental life cycle aspects of munition as a 
part of their plan for a defence organisation with 
less impact on the environment. 
Another part of the project is to analyse how life 
cycle assessments can be integrated in the 
acquisition process of defence materiel. 
 
Method  
LCA (Life Cycle Assessment) is used to 
evaluate the potential environmental impacts of 
a product or service during its whole life cycle. 

It is becoming a frequently used method in 
several industrial areas. The use of LCA when 
evaluating military materials especially munition 
is not common practise but have been done 
before (Demex 2000). 

Life Cycle Assessment 
Life cycle assessment is the compilation and 
evaluation of the inputs, outputs and potential 
environmental impacts of a product system 
throughout its life cycle. The life cycle includes 
mining of raw material, production, use and 
disposal of a product (i.e. from cradle to grave) 
(ISO, 1997). The term ‘product’ includes 
physical products as well as services. LCAs are 
often used as comparative studies.  
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The assessment is standardised in the ISO 
14040- series (ISO, 1997; 1998; 2000a;  2000b). 
A guide to the standards is made by Guinée et al 
(2002).  
 
The analysis is performed in four phases, as 
described (according to Guinèe et al 2002) and 
illustrated here. During the process it can be 
necessary to return to earlier phases to improve 
them. 
 
• Definition of goal and scope: The goal of 

the study should be explained and the 
intended use of the results, the initiator of 
the study, the practitioner, the stakeholders 
and the intended users of the results should 
be specified. A scope definition establishes 
the main characteristics of an intended LCA 
study, for example a technical or a 
geographical study. The function, functional 
unit alternatives and reference flows should 
be defined in this phase.  

• Inventory analysis: The product system is 
defined in the inventory analysis. The 
definition includes setting the system 
boundaries, designing the flow diagrams 
with unit processes, collecting data for each 
of these processes, performing allocation for 
multifunctional processes and completing 
the final calculations. The main result is an 

inventory table listing the quantified inputs 
and outputs to the environment associated 
with the functional unit, for example x kg 
carbon dioxide.  

• Impact assessment: The results from the 
inventory analysis is further processed and 
interpreted in the Life Cycle Impact 
Assessment (LCIA). This phase includes 
classification, characterisation as well as the 
optional phases normalisation, grouping and 
weighting. A list of impact categories is 
defined and it is used to classify the results 
from the inventory analysis, on a purely 
qualitative basis. The actual modelling 
results are calculated in the characterisation 
phase. The optional normalisation serves to 
indicate the share of modelled results to a 
reference, e.g. a worldwide or regional total. 
The results can be grouped and weighted to 
include societal preferences of the various 
impact categories. 

• Interpretation: The results from the analysis, 
the choices and assumptions made in the 
analysis are evaluated, in terms of soundness 
and robustness. Conclusions are drawn and 
recommendations are made.  

 
Since LCAs focus on products they are useful 
for product development, improvement and for 
procurement. 

 

 

Figure 1, The framework for life cycle assessment, based on ISO 1997 
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It is not possible to quantify everything, so 
qualitative data and estimations are therefore 
necessary to create a comprehensive picture 
even in a quantitative LCA. In a qualitative 
approach also quantitative information can be 
used especially when such is easily accessible 
(Johansson et al., 2001). Since a full LCA can be 
time- and resource consuming, there is a need 
for using simplified methods. A simplified LCA 
is a simplified variety of detailed LCA 
conducted according to guidelines not in full 
compliance with the ISO 1404X standards and 
representative of studies typically requiring from 
1 to 20 person-days of work (Guinée et al. 2002). 
A large number of simplified LCA-methods 
have been developed; see for example Johansson 
et al. (2001). Based on an evaluation described 
in Hochschorner and Finnveden (2003) we have 
chosen to use the MECO principle in this case 
study.  

The MECO principle 
The Danish Institute for Product Development 
and dk-TEKNIK have developed the MECO 
principle in co-operation with a larger Danish 
project. The use of the principle is described in 
“Handbook for Environmental Assessment of 
Products” (Pommer et al., 2001), which is 
intended for small and medium-sized companies. 
The principle divides the assessment into four 
areas in accordance with the underlying causes 
of the product’s environmental impacts. These 
areas, which have given the principle its name, 
are Materials, Energy, Chemicals and Others 
(Wenzel et al., 1997).  
 
The information on the studied product/system is 
first structured in the MECO 
chart, see figure 2. The analysis 
with the chart can be followed 
by a more detailed LCA, 
making a gradual evaluation of 
the product. 
 
All inflows and outflows must 
be considered for one category 
at the time with bases on the 
functional unit and the chosen 
life cycle phase.  
 

The category ‘Material’ includes all the 
materials needed to produce, use and maintain 
the product. Materials that are being reused in 
the phase of disposal are entered in the Disposal 
box, marked with a minus sign. The use of 
materials is both presented as quantity (1a) and 
partly as resources (1b).  
 
The category ‘Energy’ includes all energy used 
during the product’s life cycle, including the use 
of energy during the supply of materials. The 
use of energy should be indicated as primary 
energy (2a) and as use of oil resources (2b). 
 
The category ‘Chemicals’ includes all chemicals 
in the product’s life cycle. The chemicals are 
classified as type 1, 2 or 3 according to their 
environmental hazard level. Type 1 refers to 
very problematic substances, type 2 to 
problematic substances and type 3 to less 
problematic substances.  
 
Environmental impacts that do not fit into the 
categories described above should be included in 
the category ‘Other’. 
 
For a detailed description of how to use the 
method, see Pommer et al (2001, in Danish) or 
Hochschorner and Finnveden (2004, in Swedish) 

LCA on munition  
A 40 mm L/70 PFHE (Pre fragmented high 
explosive) II grenade has been studied using the 
LCA methodologies described above. It is a 
fairly old munition that has been produced in a 
high quantity. The basis of this choice was that it 
was old and quite simple in construction, which 

 Material  Manufacture 
 

Use Disposal Transport 

1.Materials 
 a) quantity  
 
 b) resource 

     

2. Energy 
a) primary 
 
b) resource 

     

3. Chemicals 
 

     

4. Others 
 

     

Figure 2, MECO chart (Pommer et al, 2001) 
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implied that the amount of available information 
would be higher than in a newer and more 
complex one. 
 
There are several goals for this study: 
• To identify aspect of the life cycle which 

have the largest impact on the environment. 
 
• Suggest improvement possibilities for the 

life cycle of the grenade.  
 
• To make a comparison between different 

approaches for waste management of the 
munition. 

 
• To produce a demonstration case for 

obtaining a LCA on military material.  
The functional unit in this study was one 
grenade. 
 
A number of different data sources were used. 
The main source of information was the 
manufacturer Bofors Defence AB. Information 
on some chemical processes was provided by 
North Carolina State University. Other data 
sources include databases within the LCA 
software used, Simapro 5.0, and the IVAM 4.0 
database.  
 
The complete study is available (Hägvall et al 
2004) 

Impact assessment 
The impact assessment in our 
study includes a classification, 
characterisation and three 
different weighting methods, 
Ecotax 02, Ecoindicator-99 
and EPS 2000. Each method 
is briefly described below. 
The selected impact 
categories and performance of 
characterisation are included 
in the description of the 
methods. Normalisation and 
grouping has not been 
included in our study. 

Characterisation methods 
The characterisation methods used in this study 
are the CML baseline methods (Guinée et al., 
2002) as included in the SimaPro 5.0 program 
except abiotic resources, where a method based 
on exergy content (Finnveden and Östlund, 
1997) has been used. 
  
The method based on exergy content describes 
the use of energy and material resources as 
either consumption of exergy or production of 
entropy. Exergy can be described as a measure 
of available energy. The inputs should be natural 
resources as found in nature.  
 

 Weighting methods 

Ecotax 02  
Ecotax 02 (Eldh, 2003) is an updated version of 
Ecotax 98 developed by (Johansson, 1999) and  
based on environmental taxes and fees in 
Sweden 2002. The method links a tax or a fee to 
a relevant impact category indicator. Even if a 
tax or a fee is only expressed for one substance, 
it is possible to get a reference equivalent weight 
by making a characterisation factor conversion.  
 
Different versions of the method exists. In some 
cases it was possible to develop several 
alternative weighting factors based on different 
taxes or different calculation procedures. In the 
minimum version were the minimum weighting 

Intervention Weighting factor Tax or fee base 
Extraction   
Fossil energy 0-0.15 SEK / MJ Tax on fossil energy 
Biotic energy 0-0.069 SEK/MJ Tax on biotic energy 
   
Emission   
CO2 0.63 SEK/kg Tax on carbon content in fossil fuel 
Ozone depleting 
substances 

1200 SEK/kg Fee for using prohibited ozone depleting substances 

Nitrogen 12 SEK/kg Tax on nitrogen content of fertiliser recalculated due to 
leakage of 15% (tax 1.80 SEK/kg) 

HC 20-200 SEK/kg Emission fee for air traffic 
Sulphur 30 SEK/kg Tax on sulphur content in fossil fuels 
Toluene 17.65-36.07 SEK/kg Tax differentiation on petrol qualities (unleaded petrol vs. 

alkylate petrol) 
Cadmium 30 000 SEK/kg Tax on content of cadmium exceeding 5 g/1000kg 

phosphorous in fertiliser  
Pesticides / Copper 20 SEK/kg Tax on active substance in pesticides 
 

Table 1, Weighting factors for Ecotax derived from environmental 
taxes and fees in Sweden 2002. (Eldh. 2003, Björklund et al. 2003) 



- 115 - 

factors combined and in the maximum version 
were the maximum weighting factors combined. 
For some processes, notably landfilling, were 
long-term emissions included in the RT-version 
of the weighting method (RT-remaining time).  
 
Weighting factors used in Ecotax 02 are listed in, 
table1. 

Ecoindicator-99 
Ecoindicator was developed by PRé consultants 
in the Netherlands. The methodology is 
described in Goedkoop and Spriensma (2000).  
 
In this LCA we have used the hierarchist version 
of the method. In this version are substances 
included if there is consensus among scientists 
regarding the effect. For example, all 
carcinogenic substances in IARC (International 
Agency for Research on Cancer) class 1, 2a and 
2b are included, while class 3 has deliberately 
been excluded. In the hierarchist perspective, 
damages are assumed to be avoidable by good 
management. For instance the danger people 
have to flee from rising water levels is not 
included. In the case of fossil fuels the 
assumption is made that fossil fuels cannot 
easily be substituted. Oil and gas are to be 
replaced by shale, while coal is replaced by 
brown coal.  

 
Weighting is performed for the three damage 
categories; Human health, Ecosystem quality 
and Resources. The impact categories and 
weighting factors are shown in table 2. 

EPS (Environmental Priority Strategies) 
The EPS method is developed within Centre for 
the environmental assessment of Products and 
Material systems (CPM) in Sweden. The 
methodology is described in Steen (1999). 
Weighting is made through valuation on the five 
damage categories human health, ecosystem 
production capacity, abiotic stock resource, 
biodiversity and also cultural and recreational 
values. Each damage category consists of impact 
categories. Weighting factors should represent 
the willingness to pay to avoid changes, and is 
calculated as environmental load units (ELU). 
More information can be found in Steen (1999). 

Results 
The study looked at two different scenarios, here 
called “war “and “total grenade”. The 
differences in the two scenarios are in the use 
phase and the destruction phase. The war 
scenario simulates use of a grenade in a war 
situation, where all the grenades are used in the 
field, no metals are reused, the energetic 
materials are burned and all the emissions are 
released directly to the environment. The 
opposite of this scenario is the total grenade. 
Here all materials are recycled as far as possible, 
only 5% of the grenades are used and if the 
metal in a used grenade is possible to recover it 
is also recycled. 
 
The results from the study are described in 
relation  to the four goals described earlier. 
  
Goal: To identify aspect of the life cycle which 
have the largest impact on the environment. 
 
The largest impacts are according to the 
different scenarios and the weighting methods 
used in the study described below.   
 

Impact category Weighting 
factor 

Unit 

Human health Cancirogen 300 DALY 

Human health Resp. org. 300 DALY 

Human health Resp. inorg. 300 DALY 

Human health Clim.change 300 DALY 

Human health Radiation 300 DALY 

Human health Ozone Layer 300 DALY 

Ecosystem Quality Ecotox 400 PDF*m2yr 

Ecosystem Quality 

Acid/Eutrophication 

400 PDF*m2yr 

Ecosystem Quality Land 

use 

400 PDF*m2yr 

Resources Minerals 300 MJ surplus energy 

Resources Fossil fuels 300 MJ surplus energy 

Table 2, Impact categories and weighting factors 
used in Ecoindicator 99 (SimaPro).  

DALY= Disability Adjusted Life Years,  

PDF=potentially disappeared fraction of species 
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The war scenario: 
In the war scenario, the most environmental 
hazardous process is the actual war impacts 
according to Ecotax 02 max, Ecotax 02 min 
(RT) and Eco-indicator 99. In the war process, 
the grenade is transported by truck and train and 
detonated outdoors. 
 
According to EPS 2000 it is the mining of 
copper ore (copper conc 30%) in the grenade 
that has the largest environmental impact. 
Copper is used in the Brass in the Cartridge case, 
in the PFHE Shell and the Primer. Copper is 
classified as type 2 according to the MECO 
assessment.  
 
The total grenade scenario: 
The most important processes in the total 
grenade scenario from an environmental point 
are according to the different impact assessment 
methods: 

• Ecotax 02 max: Primary aluminium 
production in Western Europe, which 
used in the fuze body. Aluminium is 
classified as type 3 according to the 
MECO assessment. 

• Ecotax 02 min (RT): Incineration of 
electronics. Electronics are used in the 
Fuze. We do not know what the actual 
electronics in the grenade contain, so we 
have used average data on electronics 
that are included in the database IVAM 
4,0 in SimaPro. Since electronics have a 
large impact in the total grenade 
scenario, it is a good idea to evaluate 
these further.   

• Eco-indicator 99: The four processes 
that are most environmental hazardous 
are ECCS Steel, consisting of 20% steel 
scrap (26% of the total contribution), 
Electricity from oil (25%), Electricity 
from the Netherlands (13%) and 
Electricity from coal (11%). The ECCS 
Steel is used in the Shell body Skeleton, 
the Cap and the Blank Shell Case.  
Electricity from oil is used in the 
processing of Ammonium nitrate that is 
used in Hexogen and Octogen.  

• EPS 2000: Production of HNO3. HNO3 
is used in mining of copper and 

production of Octol in the PFHE Shell. 
It is also used for production of Lead 
azide in the Fuze, Aluminium in the 
Fuze body, Hexogen in the Fuze, Brass 
in the Cartridge case and Nitrocellulose 
in the Cartridge. HNO3 is classified as 
type 2 according to the MECO 
assessment.  

 
The most hazardous substances according to the 
MECO method are classified as type 1. Some of 
these substances are not directly included in the 
grenade, but are used in production of the 
chemicals. Chemicals directly included in the 
grenade and of type 1 are: Diphenyl amine, Lead 
azide and Lead oxide. The bursting charge in the 
grenade is Octol, which consists of Octogen and 
Trotyl, both classified as type 1. A lot of type 1 
substances are energy carriers, for example 
crude oil, heavy fuel oil and petroleum gas. 
Other chemicals that are directly included in the 
grenade are classified as type 2 or 3. Type 2 
chemicals that are classified using the R-phrases 
or because these are included in the OBS-list (a 
list issued by the Swedish Chemicals 
Inspectorate with non wanted substances) and 
are directly included in the grenade are: Copper, 
Hexogen, Tetryl and Brass. A lot of chemicals 
have been classified as type 2, due to lack of 
information.  
 
Goal: Suggest improvement possibilities for the 
life cycle of the grenade.  
According to the results from the quantitative 
LCA and the MECO method we suggest the 
following improvement strategies: Change the 
shell in the grenade, decrease the use in practice, 
increase recycling of the grenade, increase the 
use of recycled material in the grenade, avoid 
use of electricity generated from fossil fuels, and 
consider replacement of hazardous substances 
both in the grenade and in production of the 
grenade. 
 
Goal: To make a comparison between different 
end of life scenarios.  
The war scenario can be compared to open 
detonation/open burning. When comparing the 
open detonation/open burning (in the war 
scenario) with recycling (in the Total Grenade) 
we found that the war scenario has higher 



- 117 - 

environmental impact on almost every impact 
category in the different methods. 
The total weighted value is according to all 
weighting methods larger for open burning/war 
scenario than from the recycling/Total grenade. 
The weighted values in the different categories 
are larger for all categories in all methods, 
except for Eco-indicator 99 where the weighted 
value for the impact category Carcinogens is 4% 
larger for the Total grenade.  
The solid emissions from the grenade used in the 
war scenario are about 3 times larger than in the 
Total Grenade scenario.  
 
Goal: To make a demonstration case about 
doing a LCA on military material. 
This goal is fulfilled by this study. Data from 
this study can be reused in other LCAs on 
munition and form a starting point for building 
an LCA database for munition 
 

Discussion /summary 
According to a decision made by the Swedish 
government in 1998 the Swedish Defence and 
the Defence Materiel Administration (FMV) 
must take environmental consideration in to all 
phases of the acquisition of defence materiel. 
One of the major difficulties when taking 
environmental consideration into purchasing 
decisions is the lack of reliable information 
about the environmental characteristics of the 
product or service (OECD, 2000). Different 
tools developed for environmental consideration 
in product development can contribute with 
some knowledge and help to set up feasible 
requirements on a product. LCAs are useful 
since these focus on the product. Very few life 
cycle assessments of munitions have been made. 
Hopefully this study can serve as a 
demonstration case for future LCAs.  
 
It is, of-course, difficult to analyse products in a 
war situation, not the least munitions. The 
destruction munition can achieve in a war or 
warlike situation has not been included in this 
study. The war situation focuses on the use of 
the grenades, where no waste treatment is 
performed.  
 

To compare such use of the grenade with the use 
that is normal in Sweden today gives a good 
knowledge on the environmental impact that 
occurs during the life cycles and which aspects 
have the largest impact. This sort of knowledge 
is valuable when purchasing and developing new 
munition, but also when using or taking care of 
existing munition.  
 
The use of a MECO assessment as a 
complement to the quantitative LCA gives the 
possibility to include other aspects that are 
important, for example when purchasing defence 
materiel. It also generates more information on 
hazardous substances. 
 
The study will continue to build a library for 
making LCA of munition. This is an ongoing 
study for the Swedish Defence and the goal is to 
be able to make LCA on any possible munition 
with only small (not too time consuming) 
changes.   
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ABSTRACT 
 

For any high performance rocket design, 
the motor casing thickness is required to be kept 
at minimum  without compromising safety. 
However, high value of maximum expected 
operating pressure (MEOP) during combustion 
of a rocket motor limits the performance. If the 
ignition transient pressure peak is the maximum 
pressure peak or MEOP then efforts are always 
required to control such pressure peak to 
enhance the rocket performance. A case bonded 
motor with L/D ratio of 16 and average 
operating chamber pressure of 80 kg/cm2 was 
selected for the present studies. Experiments 
were conducted using two types of head-end 
igniters in combination with two types of nozzle 
closures and three varieties of  nozzle-end 
igniters. It is observed that in case of nozzle-end 
ignition, the ignition transient peaks are 
generally lower than those observed in such 
systems using head-end igniters. In case of 
nozzle-end igniters, the ignition transient peak 
could be further minimized, if retention time and 
ejection pressure for igniter canister are 
controlled around 5-15 milliseconds and 20-40 
kg/cm2 respectively. In case of head-end ignition 
(with optimized igniter) the ignition transient 
pressure peak can be reduced, if the nozzle 
closure opens  around 15-30 kg/cm2 pressure.  

 

 

INTRODUCTION 

Rocket designers always prefer to 
achieve maximum performance by keeping the 
motor casing thickness as minimum as possible 
without compromising the safety. Generally, 
motor casing thickness is designed with a safety 
factor of 1.3 - 1.5 over the maximum expected 
operating pressure i.e. MEOP. Hence lower the 
MEOP, lower shall be motor thickness and 

better will be the rocket performance. If the 
ignition transient pressure peak is the maximum 
pressure peak (MEOP), then efforts are  needed 
to control such pressure peak to enhance the 
rocket performance. When such pressure peak is 
observed  during the ignition transient phase, it 
is called ignition peak or ignition transient 
pressure peak. Both ignition transient and flame 
spreading rates strongly depend upon heat 
transfer processes, the grain configuration, the 
chamber condition and the physico-chemical 
properties of the propellant1. A detailed 
understanding of ignition and flame spreading is 
essential for accurate prediction of ignition 
transient and design of solid rocket motor. 
Processes that influence the ignition transient 
and detail mechanism of ignition are reviewed 
by Hermance2.  

Efforts are always made to control such 
ignition transient peak to enhance the rocket 
performance.  However, certain rocket designs 
have inherent tendency to give very high 
ignition transient peak, particularly for rocket 
motor designs having very high length to 
diameter (L/D) ratio. A few studies have been 
conducted in the past on ignition transient 
behavior of solid propellant of high L/D ratio. 
Kubota3 has attributed high ignition transient 
peaks in case of internal burning type rockets 
with high L/D ratio, to high gas flow velocity 
along flow direction leading to high rate of heat 
flux transferred from the combustion flow to  the 
grain surface. As a result, the burning rate of the 
grain perpendicular to the flow direction 
increases drastically, resulting in erosive 
burning; which leads to abnormal pressure rise. 
The erosive burning diminishes soon after the 
port area of the internal burning increases. 
Kubota  has reported that such ignition transient 
peaks are about 4-5 times the designed operating 
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pressure, when the motor L/D ratio is in range of 
14 –18, keeping KN=Surface area (Ab) / Throat 
area (At) constant. Such high ignition transient 
peaks demand very high thickness of motor 
casing, leading to reduction in performance.  
Hence it is necessary to control and reduce such 
ignition transient peaks.  

The present paper deals with the studies 
undertaken to reduce such peak pressure in case 
of a case bonded composite rocket motor with 
high L/D ratio. A motor with L/D ratio of 16 and 
average operating pressure of 80 kg/cm2 was 
selected for the present studies. Experiments 
were conducted using two types of  head-end 
igniters in combination with  two types of nozzle 
closures and three types of nozzle – end (fitted 
in convergent-divergent of nozzle) igniters. 

 

EXPERIMENTAL 

Igniter  and Propellant Ingredients 

      Two igniter compositions, one 
comprising of Magnesium (Mg) powder  (Gr. V, 
purity >98%), while the other comprised of 
Boron powder (amorphous, purity>87%) as fuel, 
Potassium Nitrate - KNO3 (Gr. I,purity >99%) as 
an oxidizer, Ethyl Cellulose (Type N-200 ) as 
binder, Di Ethyl Pthalate - DEP (Analytical 
Reagent Grade) as plasticizer and  Toluene 
(Analytical Reagent Grade) as solvent cum 
process aid were used. 
      Propellant comprises of  hydroxy 
terminated poly butadiene (HTPB) polymer as  
binder (molecular weight Mn = 2300-3000 and  
OH value  42-45mg of KOH per gram of 
sample) cured with Iso Phorone  Di- Isocyanate 
-  IPDI   of, Merck, ( purity >99%) and Di Octyl 
Adipate – (DOA) as  plasticizer (Saponification 
No. 302± 6  mg of KOH per gram of sample). 
Ferric Acetyl Acetonate - FeAA ( AR grade) 
was used as cure catalyst. Ammonium 
Perchlorate (AP, 99% purity, in tri modal 
particle size 200µ(55%) , 60µ(35%) and 
10µ(10%) ) and aluminum powder (Al, Purity 
>99%) were incorporated as an oxidizer and 
metal fuel respectively. While  Ferric Oxide - 
Fe2O3 (Tata make, particle size 1-2 µ) was 
incorporated as ballistic modifier. Propellants 
were cast in the motor body under vacuum and 
cured at 75°C for 5 days.. 

Preparation   of   Igniter Compositions 

      The main igniter charge selected for 
application in head-end igniter was magnesium 
based pyrotechnic composition, as the 
magnesium (Mg) powder has moderate heat of 
combustion, low ignition temperature and burns 
in gas phase with high burning rate4. This igniter 
composition selected for the present study is a 
ternary  composition comprising of  metal 
powder (Mg) : 42%, Potassium Nitrate (KNO3) 
having particle size 63-90 µ - 50% and 
plasticised ethyl cellulose (PEC) - 8% .as 
organic fuel-binder. The composition was 
prepared by mixing the ingredients in requisite 
proportion in a planetary mixer and granulated 
by passing through 600 micrometer sieve and 
retained on 300 micrometer sieve to get the 
granules of size 300-600 micrometers. The 
granules were then pelleted in 10X7mm size 
with pellet density of 1.65±0.05g/cm3. 
      The igniter compositions containing 
boron and potassium nitrate were used for many 
years in UK and other advanced countries as 
high altitude priming and delays for rocket 
motor ignition5. Further boron-potassium nitrate 
based  compositions are widely used as igniters 
and when properly packed are safe and reliable6. 
Hence,  the primer composition for both head-
end igniter as well as nozzle-end igniter and 
main igniter charge for nozzle-end  igniter was 
based on boron. This composition comprises of 
amorphous boron powder (Purity >87% and 
particle size about 1µ),  Potassium Nitrate -
KNO3 ( particle size 63-90 µ) and  plasticised 
ethyl cellulose (PEC). These ingredients  were 
taken in 30 : 70 : 10 parts by weight respectively 
and mixed to obtain homogeneous dough using 
requisite quantity of toluene as process aid. The 
dough was then granulated by passing through 
600 micrometer sieve and retaining on 300 
micrometer sieve. These were dried in water-
jacketed oven at 60°C to reduce volatile matter  
(V.M.) to <1%. The  compositions in the form of 
granules were used as primer in both types of 
igniters whereas pellets of  10 X 7 mm size 
having density 1.80 ± 0.05 g/cm3  were used as 
main igniter charge for nozzle-end igniters. The 
details of compositions are given in Table 1. 
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Preparation of  Igniter 

 

      Rocket motors were test evaluated in 
two configurations, one locating igniter at head-
end /front end of the motor while in the other at 
nozzle-end  (i.e. in the convergent–divergent 
portion of the nozzle). For head-end ignition,  
the igniter canisters used were fully combustible 
and made out of nitrocellulose (NC) sheet in 
tubular form having inner diameter of 18mm, 
outer diameter of 22mm and length 300mm. 
Twenty four flash holes each of 6 mm diameters 
were provided uniformly in staggered 
configuration  on  the canister . The sketch of the 
canister is given in  fig 1. For initiation purpose, 
Lead Ferro Cyanide (LFCN) double squib was 
embedded in boron based priming composition ( 
composition 1) filled in a cloth bag. The main 
igniter charge selected for application was 
magnesium based pyrotechnic composition in 
pellet form (composition 3). While boron based 
pyrotechnic composition in 300-600 micron size 
was used as primer charge. The igniter was held 
at head-end of the motor with the help of a 
holder, while the lead wires of the squib were 
taken out through the nozzle for supplying 
electric current. 
 For nozzle-end igniter, 1.5mm thick 
bottle shaped aluminum (conforming to 
specification No.IS-737-1974 designation 19500 
condition H2) canisters having outer diameter 
suiting to nozzle throat were used.  The igniter 
was held in convergent - divergent of nozzle of 
the motor with the help of a circular hylam disc 
shaped holder in divergent while with the help 
of flared ( diameter > throat diameter) portion of 
aluminium canister (0.3-0.5mm thick) in the 
convergent. The  schematic assembly of igniter 
in nozzle is given in fig 2. The igniter is so 
designed that on initiation, combustion products 
of igniter are thrown inside the motor chamber 
while the empty igniter canister after completion 
of its function is thrown out of the nozzle with 
the reaction force of combustion products. For 
initiation purpose LFCN double squib was 
embedded in boron based priming composition 
(composition no.1) in a cloth bag. The boron–
KNO3 based pyrotechnic  composition  was  
used  for main  igniter  charge  ( composition  2)  
in the form of  pellet. The lead wires of the squib  

were taken out through the nozzle closure for 
supplying electric current. 
 

Preparation of Solid Rocket Propellants and 

Assembly of Motor 

      A case bonded propellant having 15% 
HTPB binder, 68%  AP  and 17% Al powder 
was selected. The propellant grain with internal 
burning  six petal star configuration was  cast  in 
a test motor with L/D ratio of 16 and cured at 
requisite temperature and time. After de-coring, 
igniter was assembled either at head-end in 
combustible cartridge based canister or in bottle 
shaped aluminium canister fitted in convergent-
divergent of nozzle. The motors were  then 
subjected to performance evaluation by static 
firings at ambient (+27°C). The pressure was 
measured  using pressure gauges of suitable 
capacity having accuracy >99.7% and thrust was 
measured with the help of load cell of  suitable 
capacity with accuracy >99.7%.  

Influence of variations in igniter 
location i.e. head-end and nozzle-end, on 
ignition transient pressure spike was studied by 
firing propulsion units having ignition system at 
head-end and nozzle-end keeping the total 
igniter heat flux constant as 96 Kcal, which are 
designed to deliver 40kg/cm2 as igniter pressure 
in simulated volume closed vessel condition. 
Results of the studies are given in Table 2. 
Influence of nozzle closure bursting pressure ( in 
case of head-end igniters) and realized igniter 
pressure on ignition delay and ignition transient 
pressure peak were studied using two types of 
nozzle closures which opened at different 
pressures, keeping total igniter heat flux 
constant. Effect of igniter charge mass  on 
ignition transient pressure peak and ignition 
delay was also studied using same type of nozzle 
closures but reducing the igniter charge mass 
from 60g to 45g. The results are given in Table 
3. Influence of resident time and canister 
ejection pressure (in case of nozzle-end igniters 
fitted in convergent–divergent of nozzle) on 
ignition transient peak were also studied using 
canisters of different thickness. The results are 
given in Table 4. A typical pressure-time (P-t) 
and Thrust –time (T-t) profiles showing the very 
high ignition transient peak wherein igniter is 
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positioned at head-end is given in fig. 3. While 
fig. 4 represents expanded part of ignition 
transient  P-t and T-t profiles of fig 3. The 
retention/resident time of nozzle 
closure(NC)/igniter canister in the nozzle is the 
time lag between start of pressure measurement 
and start of thrust measurement. The pressure 
corresponding to the thrust start up is called 
canister/nozzle closure (NC) ejection pressure or 
nozzle opening pressure. These terms are 
illustrated in expanded curve of  ignition 
transient ( fig. 4).  

 
RESULTS AND DISCUSSION 

From the results obtained ( Table-2), it 
is observed that  both ignition transient peak 
pressures  and ignition delays were higher ( 172-
206 kg/cm2 and 70-90 ms) for head-end ignition 
systems as against 82 -158 kg/cm2 and 30-45 ms 
respectively for nozzle-end ( igniter fitted in 
convergent – divergent of nozzle) ignition 
systems. This shows that ignition transient peak 
also depends to a large extent on the position 
(location) of the igniter in the propulsion system. 
Reduction in such ignition transient pressure 
peaks are convincingly observed in case of well 
designed “aft/nozzle-end” igniters, particularly 
for igniter placed in convergent- divergent of 
nozzle of a rocket motor. This can be attributed 
to opening of the propellant port during the flow 
of igniter combustion products, which is initially 
from nozzle to head-end, leading to decrease in 
both, pressure gradient and flow velocity of 
gases in the flow field, this ultimately results in 
reduction of both erosive burning and ignition 
transient pressure peak. 

From the results in Table-3, it can be 
seen that  by  60 g igniter and nozzle closure 
made out of 0.7mm thick aluminum sheet  
realized 20kg/cm2 igniter pressure resulting 
ignition transient pressure peak of 156kg/cm2 
and ignition delay of 10 ms. However, for the 
same igniter quantity but with glass filled Phenol 
formaldehyde (PF) based nozzle closure, 
realized igniter pressure was lower ( 4 kg/cm2 ), 
resulting in higher ignition delay of 80ms along 
with higher ignition  transient pressure peak of 
210kg/cm2. A comparison of static firing results 
of propulsion units using lower igniter quantity ( 
45g),  it was found that reduced  igniter quantity 

can not reduce the ignition transient pressure 
peak.  The lowering of ignition transient 
pressure peaks with increase in bursting pressure 
of nozzle closure can be attributed to higher 
igniter pressure (close to designed igniter 
pressure) and also higher resident time for 
igniter combustion products in the chamber. 
This results in efficient ignition of the propellant 
along the length  thereby reducing  pressure 
gradient, gas velocity  in the flow field and 
erosive burning. Lower igniter pressure realized 
than the designed one means loss of igniter 
combustion products mainly due to premature 
opening of nozzle closure. This leads to poor / 
localized ignition, high pressure gradient along 
the length of propellant along with high flow 
velocity of gases in flow field. This leads to high 
erosive burning and high ignition transient 
pressure peak. Poor ignition  invariably results 
in  high ignition delay. However, higher ignition 
delays many a times are associated with high 
ignition transient peaks. High ignition delay 
means availability of more time for heat transfer, 
due to which sub-layers of propellant surface get 
heated up to ignition temperature, leading to 
delayed but simultaneous ignition of  sub layers 
of propellant. This generally  results in higher 
ignition transient pressure peaks. 

Results in Table no.4 show that using 
nozzle-end igniter in convergent-divergent of 
nozzle, the ignition transient pressure peaks 
were lower at hot and cold conditions ( 82-158 
kg/cm2 as compared to 172 –206kg/cm2).  The 
canister retention time and canister ejection 
pressures, which are function of canister 
thickness  were found to influence ignition 
transient pressure peaks, resulting in variation in 
ignition transient peaks  in case of nozzle end 
ignition systems. In nozzle-end igniter systems, 
since the igniter canister is fitted in convergent –
divergent portion of nozzle,  the combustion 
products are thrown inside the combustion 
chamber,  whereas the empty igniter canister is 
thrown out of nozzle with the reaction force. 
Hence igniter canister also acts as nozzle 
closure, which controls the resident time of 
igniter combustion products in the motor 
chamber. Resident time and ejection pressure of 
empty igniter canister are found to control the 
ignition delay and ignition transient pressure 
peak. Higher retention time of canister leads to 
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more time for accumulation of the combustion 
gases of both igniter and propellant in the closed 
motor chamber, leading to comparatively higher 
ignition transient pressure peaks. However, very 
small retention time of canister may lead to 
more losses of igniter combustion products, 
leading to poor and localized ignition, higher 
ignition delay and again higher ignition transient 
pressure peak. Better performance with 
minimum ignition transient pressure peak can be 
obtained with optimum retention time of 
canister, which from the present studies seems to 
be 5ms and with 0.30mm thick aluminum 
canister for same motor configuration at ambient 
condition. All the four igniters studied with 
canister thickness of 0.35mm were found to be 
ejected at almost same pressure range of 32-
36kg/cm2.  However, the retention times for 
igniter canister at cold condition were found to 
be double than those observed for hot firings, 

which may be attributed to lower  burn rate at 
low temperature  for both propellant and igniter.  

 
CONCLUSIONS 

♦ The ignition transient pressure peaks are   
lower for nozzle-end ignition with rocket 
motor having L/D ratio of 16,  as compared to 
head-end igniters. 

♦ The ignition transient peak could be 
minimized by optimizing retention time to 
5ms, which  is possible by proper igniter 
design with optimum thickness of igniter 
canisters. 

♦ In case of head-end ignition,  the ignition  
transient pressure peak can be reduced, if the 
nozzle closure opens  at pressure >20 kg/cm2 
but at lower than the designed igniter pressure.  

 
 

TABLE :1 

Details  of Compositions of Igniter Primer and Main Charge  

Composition 
Number 

Description  Main Fuel Composition  
Fuel : KNO3 : PEC 

Particle Size 

1 Primer charge for Head –End 
& Nozzle End Igniters 

Boron 30: 70: 10 300-600 
micrometers 

2 Main igniter charge for  
Nozzle End  igniters 

Boron 30: 70: 10 10 X 7 mm 
pellets 

3 Main igniter charge for  
Head-End igniters 

Magnesium 42:50: 8 10 X 7mm 
pellets 
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TABLE : 2 

Results of Influence of Location of Igniters on Ignition Transient Pressure Peak at 27°C 

( With total  heat flux of  96kcal for both types of igniters) 

Position of Igniter in Rocket 
Motor 

Ignition Transient Pressure Peak 
 (kg/cm2) 

Ignition Delay  
(ms) 

Head-end 206 70 

Head-end 198 90 

Head-end 172 80 

Nozzle-end 155 30 

Nozzle-end 156 30 

Nozzle-end 158 45 

Nozzle-end 82 40 

  
 

 

TABLE : 3  

Results of Influence of Nozzle Closure Bursting Pressure on Ignition Transient Peak at 27°C 

Igniter Charge Mass 
composition No.3 

(g) 

Nozzle Closure Nozzle Closure 
Opening / Realised 

Igniter  Pressure 
(kg/cm2) 

Ignition 
Delay 
(ms) 

   Ignition Peak 
Pressure 
(kg/cm2) 

60  Glass filled PF* 4 85 210 

60  0.7 mm Aluminum 20 10 156 

45  Glass filled PF* 4 70 206 

45  Glass filled PF* 8 90 198 

45  Glass filled PF* 9 80 172 

 
*The glass filled  Phenol formaldehyde (PF) moulded nozzle closures opened by shearing  of  threads  
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TABLE 4  : 

Results of Influence of  Residence Time & Ejection Pressure of Canister on  Ignition Transient 
                                                   Peak   For  Nozzle-End Igniters            :    Canister material used : Al 

Temp. of 
Conditioning 

°C 

 Critical Canister 
Thickness   

 (mm) 

Canister 
Retention Time 

(ms) 

Canister 
Ejection 
Pressure 
(kg/cm2) 

Ignition 
Delay 
(ms) 

Ignition 
Transient 

Pressure Peak 
(kg/cm2) 

27 0.5 8 40 30 155 

27 0.5 8 45 30 156 

27 0.5 7 40 45 158 

27 0.30 5 20 40 82 

+55 0.35 7 36 30 115 

+55 0.35 7 36 29 115 

-20 0.35 14 32 35 96 

-20 0.35 13 35 35 98 
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ABSTRACT 
 

Perchlorate or chlorate type oxidizers are used widely in many pyrotechnic compositions, including many 
colored signal flare compositions.  Unfortunately these chlorine-containing oxidizers have been found to 
leach into groundwater at numerous sites, especially in the Western United States.  It has been shown that 
these perchlorates can inhibit the uptake of iodine by the thyroid, leading to potentially serious health 
problems.  Accordingly we have endeavored to re-formulate the pyrotechnic compositions used in a 
number of green and red signal flares.  Our strategy has been to switch to nitrate oxidizers that are 
generally less reactive and energetic than the perchlorates.  In order to try to make up for this energy 
shortfall, we have used high-energy mechanical alloy fuels produced by our academic partner, Professor 
Edward Dreizin at the New Jersey Institute of Technology (NJIT).  The compositions studied are 
presented herein together with their performance data (candlepower intensity, dominant wavelength, color 
purity, as well as digital photographs).  The in-service Mk 117 Marine Illumination Signal was used as 
the comparison standard for the green flares, while the Mk 66 Marine Illumination Signal was similarly 
used as the standard for the red flares.  It proved easier to emulate the red signals than the green, 
especially as regards the appearance in photographs.  However, even the green signals will probably be 
suitable for scale-up with minor adjustments. 
 
INTRODUCTION AND BACKGROUND 
 

Most colored signal flare compositions 
contain perchlorate or chlorate oxidizers.  
Residual perchlorates from these devices may be 
absorbed into groundwater and require 
remediation.  Ground water contamination by 
perchlorates has been found to be a serious 
problem in the Western United States and 
elsewhere.1  The perchlorates are known to 
inhibit iodine uptake by the thyroid thereby 
leading to potentially serious health problem.  
Therefore, we have been attempting, under 
funding from the Strategic Environmental 
Research and Development Program (SERDP), 
to mix and test non-perchlorate-containing red 
and green signal flare formulations.  Our work to 
date has utilized small laboratory scale 15-gram 
flare candles, with the intention to soon scale up 
to prototype-scale candles to be used inside 
fielded signal flare devices.  The laboratory 

scale press tooling and a typical linear-burning 
flare candle are shown in Figure 1.  Figure 2 
shows a photograph of some of the test 
instrumentation in the Photometric Test Facility. 

The emitting species in presently fielded 
red flares include the high-temperature SrOH 
and SrCl radical intermediate species.  Similarly, 
the emitting species in fielded green flares 
include BaCl and (to a lesser extent) BaOH 
species.2,3  Accordingly, our strategy in this 
ongoing investigation has been to use chemical 
equilibrium modeling4 to suggest alternate 
pathways to produce either these species, or 
other species that emit in the same region of the 
visible spectrum  (i.e., produce the same color 
emission) during the combustion process.  The 
Mk 117 Green Marine Smoke and Illumination 
Signal composition and the Mk 66 Red Marine 
Smoke and Illumination Signal composition 
were selected as baselines for the 

  Distribution Statement A: Approved for public release; Distribution is unlimited.
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        Composition pressed into 15 gram ¾ 
        inch diameter pellets. Sides of pellets  
        inhibited to burn linearly.  Ignition  
        slurry and electric match applied for 
        performance testing.   
   
         
 
 

Figure 1.  Linear Burning Flare Pellets Produced with Laboratory Scale Press Tooling and Press 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2.  Flare Mounting Fixture and Test Instrumentation in Photometric Test Facility 
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study.  Both of these signal flare compositions 
include large mass fractions of the 
environmentally objectionable potassium 
perchlorate oxidizer ingredient. 
 
EXPERIMENTAL 
 

Since the perchlorates are among the 
most reactive oxidizers, it was reasoned that 
special high-energy fuels would probably be 
required when less reactive oxidizers, such as 
metal nitrates, were used.5  Accordingly, we 
have teamed with an academic partner, Professor 
Edward Dreizin's research group at the New 
Jersey Institute of Technology, who has been 
providing us samples of high-energy mechanical 
alloys.6,7  Specifically, Mg0.5Al0.5 or B0.5Ti0.5 
mechanical alloy fuels were included in some of 
the laboratory scale flare compositions.  Figure 3 
shows the particle size distribution of five types 
of Mg-Al mechanical alloys produced at NJIT in 
the high energy ball mill type mixer, also shown 

in the figure.  Of these, the Mg0.5Al0.5 was added 
to some of the green and red signal flare 
formulations.  Figure 4 shows Scanning Electron 
Microscopy (SEM) photographs of two types of 
Mg-Al mechanical alloys.  Figure 5 shows the 
particle size distribution and an SEM 
photograph of the B0.5Ti0.5 mechanical alloy that 
was added to one of the candidate green flare 
formulations. 

Candlepower and Hunter Tri-Stimulus 
Colorimeter Head measurements were made on 
all flare compositions tested.  These data yield 
the X, Y, and Z coordinates, from which the 
color purity and dominant wavelength values 
may be found from the well-known C.I.E. 
Chromaticity Diagram.3  Video and 
photographic data were also recorded. This is 
important because the military specifications 
under which these items are procured typically 
require that they produce a distinct color clearly 
identifiable by a human observer.  In order to 
investigate their safety in handling

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.  Particle size distribution and Mixer Mill used to produce Al-Mg mechanical alloys 
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Figure 4.  Scanning Electron Micrographs of Aluminum-Magnesium Mechanical Alloys 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 5. Particle size distribution and SEM Photograph of B0.5Ti0.5 
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characteristics, the flare formulations were also 
subjected to ignition sensitivity measurements to 
impact, rotary friction and electrostatic stimuli, 
according to MIL SPEC 17518.  Obviously, no 
composition with dangerously high ignition 
sensitivity would be permitted to be scaled up 
and introduced into the inventory for fear of 
unintended initiation.   

The compositions were mixed by hand 
in 45-gram batches.  Typically the fuel 
ingredients were first pre-coated with the Epon 
828/Versamid 140 epoxy binder system, and 
then the remaining oxidizer(s) and color-
enhancing ingredients were added and mixed.  
From each batch, three approximately 15 gram 
cylindrically shaped candles were press 
consolidated behind a Lexan safety shield.  (See 
Figure 1.)  They were then cured at 60oC for 48 - 
72 hours, after which they were inhibited on the 
sides and glued to a flare mounting base using 
Miller-Stephenson No. 907 epoxy.  Finally, 
ignition slurry was applied to the top surface and 

an electric igniter was taped to this top surface 
as shown in Figure 1.  They were then ready for 
performance testing.  

Table 1 has been included to show the 
green and red flare compositions tested during 
the first test series, while Table 2 shows those 
optimized green flare compositions tested during 
the follow-on test series.  The Mk 117 
designation identifies an in-service green flare 
composition, and all compositions beginning 
with "GSF" are green flares.  Similarly, Table 3 
shows those optimized red flare compositions 
tested during the follow-on test series. The Mk 
66 designation identifies an in-service red flare 
composition, and all compositions beginning 
with "RSF" are red flares.  It should be 
mentioned that the idea for the RSF-2 
composition was inspired by a previous NSWC 
Crane investigation in which Drs. Henry 
Webster and John Tanner tested a composition 
containing magnesium and calcium nitrate that 
produced intense orange/red emission.9 

 
Table 1: Green and Red Signal Flare Compositions during November 2003 Test Series 

 
  Mk 117* GSF-1 GSF-2 GSF-3 Mk  66* RSF-1 RSF-2* 
Chemical Wt % Wt % Wt % Wt % Wt % Wt % Wt % 
Boron  11.43 11.43     
Copper 7.00       
Mg (GR18) 21.00   19.01 29.00 10.80 13.50 
Mg.5Al.5  12.84 12.80   10.80 13.50 
Magnalium        
B.5Ti.5    17.70    
KClO4 32.50    15.00   
KNO3  30.38 22.78 12.67  18.36  
Ba(NO3)2 22.50 37.80 37.86 35.48    
Sr(NO3)2     37.00 32.40 32.40 
Ca(NO3)2       21.60 
PVC 12.00       
Teflon  2.58 10.14 10.14  8.64  
Asphaltum     14.00 14.00 14.00 
Epon 2.50 2.50 2.50 2.50 2.50 2.50 2.5 
Versamid 2.50 2.50 2.50 2.50 2.50 2.50 2.5 
*Indicates compositions that were tested in both November and March test series. 
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Table 2: Green Signal Flare Compositions Tested during March 2004 Follow-on Test Series 
 

 GSF-1A GSF-1B GSF-1C GSF-4 GSF--4A 
Chemical Wt % Wt % Wt % Wt % Wt % 
Boron 11.42 5.71 12.42   
Mg (GR18) 12.84 12.84 5.53 50.00 25.00 
Mg.5Al.5  5.71 5.53   
Mg.3Al.7     25.00 
Magnalium      
B.5Ti.5      
KNO3 30.38 30.38 29.42   
Ba(NO3)2 37.80 37.80 36.67 36.00 36.00 
PVC 2.58 2.58 2.58 8.00 8.00 
Epon 2.50 2.50 4.00 3.00 3.00 
Versamid 2.50 2.50 4.00 3.00 3.00 

 
 

Table 3: Red Signal Flare Compositions Tested during March 2004 Follow-on Test Series 
 

 RSF-1A RSF-1B RSF-2 RSF-2A RSF-2B RSF-2C 
Chemical Wt % Wt % Wt % Wt % Wt % Wt % 
Mg(GR18) 9.50 9.50 13.50 22.38 27.00 13.50 
Mg.5Al.5   13.50 4.62   
Mg.3Al.7  9.50     
Magnalium 9.50     13.50 
KNO3 9.00 9.0     
Sr(NO3)2 45.00 45.00 32.40 32.40 32.40 32.40 
Ca(NO3)2   21.60 21.60 21.60 21.60 
PVC 8.00 8.00     
Asphaltum 14.00 14.00 14.00 14.00 14.00 14.00 
Epon 2.50 2.50 2.50 2.50 2.50 2.50 
Versamid 2.50 2.50 2.50 2.50 2.50 2.50 

 
RESULTS 
 

Table 4 has been included to summarize 
all of the ignition sensitivity measurements 
performed on representative candidate green and 
red signal flare formulations.  Obviously such 
measurements are of critical importance for the 
safe manufacturing, handling, and use of these 
signal flares. 

It is noted that like many other 
pyrotechnic compositions, these signal flare 
compositions have high sensitivity to 
electrostatic stimuli.  For the most part, 
sensitivity to impact and frictional stimuli lie in 
the moderate to very low range for these colored 
flares.  The only exception appears to be the 
measured value of the frictional sensitivity of the 

standard Mk 117 green flare.  Since this item has 
been used safely in the Navy inventory for many 
years, it is felt that the present value of 29.67 ft.-
lb, which falls within the dangerously highly 
sensitive range, is in error.   

In addition to the ignition sensitivity 
measurements of the above pyrotechnic 
compositions, sensitivity data on individual fuel 
ingredients such as magnesium, Mg0.5Al0.5 and 
B0.5Ti0.5 mechanical alloys has also been 
obtained.  The results are also summarized in 
Table 4.  It is observed that the electrostatic 
ignition sensitivity of the B0.5Ti0.5 mechanical 
alloy is in the dangerously highly sensitive 
region.  Therefore special precautions should be 
taken when handling this fuel ingredient.  
Alternatively, the sensitivity may be decreased
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Table 4:  Ignition Sensitivity Test Data for Green and Red Signal Flare Compositions and Fuels 

 

Impact Sensitivity Friction Sensitivity Electrostatic 
Sensitivity 

50% fire Energy (ft-lb) Maximum No Fire Sample 

Height (cm)Energy (J) Average Lowest
Response 

Energy (Joules) 
RDX Class 5-Calibration Std 62.84 12.32 1162.81 916.93 No Response 0.200

           
Compositions            
Mk 117 Green Standard 91.01 17.84 103.49 29.67 100% Fired 0.250
GSF2 80.86 15.85 944.99 890.20 No Response 0.250
GSF3 106.74 20.92 765.30 59.35 20% Fired 0.250
Mk 66 Red Standard 178.40 34.97 1655.00 916.93 10% Fired 0.250
RSF1 176.28 34.55 1193.49 312.22 20% Fired 0.250
RSF2 178.40 34.97 1216.40 314.34 30% Fired 0.250
Fuels             
B0.5Ti0.5 178.40 34.97 1330.91 67.90 30% Fired 0.0002
Mg0.5Al0.5 159.00 31.17 N/A 997.11 N/A 0.020
Magnesium >159 >31.17 N/A 88.82 N/A 0.100
 
 
 
by a binder pre-coating step.  

After completion of the ignition 
sensitivity testing that is required for safety 
reasons, the green and red flare 
compositions were subjected to performance 
testing at the Photometric Test Facility.  
Table 5 presents the results obtained during 
the initial test series on 13 November 2003.  
Similar performance data obtained from the 
green flares burned during the follow on test 
series on 2 April 2004 is tabulated in Table 
6, while the red flare data from the follow on 
test appears in Table 7.  Each table contains 
burn time, average candlepower10, dominant 
wavelength, and color purity data.  Also 
appearing in each table are columns ranking 
the relative cost of ingredients, such as 
relatively expensive mechanical alloys, 
columns giving the electrostatic sensitivity 
of the most sensitive fuel ingredient, and 
columns indicating whether or not a 
composition is recommended for scale up to 
prototype scale for further testing. 

It is observed in Table 5 that none of the 
green compositions tested in the original test 

series exhibited significant potential for scale up.  
Especially the boron-containing compositions, 
GSF-1 and GSF-2 burned much too fast.  While 
the burn time of the GSF-3 composition was 
somewhat more satisfactory, the dangerously 
high ignition sensitivity of the B0.5Ti0.5 
ingredient to electrostatic stimuli argues against 
its further consideration for scale up.  Compared 
with the Mk 117 green standard, the green colors 
of the developmental flares looked very washed 
out (whitish) when photographed, and the low 
color purity and high dominant wavelength 
values in the table bear out this visual 
observation.  It was felt that either (or both) 
reducing the amount of the sub-micron boron 
fuel ingredient, or increasing the weight 
percentage of the epoxy binder, might be useful 
strategies to employ during the optimization of 
the compositions for the follow on testing.  
Other formula optimization strategies included 
decreasing the potassium nitrate oxidizer in 
favor of the barium nitrate oxidizer, and the 
substitution of polyvinyl chloride (PVC) for the 
Teflon ingredient used in the initial test series. 

The RSF-1 composition also exhibited a 
similar washed out appearance when compared 
with the Mk 66 red standard.  It also had a 

       Very low             Low      Moderate            High        Dangerous 
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significantly lower dominant wavelength and 
color purity than did the Mk 66 standard.  It was 

decided that optimization for the follow on test 
series would include a similar substitution of

 
Table 5.  Performance of Standard and Developmental Green and Red Signal Formulations  

November 2003 Tests 

$ - Low Weight% of expensive fuel, Al-Mg,  B-Ti   $$ - Higher Weight % of expensive fuel 
Opt – This RSF-2 composition  is recommended for scale up after optimization  
 

Formulation Pellet 
No. 

Burn 
Time 
(sec) 

Average 
Candle-
power, CP 

Dominant 
Wavelength 
nm 

Color 
Purity 

% 

Cost Electrost 
Ignition 
Sensitivity 

Scale 
up? 

Mk117 Green A-2 30 456 576.5 61    
 A-3 33 400 576 74    

GSF-1 Green M-2 3.6 10200 - - $$ .02 N 
 M-3 3.6 9640 575.5 54    

GSF-2 Green N-1 3.4 6780 569 56 $$ .02 N 
 N-2 3.4 7370 571.5 56    
 N-3 3.8 6800 574.5 56    

GSF-3 Green O-1 13 2010 575 51 $$ 0.0002 N 
 O-2 13 2010 576 52    
 O-3 13 1780 576 52    
         

Mk 66 Red B-2 >47 257 608 81    
 B-3 54 293 604 82    

RSF-1 Red P-1 27 147 575 77 $$ .02 N 
 P-2 36 116 562 79    
 P-3 34 131 570 78    

RSF-2 Red Q-1 24 663 605 90 $$ .02 Opt 
 Q-2 28 518 604 88    
 Q-3 25 752 604.5 88    
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Table 6.  Performance of Standard and Developmental Green Formulations - March 2004 
Follow-on Test 

Formulation Pellet 
No. 

Burn 
Time 
(seconds) 

Average 
Candle-
power, CP

Dominant 
Wavelength, 
nm 

Color 
Purity 
% 

Cost Electrost 
Ign 
Sensitivity 

Scale 
up? 

Mk 117 Std A-2 32 723 558 56    
 A-3 32 612 565 59    

GSF-1A C-2 5.5? 2376  578 59 OK OK Y(2) 
 C-3 10 2336  568 55      

GSF-1B D-1 11.2 3103 575.5 54 $ 0.02 N 
 D-2 11.4 2839  577 54    
 D-3 11.5 2723  578 55    

GSF-4 E-1 11.1 1108 570 56 OK OK Y(1) 
 E-2 32 1279 576 54    
 E-3 32 1053 571 58    

GSF-1C F-1 12.9 1576 575.8 57 $ 0.02 N 
 F-2 13 1483 579 59    
 F-3 12.5 1564 578.5 59    

GSF-4A H-1 14.1 1312 577.5 61 $$ 0.02? N 
 H-2 14.6 1186 581 57    
 H-3 14.5 1134 583 56    
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    Mk 117 – Standard Green            GSF-4 Experimental Green           GSF-1A Experimental Green 
Figure 6.  Photographs of Standard Mk 117, GSF-4 and GSF-1A Developmental compositions 

during Performance Testing 
 
Table 7.  Performance of Standard and Developmental Red Signal Formulations - March 2004  -  

Follow-On Tests 

* Pellet N-1 extinguished prematurely and could not be re-ignited.  Pellets N-2 and N-3 burned normally. 
 

Formulation Pellet 
No. 

Burn 
Time 
(seconds) 

Average 
Candlepower, 

CP 

Dominant 
Wavelength, 

nm 

Color 
Purity 

% 

Cost Electros 
Ignition 
Sensitiv 

Scale 
up? 

Mk 66 Red B-1 >51 277 604 71.5    
 B-2 >51 207 611 82    
 B-3 46 343 608 80    

RSF-2 I-1 34 757 610 90 $$ 0.02 N 
 I-2 33 838 608 90    
 I-3 33 906 611 92    

RSF-2A J-1 42 823 609 90 $ 0.02 Y(3) 
 J-2 39 873 609 88    
 J-3 38 909 610 91    

RSF-2B K-1 >51 454 608 92 OK OK Y(1) 
 K-2 >50 505 611 84    
 K-3 >52 561 610 90    

RSF-2C L-1 33 1698 608 91.5 OK OK? Y(2) 
 L-2 29 1505 608 92    
 L-3 30 1874 610 90    

RSF-1A M-1 47 144 608 84.5 OK OK? N 
  M-2 >50 110 605 87    
 M-3 47 145 605.5 88    

RSF-1B N-1 10* 169 608 90 $$ .02? N 
 N-2 >51 61 604 82    
 N-3 48 97 608 87    
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Std Mk 66 Red RSF-2A, 4.6% Al-Mg  

RSF-2C, Magnalium/Magnesium RSF-2B, Magnesium only 

Figure 7.  Photographs of Standard Mk 66, RSF-2A, RSF-2B, and RSF-2C               
Developmental Compositions during Performance Testing 
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PVC for the Teflon ingredient, as well as an 
increase in the weight percentage of the 
strontium nitrate oxidizer at the expense of the 
potassium nitrate oxidizer.  However, the RSF-2 
composition looked quite promising in terms of 
a vivid red/orange color and dominant 
wavelength and color purity values that 
compared very favorably with the Mk 66 red 
standard.  Therefore, it appeared to be a 
worthwhile candidate for scale up, with the 
understanding that it may not require as much  
(13.5 % by weight) of the relatively expensive 
Al0.5Mg0.5 ingredient to perform satisfactorily. 

Table 6 in combination with Figure 6 
shows that it will be more of a challenge to 
develop a perchlorate-free green composition 
than a perchorate-free red composition.  It is 
seen that the GSF-1A, and especially the GSF-4 
formulations, offer reasonable scale up potential.  
They definitely show a green color, although a 
poor visual match to the Mk 117.  Of the two, 
the GSF-4 composition is the closest visual 
match to the Mk 117.  Both color purities are 
reasonably comparable to the Mk 117, with the 
dominant wavelengths being only slightly longer 
than the Mk 117.  Neither developmental green 
composition contains either of the two relatively 
expensive and electrostatically ignition sensitive 
mechanical alloy ingredients.   

Similarly, Table 7 in combination with 
Figure 7 shows the rather impressive results that 
were achieved with the perchlorate-free 
developmental red compositions when compared 
with the Mk 66 red standard.  In fact, three 
compositions were found to offer reasonable 
scale up potential, namely RSF-2A, RSF-2B, 
and RSF-2C.  The first formulation contained a 
very modest amount of the Al0.5Mg0.5 
mechanical alloy (4.62% by weight), the second 
contains only magnesium as the fuel, and the 
third contains an equal weight percentage 
(13.5%) of commercial magnalium and 
magnesium fuels.  For all three compositions, 
the visual appearance of the pyrotechnic plume 
compared favorably with that produced by the 
Mk 66 red standard.  So did the burn rates, 
average candlepowers, dominant wavelengths 
and color purities.  Another environmentally 
important characteristic of these formulations is 
that they contain absolutely no chlorine- 

containing ingredients such as potassium 
perchlorate or PVC, and no Teflon.  They each 
contain both calcium nitrate and strontium 
nitrate oxidizers, and produce the CaOH and 
SrOH radical intermediates as the color 
producing species during combustion. 
 
CONCLUSIONS AND FUTURE PLANS 
 

In light of the impressive results 
obtained with the three perchlorate-free red flare 
formulations, it is planned to scale them up to 
prototype size and initially load them into the 
Mk 1 Mod 1, the Mk 124 Mod 0, and Mk 13 
Mod 0 Red Marine Smoke and Illumination 
Signals (MSIS).  These devices have red flare 
candles ranging in mass from 25 to 56 grams.  
They will also be loaded into larger flare candles 
in a variety of other devices as the project 
progresses.   

After some additional minor 
optimization, the green signal flare formulations 
will also be scaled up and loaded into devices 
such as the Mk 120 Green MSIS.  It is also 
planned to formulate perchlorate-free yellow 
signal flare compositions and scale them to 
prototype size in devices such as the Mk 121 
Mod 1 Yellow MSIS. 

In addition, safety related tests required 
for the qualification of the new compositions, as 
well as for final device qualification, will be 
conducted in order that the devices can 
eventually be introduced into the Service 
inventories as Product Improvement Programs 
(PIP). 
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ABSTRACT 
 

 Two methodologies for prediction of shelf life for items containing pyrotechnic materials are 
presented in this paper.  One method is based on the development of property degradation rates and is 
used when a particular variable associated with the system is used to characterize failure. The other 
method is based on the development of a failure distribution and is applicable to systems in which 
attribute data are collected.  The experimental procedures and theoretical development are explained 
using experimental data on the FED 150 primer, the M84 Stun grenade, and the M213 fuze.  The service 
life prediction programs for these systems are currently ongoing.  Typical data encountered during these 
studies are presented and experiments required for accurate determination of service life are also 
discussed.  
 
THEORETICAL DEVELOPMENT 

 
 Generally, two types of data are 
obtained during accelerated aging experiments.  
Theses include attribute data and variables data.  
The models and mathematical expressions used 
to characterize service life are always derived 
from these data types.  Typical models used to 
interpret each of the two data types are presented 
in this section. 
 
Variables Data  
 
 Whenever a continuous variable is 
found that may be used to estimate the shelf 
life of a particular component or system, 
reaction kinetic models are used to 
characterize the behavior of that property.  
In order to use the property for service life 
prediction, it is a necessary condition that 
the property degrades over time.  The 
degradation rate can be a function of 
temperature or a function of temperature and 
humidity.  In order to use reaction kinetic 
modeling techniques the property 
degradation rate should increase as the 
temperature increases.   Assuming that 
moisture also causes degradation, the 
degradation rate should  
 
 

also increase as the humidity level increases 
at any given temperature. 
 
 In classical reaction kinetics1, 2   models 
are developed to express the rate dependency for 
sequences of chemical reactions.  A simple 
reaction kinetic sequence is shown in Equation 
(1). 
 
 

               k1 
A                          R  (1) 
 
In Equation (1) a chemical substance A 

is converted into the chemical substance R.  
There are many different mathematical models 
used to characterize the rate of disappearance of 
component A.  The zero order model given in 
Equation (2) is the simplest form of these rate 
expressions.  

 
dCA/dt = - k1   (2) 
 
Zero order reaction kinetics is used to 

indicate that component A disappears at a 
constant rate.  In classical reaction kinetics, the 
symbol CA is used to represent the concentration 
of component A.  The type of kinetic model 
represented by Equation (2) can also be applied 
to property changes within a system.  When used 
in conjunction with that type of application, the 
symbol CA refers to the level of a property 
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which is used to characterize the degradation 
rate of a component or a system.  

 
The solution to Equation (2) is given 

in Equation (3).  Note that the integrated 
form of equation (2) is only good for times 
greater than or equal to CA0/k1.  In reaction 
kinetics this prevents the prediction of 
negative concentrations which have no 
physical meaning.  Note that in accelerated 
testing the constant k1 can be either positive 
or negative.  This is dependent upon on 
whether the degradation is characterized by 
either an increase or a decrease in the value 
of the property CA. 

 
CA = CA0 - k1∗t for t ≥ CA0/k1 (3) 
 
In Equation (3) the term CA0 is used to 

represent the initial value for the level of 
property CA before the accelerated aging 
experiment is started.  The Arrhenius equation 
can be used to correlate the rate constants with 
temperature and is required for any life 
prediction.  The Arrhenius equation is shown as 
equation (4) where k is the rate constant and a 
and b are constants related to the activation 
energy and the pre-exponential factor used in 
reaction kinetics. 

 
Log k = a + b/T        (4) 
 
Attribute Data 
 
 Attribute data is obtained when a 
component or system either functions properly 
or fails to function.  This is a measure of the 
reliability and is commonly called “go” (item 
functions properly) or “no-go” (item fails to 
function) data.  Attribute testing is commonly 
used in accelerated aging programs to 
characterize the response of a system or 
component during an accelerated testing 
experiment.  The analysis of systems or 
components based on attribute data is commonly 
called reliability life analysis and is discussed in 
a number of references3,4.  
 Development of attribute data 
commonly results in failure distributions.  A 
number of failure distributions are used to 

characterize product degradation which are 
dependent on the type of product, the nature of 
the failure rate and other factors.  The failure 
distribution used throughout this paper is the 
lognormal failure distribution.   
 

Censored data result when the “exact” 
time of failure of the item is unknown.  All that 
is known is that the item failed sometime before 
the sampling occurred.  In the experimental 
results reported in this paper, the data in all the 
experiments for which failures are noted 
represent censored data sets.  These are called 
“time censored” data.  The data is time censored 
since the exposure for the sample is completed 
at the time the sample is pulled.  The “exact” 
time of failure is unknown.  It is only known that 
the item ceased to be functional at some time at 
or before the time at which it was pulled.  The 
experimental designs used in this study were 
based on the ability to analyze data of this type. 

 
For the experimental cells in which 

failures were observed, the censored data were 
modeled using a lognormal distribution.  The 
lognormal cumulative distribution function for 
the population fraction failing by age y is 
 
F(y,T, %RH) = Φ{[log(y) 

 - µ(T, % RH)]/σ},   y>0    (5) 

 

Here Φ( ) is the standard normal 
cumulative distribution function.  The parameter 
µ(T, % RH) is the mean of the log of life and is 
called the log mean.  It is a function of the 
accelerated aging conditions to which the item is 
exposed.   For the system described in this paper 
the variable µ is a function of temperature and 
humidity.  Maximum likelihood methods3,4 were 
used to compute the log mean and the log 
standard deviation for the censored data sets in 
which failures were observed.  The means, 
standard deviations and median times to failure 
for the lognormal distribution can be determined 
from the log mean and the log standard 
deviation.  

The survival function, reliability 
function and the cumulative distribution function 
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at a particular temperature and humidity are 
related by the equation below: 

 
R(y) = S(y) = (1 – F(y))     (6) 

 
 In equation (2) R(y) represents the 

reliability function which is also called the 
survivability S(y)), and F(y) is the cumulative 
distribution function (cumulative probability) 
given in equation (5).    

  
The median time to failure is given by 

the following expression. 
 
τ.50 = exp (µ(T, % RH))     (7) 

 

The symbol, τ.50, represents the 
median time to failure for the lognormal 
distribution.   A generalized expression for 
τ.50 is given in equation (7) which shows that 
τ.50 is a function of both temperature and 
humidity. 

 
The log mean or the median of a 

lognormal distribution can be correlated with 
temperature using the Arrhenius equation shown 
in Equation (8). 

 
µ(T) = a + b/T      (8) 
 
In Equation (8), µ(T) is the log mean at 

temperature, T, and T is the absolute 
temperature and a and b are constants.  Note that 
the right hand side of Equation (8) is the same as 
the right hand side of Equation (4). 
 
 
EXPERIMENTAL 
 
Accelerated Testing and Failure Mechanisms 
 
 Accelerated testing programs are 
currently being performed on three items 
including the FED 150 primer, the M84 stun 
grenade, and the M213 pyrotechnic fuze which 
is used in the M67 grenade.  Excerpts of the data 
from these accelerated tests are presented in this 
section.  For each of the three items tested 

certain chemical reactions occurred which were 
accelerated by exposure to elevated levels of 
moisture and temperature.   
 
 In general the chemical reactions which 
occur during the accelerated aging of items 
containing pyrotechnic ingredients are oxidation 
of the metals and the energetic materials used in 
the manufacture of the items.  If the reactions 
proceed to a certain degree of completion, then 
failure of the items may result.  Sometimes the 
reaction only occurs at an interface between 
pressed increments.  Many potential failure 
modes exist.  A detailed discussion of the 
chemical reactions that occur are given in classic 
references5,6  on pyrotechnics. For each of the 
three items, failure has resulted in some of the 
experiments.   
 
Description of the Systems 

 
The FED 150 is a primer.  It contains a 

chemical mixture which is sensitive to impact.  
When the composition gets rapidly compressed 
between the face of the primer and the anvil, the 
composition initiates and exhibits an energetic 
output of heat and a pressure wave.  The failures 
for the FED 150 result from the desensitization 
of the primer composition to a certain point so 
that it can no longer be functioned by impact.   If 
the FED 150 fails, it is due to the primer 
composition becoming insensitive to the point 
where there is no output. 

 
For the M84 stun grenade, the system is 

more complex and there are a number of 
subsystems which function in sequence.  These 
sub-systems are the components within the 
explosive train.  For the M84 stun grenade the 
explosive train consists of a primer, delay 
assembly, igniter and a flash composition.  If 
any one of the sub-systems fail, the M84 stun 
grenade will cease to function. 

 
Similarly, for the M213 fuze, the three 

sub-systems which must function are the primer, 
the delay column, and the detonator.  If either of 
these elements fail, the M213 will not function.  
For the M213 fuze, delay times were also 
measured.  Both attribute and variables data 
were collected for this system.  Therefore, 
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models for prediction of service life can be 
formulated using either one or both of these data 
types.   

 
Each of the three items is susceptible to 

chemical degradation of one or more of their 
components.  This can be induced by exposure 
to elevated temperature and humidity levels.  
Property degradation and/or system failure result 
when these items are subjected to certain 
accelerated aging conditions. 
 
M84 Stun Grenade 
 

Accelerated aging experiments were 
done on a small sample of M84 Stun Grenades.  
The objectives of the program were to determine 
the failure distributions at a variety of 
accelerated aging conditions.    A total of 95 
samples were aged and tested.   Due to the 
presence of a plastic cap, the accelerated aging 
temperature was limited to the melting point of 
the plastic which was about 230 °F.  A number 
of experiments were conducted at this upper 
temperature.  In some cases the stun grenades 
could be tested, but in other cases they could not 
be tested.  Of the 95 grenades which were 
subjected to environmental conditioning, 13 
were not tested due to degradation of the red 
plastic cap.  This prevented functioning of those 
grenades.   For the remainder of the grenades 
there were forty failures generated.  All of the 
failures were observed at high temperatures with 
high humidity. 

 
The test method used was functional 

testing and the delay time and sound output were 
recorded for each grenade.  This program was 
designed to determine the susceptibility of the 
M84 Stun grenade to failure due to 
environmental storage conditions.  Delay times, 
sound Output and dud rate were used to 
characterize degradation of the grenades. In this 
development only the failure times were used in 
the analysis.   

 
In the accelerated aging program, M84 

stun grenades were subjected to elevated 
temperature and humidity environments.  
Samples were withdrawn at periodic intervals.  

The samples were stored at ambient temperature 
until the accelerated aging was terminated.  
Then all the samples were functionally tested.  
The tests resulted in some items functioning 
(called a “go”) and other items which failed to 
function (called a “no-go” or a dud).   Typical 
results at one of the accelerated aging conditions 
for the M84 Stun Grenade are shown in Table I.  
A plot of the cumulative probability based on a 
lognormal failure distribution for this data set is 
shown in Figure 1. 

 
Table I.  M84 Stun Grenade Accelerated 

Testing Results at 205 °F and 90 % Relative 
humidity 

 
Time of 

Exposure (days) Attribute

6 Go 
6 Go 
9 DUD 
9 DUD 

14 DUD 
14 DUD 

 
Since the data are time censored 

(samples are pulled out at certain times), 
maximum likelihood methods were used to 
estimate the parameters in the lognormal 
probability distributions from the data.  These 
solutions are approximate for time-censored data 
and exact for failure-censored data.  A summary 
of the median lifetimes and standard deviations 
used to generate a life prediction for the data 
obtained in this experiment is shown below in 
Table II.   Additional data at lower humidity were 
not used in developing this paper, since there was 
not enough data to make life predictions at the 
lower humidity (50% RH).  Note the good 
repeatability for the high temperature and high 
relative humidity conditions (225 to 230 °F and 
90 to 100 % relative humidity).  Additional plots 
of the cumulative probability for the 230 °F and 
90 % RH and 230 °F and 100 % RH are shown in 
Figures 2 and 3.  Note that the 100 % RH 
condition was obtained using an autoclave reactor 
with pure distilled water in the bottom.  The 90 % 
RH condition was achieved using a chamber with 
humidity control. 
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M84 Stun Grenade at 205 F and 90 % RH
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Figure 1:  Cumulative Probability at 205 °F and 90 % RH for the M84 Stun Grenade 

M84 Stun Grenade at 230 F and 90 % RH
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Figure 2:  Cumulative Probability at 230 °F and 90 % RH for the M84 Stun Grenade 
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230 Degrees F 100 % RH in an Autoclave
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Figure 3:  Cumulative Probability at 230 degrees °F and 100% RH for the M84 Stun Grenade 

 
Table II.  Maximum Likelihood Results for the Median lifetimes and standard deviations at 

each test temperature and relative humidity for the M84 Stun Grenade 
 

Temperature (T) and % RH Median Life 
(τ.50) in days 

Standard 
Deviation (σ) 
in days 

   
230 °F –100.0 % RH  autoclave 6.6485 1.494 

225 °F – 90.0 % RH 
chamber 

7.501 1.536 

205 °F – 90.0 % RH 
chamber 

11.508 2.561 

230 °F – 90.0 % RH 
chamber 

7.068 1.534 

165 °F – 75.0 % RH 
chamber 

43* NO DATA** 

 
* Only a single item failed on day 43.  The actual median lifetime for this system is greater 
than 43 days. 
** When only a single item fails, it is not possible to obtain an estimate of the standard 
deviation for the data. 

 
Only limited data in the low temperature 

range were available for this system, so the 
accelerated aging results for 165 °F and 75.0 % 
RH were used to provide an additional data 
point for estimation of the minimum service life.  
There was only one failure in that data set on 
day 43.  The median lifetime of 43 days was 
used as an estimate for the median of the 

lognormal failure distribution at those 
conditions.  This assumes that if more items 
were present on test and samples were pulled on 
day 43, they also would not function.  It should 
be emphasized that the actual mean of the 
lognormal distribution at the conditions 165 °F 
and 75 % RH is most probably greater than 43 
days.  The Arrhenius plot developed using this 
data point is shown in Figure 4.  Extrapolation 
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of the data to 70 °F results in a service life 
estimate of 1353 days at high humidity (75 to 
100 % RH).  The actual service life could be 

much greater than this prediction but would not 
be any shorter.   

 
Arrhenius Plot for M84 Stun Grenade with

High Humidity (about 85% RH)
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Figure 4.  Arrhenius Plot for M84 Stun Grenade Minimum Lifetime 
 
FED 150 Primer 

 
The FED 150 primer was tested using 

impact sensitivity testing. The all fire point was 
determined.  Then the primers were conditioned 
in a test matrix similar to that used for the M84 
Stun grenade.  The lognormal failure distribution 
provided a good fit for the observed failure data.  
Maximum likelihood methods were used to 
obtain the distribution parameters.  The 
cumulative failure distribution found at 230 °F 
and 90 % RH for the FED 150 primer is shown 
in Figure 5.  A summary of the experimental 
conditions, the median, mean standard deviation 
and the test date for the FED 150 primers is 
shown in Table III. An Arrhenius plot of the 
high humidity data  

revealed a problem with the repeatability of the 
data at the highest temperature-humidity 
combination.  This can be seen in Figure 6. The 
Arrhenius correlation predicts a very short 
lifetime for the FED 150 even at ambient 
temperature conditions if the level of humidity is 
90%.  
 

Additional experiments are planned to 
obtain more complete and comprehensive data.  
Experiments will be conducted at temperatures 
ranging from 150 °F to 230 °F and humidity 
levels ranging from zero to 100 % RH in order 
to verify the results and improve the 
repeatability. 
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LOGNORMAL DISTRIBUTION FOR 230 F AND 90 % RH
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Figure 5.  Lognormal Failure Distribution obtained at 230 °F and 90 % Relative Humidity for 
the FED 150 Primer 

 
Table III. Medians, Means and Standard Deviations of the Lognormal Distribution For 

the Fed 150 primer at the Accelerated Aging Conditions 
 

Temperature 
(T) 

Relative 
Humidity 

Median 
(τ.50) 

Mean Standard 
Deviation 

Time of 
Conditioning 

      
230 °F 90 % 2.957 3.932 3.445 JAN 2003 
230 °F 50 % 8.077 10.91 9.906 FEB 2003 
205 °F 90 % 9.631 10.23 3.665 FEB 2003 
180 °F 90 % 7.644 8.631 4.526 MAR 2003 
205 °F 50 % 7.268 8.115 4.031 FEB 2003 
225 °F 50 % 12.83 14.14 6.554 JUNE 2003 
225 °F 90 % 17.81 19.18 7.672 JUNE 2003 
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Arrhenius Plot for FED 150 PRIMERS
CONDITIONED AT 90% RH
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Figure 6.  Arrhenius Plot for the FED 150 primers at high humidity 

 

M213 Fuze 
 
 A similar accelerated aging program has 
been conducted on the M213 pyrotechnic fuze.  
A number of experiments have been run.  The 
lognormal failure  

 

 

distribution provided a consistently good fit to 
the failure data.  A sample of the M213 failure 
analysis data at 50 % relative humidity and 230 
°F is shown in Figure 7. 
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Figure 7.  M213 Failure Analysis Data at 230 °F and 50 % Relative Humidity 
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M213 DELAY TIMES AT 165 F AT TWO HUMIDITY LEVELS
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Figure 8.   M213 Delay Times at 165 °F and Two Levels of Humidity 

 
In addition to the failure data obtained 

for that system, delay times have also been 
obtained for each of the items tested.  Delay 
elements have the aging characteristic of 
slowing down to the point where they no longer 
burn.  A plot of the delay times at 165 °F and 
two levels of humidity is shown in Figure 8.  
The data have been correlated using Equation 
(3).  The data clearly show that the higher 
humidity resulted in a faster rate of increase for 
the delay time.  The next experiments would 
involve testing at 185 °F and then 205 °F at the 
same two levels of humidity.   
 

Using this methodology also requires 
knowledge of the delay time which corresponds 
to failure.  This is obtained by using the zero 
order kinetic models.  Each time a failure is 
observed in the system at time t, the delay time 
is estimated from the zero order model.    

 

CONCLUSIONS 

 
Two analytical techniques for 

determining lifetime of pyrotechnic items have 
been presented.  The methodologies have been 
demonstrated on three different items.  The 
techniques have been applied to both attribute 
data and variables data.   

 
When dealing with attribute data, the 

lognormal distribution has been used to fit the 
failure data.  The actual procedure for service 
life evaluation has been illustrated for the FED 
150 primer and the M84 stun grenade.   

 
Variables data (delay time data) for the 

M213 fuze have been correlated using a zero 
order reaction kinetic model at a single 
temperature and two levels of humidity.  
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Additional data are required to predict service 
life for the M213 fuze.  Future accelerated aging 
experiments have been recommended.   
 
FUTURE WORK 
 

In order to obtain more accurate service 
life estimates, additional data are required for 
each of the items discussed in this paper.  
Generally, 300 to 500 tests are required in order 
to obtain a service life estimate using attribute 
data.   
 

When variables data are used, the testing 
can be reduced, and not as many items are 
required.  However, the accuracy of the service 
life prediction depends on the level of the 
property chosen to indicate system failure, the 
variance associated with the estimate of that 
level, and how well the level of that property 
corresponds to system failure.   
 
NOMENCLATURE  
 
A Symbol for a reactant used in classical 

reaction kinetics  

CA0 Initial value of reactant A or the initial 
value of the property being used to 
characterize product degradation 

CA Concentration of reactant A or value of 
the property being used to characterize 
product degradation  

R Symbol for a product formed by the 
reaction of substance A 

a, b  Constants related to the pre-exponential 
factor and the activation energy used in 
the Arrhenius equation. 

k Rate constant correlated using the 
Arrhenius equation 

k1 Zero order rate constant for the 
conversion of A to R. 

t Time in days 

y time 

Φ( )  the standard normal cumulative 
distribution function 

µ(T, % RH)  the mean of the log of life and is 
called the log mean.   

τ.50 median time to failure for the lognormal 
distribution 

% RH relative humidity 
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ABSTRACT 
 

Nanotechnology has affected many sciences and engineering fields from chemistry, physics, biology to 
bioengineering and communication technologies.  Recent significant increase in funding has led to rapid 
progress in basic sciences of nanoscale matter.  Many of these new discoveries have made a significant 
impact on military and energy related R&D activities. Development of nanoscale building blocks, direct 
assembly of nanostructures via self-assembly of molecules through chemical or physical processes, 
patterning, physical and biological templates, as well as the formation of nanocomposites require better 
method of materials processing and characterization.  This presentation will review recent advances in 
synthesis, processing, and characterization of nanomaterials with the specific emphasis to energetic 
applications.  In addition, the presentation will address recent initiatives undertaken by funding agencies 
and industry in the area of nanotechnology. 
 
 
BACKGROUND 
 
National Nanotechnology Initiative began in 
1996, when the attempt to coordinate federal 
work on the nanoscale was made by the 
Interagency Working Group on Nanotechnology 
(IWGN) established under the National Science 
and Technology Council.  IWGN was formally 
established in September 1998.  Since that time 
two relevant publications were released by this 
group in 1999, namely i) Nanostructure Science 
and Technology A Worldwide Study, and ii) 
Nanotechnology Research Directions.  
Subsequently this group submitted the plan for 
an initiative in nanoscale science and technology 
to the President’s Council of Advisors on 
Science and Technology and the Offfice of 
Science and Technology Policy.  As the result, 
in the 2001 budget submission to Congress, the 
Clinton administration raised nanoscale science 
and technology to the level of a federal 
initiative, officially referring it as the National 
Nanotechnology Initiative (NNI).  Once the NNI 

had been established, the new Nanoscale 
Science, Engineering, and Technology (NSET) 
Subcommittee was established as a part of the 
National Science and Technology Council’s 
(NSTC) Committee on Technology.  Since that 
time NSET is responsible for coordinating the 
federal government’s nanoscale R&D programs.  
The NSET collects and disseminate information 
on government, industry, state, and international 
nanoscale science and technology research, 
development, and commercialization activities.  
This organization serves as the point of contact 
on federal nanotechnology initiatives for 
academia, industry, professional societies, 
foreign organizations and others (www.nano. 
gov).  During the past few years, enormous 
R&D effort has been undertaken by various 
federal agencies as the result of this national 
nanotechnology initiative. Federal agencies with 
R&D budgets dedicated to nanotechnology 
include: Department of Agriculture, Department 
of Commerce, Department of Defense, 
Department of Energy, Department of Health 
and Human Services, Department of Homeland 
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Security, Department of Justice, Environmental 
Protection Agency, National Aeronautics and 
Space Administration, and National Science 
Foundation.  Other governmental agencies 
include: Department of State, Department of 
Transportation, Department of Treasury, Food 
and Drug Administration, and Intelligence 
Agencies. The total NNI funding since 2002 
was: 2002 - $697M; 2003 – $774M; and 2004 – 
$849M.  The proposed FY05 budget includes 
the request for NNI in the amount of $982M.  
The major increases are for the National Science 
Foundation, Department of Commerce, 
Department of Energy, and Department of 
Defense.  It should be noted that the Department 
of Defense faces a significant reduction in basic 
research, while increases are anticipated in 6.2 
and 6.3 DoD funding. 
 Examples of recent achievements in 
nanotechnology funded in whole or in part by 
the National Nanotechnology Initiative include: 
i) use of the bright fluorescence of 
semiconductor nanocrystals (quantum dots) for 
dynamic angiography in capillaries; ii) nano-
electro-mechanical sensors that can detect and 
identify a single molecule of a chemical warfare 
agent; iii) nanotube-based fibers; iv) 
nanocomposite energetic materials for propellant 
and explosives; v) data storage devices based on 
molecular electronics with data density over one 
hundred times that of today’s highest density of 
commercial devices, and vi) iron nanoparticles 
capable of removing major contaminants from 
groundwater [1]. 
 The long-term funding strategy of NNI 
is based on five modes of investment.  The first 
investment mode is focused on fundamental 
research in the areas of chemistry, physics, and 
biology.  The second investment mode, also 
known as “grand challenges” includes nine 
R&D initiatives: 
• Nanostructured materials by design; 
• Manufacturing at the nanoscale; 
• Chemical-biological-radiological-explosive 

detection and protection; 
• Nanoscale instrumentation and metrology; 
• Nano-electronics, -photonics, and –magne 

tics; 
• Healthcare, therapeutics, and diagnostics; 
• Efficient energy conversion and storage; 

• Microcraft and robotocs; 
• Nanscale processes for environmental 

improvement. 
The third mode of investment supports centers 
of excellence; the fourth mode is focused on 
development of infrastructure, instrumentation, 
standards, computational capabilities, and other 
research tools necessary for nanoscale R&D.  
The fifth investment mode focuses on societal 
implications of nanotechnology and addresses 
educational needs associated with the successful 
development of nanoscience and 
nanotechnology [1].    
 
 
RESEARCH CENTERS IN NANO- 
TECHNOLOGY 
 
  During the past few years, numerous 
new nanotechnology centers, sponsored by 
various federal agencies have been established. 
Few of these centers are listed below: 
• Center for Nano-Energetics Research, multi-

university center sponsored by the U.S. Army 
Research Office. 

• Center for Nanofabrication and Molecular 
Self-Assembly is located at the Northwestern 
University and funded by the Department of 
Health and Human Services. 

• Center for Nanophase Materials Science at 
Oak Ridge National Laboratory. 

• Center for Integrated Nanotechnolo-gies, the 
Los Alamos National Laboratory and the 
Sandia National Laboratory. 

• Center for Nanoscale Materials, Argonne 
National Laboratory. 

• Institute for Nanoscience, Naval Research 
Laboratory. 

• Institute for Soldier Nanotechnologies, MIT, 
sponsored by Department of Defense. 

• Nanobiotechnology, Science and technology 
Center, Cornell University, sponsored by the 
National Science Foundation. 

More information about multi-university, state, 
governmental, and single-university centers can 
be found at www. nano.gov.  
 The Center for Nano-Energetics 
Research was established in 2001 as multi-
university center and currently includes five 
universities: i) University of Minnesota (lead 
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institution); ii) University of Delaware; iii) 
Oklahoma State University; iv) South Dakota 
School of Mines and Technology; and v) 
University of Maryland.  This center was 
established as the result of multi-year support 
from the U.S. Army Research Office as the 
result of the Defense University Research 
Initiative on Nanotechnology.  The mission of 
this particular center is: 
• Development of new methods for nanoparticle 

growth and surface passivation; 
• Development of new sol-gel methods for 

generation of nanostructured materials with 
empheses on energy release; 

• Flow/chemistry/aerosol modeling of particle 
formation from thermal plasmas; 

• Development of new characterization 
approaches based on: i) laser induced 
breakdown spectroscopy (LIBS) and ii) single-
particle mass spectroscopy; 

• Measurement of nanoparticle oxidation 
kinetics; 

• Application of time-resolve spectroscopy 
techniques for characterization of energy 
release and mechanism of chemical reactions; 

• Measurement of kinetics of condensed-phase 
reactions; 

• Computational chemistry and physics of 
nanostructures. 

 
 
CURRENT R&D ACTIVITIES IN NANO-
ENERGETIC MATERIALS 
 
 There are several R&D initiatives 
undertaken by researchers and entrepreneurs in 
the area of nanoenergetic materials.  They may 
be categorized into: 
 Formation of nanoreactants, protective 
coatings, and surface functionalization [2-8]; 

 Processing of nanoenergetic materials [9-13]; 
 Characterization and fundamental 
understanding of ignition and energy release 
processes [14]; 

 Performance demonstration [10,12]; 
 Safety [15]. 

 Addition of metals or boron micronsize 
powders into propellants, explosives, or 
pyrotechnic formulations has been in use for 
many years.   However, use of nanopowders 

has been explored during the past several years, 
because such reactants were not readily 
available in the past.  At the end of 90’s, a 
significant effort has been made by the 
government and the industry to develop 
production of various nanopowders of metals 
and oxides for their application in nanoenergetic 
materials.  Nanoscale energetic mixtures have 
been found to be very promising due to much 
faster energy release rates (2-3 orders of 
magnitude) and completeness of reaction(s).  
Two different classes of materials are 
investigated: i) propellants, fuels, and explosives 
enhanced with metals, hydrides, or boron 
nanopowders and ii) development of new 
metastable nanoscale composites structures 
based on metal – oxidizer systems.   
 
 
FORMATION OF NANOPOWDERS 
 
 There exist many synthesis techniques 
suitable for the formation of oxide nanopowders.  
A comprehensive review of such methods can be 
found elsewhere [16].  The formation of metallic 
nanopowders, especially those, which may 
readily react with oxygen, is by far more 
challenging.  There are primarily two 
economically feasible approaches leading to the 
manufacturing of such nanopowders: i) 
condensation of metal vapors or ii) 
organometallic reactions in nonaquous solvents.  
The first approach has been already 
commercialized and different companies and 
laboratories use several variations of this basic 
principle.  They include, i) induction and arc 
plasmas; ii) vaporization from molten pool into 
an inert gas under vacuum conditions; iii) wire 
explosion; and iv) DC pulse discharge.  A 
typical TEM photograph of nanosize aluminum 
produced by vapor condensation in a stream of 
an inert gas under vacuum conditions is shown 
in Figure 1.  One of the most difficult issues 
associated with fine metallic powders, such as 
aluminum, titanium, or zirconium, is their 
inherent reactivity with oxygen.  Therefore, in 
order to expose such powders to oxygen 
atmosphere it is necessary to protect their 
surface to eliminate reaction with oxidizer.  Up 
to now, the most effective method of passivation 
has been controlled formation of surface oxide 
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layer.  In the case of aluminum, dense and 
continuous alumina layer on the surface of the 
nanoparticle with the thickness of approximately 
2-3nm is sufficient to minimize any further 
oxidation.  In the case of other metals, especially 
titanium and zirconium, or metal hydrides, the 
oxide protective layers are not as stable as in the 
case of aluminum.  Boron nanopowder behaves 
similarly to that of aluminum due to the 
formation of dense and continuous layer of boric 
oxide.  It should be noted that protective alumina 
layer shown in Figure 1 is noncrystalline, as 
determined by TEM X-ray probe. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Nanosize aluminum formed during 
vapor condensation in helium at 5 Tr pressure. 
 
The formation of other protective layers on 
unpassivated aluminum nanopowders was 
successfully done using self-assembled 
monolayer using a perfluoroalkyl carboxylic 
acid [7].  However, further aging studies are 
needed to determine the rate of oxidation of 
aluminum protected with this organic material.  
Other inorganic materials, including AlN, C, and 
AlC2 have been explored as well.   
 Another technique based on atomic 
layer deposition (ALD), developed recently, 
could be considered for coating of unpassivated 
metallic nanopowders [17,18]. The principle of 
this method is similar to chemical vapor 
deposition (CVD) except that the binary CVD 
reaction is split into two half reactions that occur 
sequentially on the surface of the substrate.  This 
deposition technique allows developing films 
which are conformal and controlled down to the 
atomic level.  For example, a controlled coating 
with alumina on substrate surfaces can be 

accomplished by altering two reactions: i) 
reaction of AlOH* surface groups with Al(CH3)3 
to form a complex [Al-O-Al(CH3)2]* and ii) 
follow up reaction with water vapor to form 
Al2O3 monolayer.  By cyclic operation multiple 
layers of alumina can be formed.  Figure 2 
shows TEM image of ZrO2 nanoparticles coated 
with boron nitride layer by ALD process.  Figure 
3 shows the application of the same method to 
the formation of multiple layers of tungsten and 
alumina. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.  Boron nitride coating on zirconia 
nanoparticles formed by ALD process [17,18]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Multiple layers of W and Al2O3 formed 
using ALD process [17,18 ]. 
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AGING AND PROCESSING OF Al 
NANOPOWDERS 
 
  In spite of protective oxide layer, 
aluminum nanopowders are not sufficiently 
protected from water vapor.  The water vapor 
tends to react with oxide layer forming 
hydroxide.  This relatively porous hydroxide 
layer allows further oxidation and hydratation of 
unreacted core of aluminum.  In high relative 
humidity levels aluminum nanopowders are 
fully reacted to aluminum hydroxide within few 
days.  In order to prevent such reaction, a 
hydrophobic coating is essential.  During the 
past several years, several hydrophobic coatings 
have been investigated.  In Figure 4 the effect of 
time on aging of aluminum nanopowders at 
different humidity levels is shown.   It is clearly 
seen from that graph that the humidity has a very 
significant effect on the rate of decreasing 
reactive aluminum content in aluminum 
nanopowders. 

Figure 4.  The effect of time and relative 
humidity on reactive content of aluminum in 
aluminum nanopowders at 40oC [19]. 
 
It was demonstrated that the coating of oxide-
passivated aluminum nanopowders with 
hydrophobic compounds has very pronounced 
effect on the long-term stability of these 
powders.  Figure 5 shows the effect of time at 
40oC and 97% relative humidity on the content 
of reactive aluminum in nanopowders 
(davg=50nm) for coated and uncoated samples. 

 

Figure 5.  The effect of time on reactive content 
of aluminum in aluminum nanopowders at 40oC 
and 97% relative humidity for i) uncoated 
aluminum nanopowder, ii) coated with 5wt% 
oleic acid, and iii) coated with 5wt% Dow 
Corning Z6124 silane [19]. 
 
  When aluminum nanopowders are used 
in energetic nanoscale metastable composites 
they must be intimately mixed with oxides 
powders, e.g. MoO3, CuO, or Bi2O3.  In order to 
obtain a high degree of mixing wet mixing 
process is necessary. It is well known that 
nanopowders can be mixed effectively in inert 
liquids only if they are well dispersed.  In this 
research it was found that ultrasonic mixing of 
silane coated aluminum nanopowders with 
oxides, such as TiO2, MoO3, CuO,  Bi2O3,  
SnO2,  and  WO3 in hexane or cyclohexane is 
very effective. 
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(a) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) 
Figure 6.  Elemental line scan analyses of Ti 
and Al elements in Al-TiO2 mixtures prepared by 
mixing in hexane a) without dispersant, b) with 
dispersant. 
 
Silane coating leads to better dispersion of 
nanopowders and more uniform mixing. Use of 
other non-aqueous dispersants, such as sodium 
dioctyl sulfosuccinate, leads to similar mixing 
results.  In order to evaluate the quality of 
mixing process SEM analyses of mixed samples 
were done.  Figure 6 shows results from two 
mixing processes.  In the first case (Figure 6a) 
mixing of Al and TiO2 nanopowders was done in 
hexane without any dispersants.  In the second 
case, the same powders were mixed when 2 wt% 
sodium dioctyl sulfosuccinate was added into 
hexane (Figure 6b).  It can be clearly seen that 

the mixing in the presence of the dispersant is 
superior. 
 
 
CHARACTERIZATION  
 
  There exists a wide range of techniques 
suitable for characterization of nanopowders, 
including TEM, STEM, SEM, EDX, XRD, 
DSC, TGA, BET, PSD, and spectroscopic 
methods, etc. 

As mentioned before, aluminum nano-
powders exposed to moist air react readily and 
form hydroxides on the surface. Decrease 
aluminum metal content due to this reaction 
dramatically affects burn rate of such powder 
with oxidants.  It has been shown above that 
effect of moisture on aluminum nanopowders 
can be greatly reduced if additional hydrophobic 
coating is applied. For example, a permanent 
bond is formed in reaction between aluminum 
nanoparticles and silanes. It was found that 
silane coating significantly reduces reaction rate 
of nanosize aluminum with moisture and at the 
same time it has a very positive effect on 
improving mixing of Al particles with other 
reactants.  

In order to establish the amount of silane 
bonded to the Al surface one can use various 
analytical methods, however the most effective 
and convenient in application to nanosize 
aluminum was laser-induced breakdown 
spectroscopy (LIBS). 

Laser induced breakdown spectroscopy 
(LIBS) is an elemental analysis method based on 
atomic emission spectroscopy utilizing pulse 
laser as an excitation source. During excitation 
with laser pulse material of the sample is ablated 
and creates high temperature plasma plume. 
After about 1 µs plasma expands and cools 
down, and emission from the excited atoms and 
ions become dominant. Each element emits 
characteristic line spectrum, allowing for 
identification and quantitative analysis. The 
LIBS apparatus (Figure 7) consists of a Nd-
YAG laser and a broad-band, high resolution 
spectrometer. The laser is aimed into a beam 
steering device and reflected toward the sample.  
The sample rests on the x,y positioning table.  A 
fiber optics bundle, focused on the sample, 
transmits the signal to the high-resolution 
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broadband spectro-meter. The spectra are 
recorded from 200 – 900 nm.      
 
 
 
 
 
 
                                                                              
Mozna dopasowac do rozmiaru 1 kolumny. 
 
 
 
 
 
 
Figure 7. Laser induced breakdown spectro-
scopy setup at SDSM&T. 
 
Relevant fragments of the LIBS spectra of  
silane coated and uncoated aluminum 
nanopowders are shown in Figure 8.  
 
 

 
Figure 8. LIBS spectra of the silane-coated and 
uncoated aluminum nanopowder. Silane coated 
sample contains about 1 wt% of silicon. 
 
Laser induced breakdown spectroscopy is 
convenient and fast method for elemental 
analysis. The method has shown sufficient 
sensitivity to determine concentration of silicon 
using Si I spectral lines at 251.61 nm, and 
288.16 nm in functionalized silane coating of 
aluminum nanopowders. Infrared spectroscopy 
is also effective character- rization method of 
coatings including organic compounds used as 
the coating material. Examples of FTIR spectra 
of silane coated and oleic acid coated aluminum 
nanopowder are shown in Figure 9. 

Figure 9. Example FTIR spectra of silane 
coated, oleic acid coated and uncoated 
aluminum nano-powder obtained using the FTIR  
technique. 
 
Using these techniques it was shown that large 
portion of the silane reactant typically applied 
(~5 wt% of aluminum) is not bonded chemically 
to the aluminum nanopowder surface. The 
majority of silane (approximately 70 % of the 
total applied amount) can be removed from the 
surface by a solvent, however the reminder part 
of silane is firmly bonded to the aluminum 
surface. 
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ABSTRACT 

Particles of various sizes down to nano-scale were studied by TG, SEM and in-situ X-ray diffraction. 
Al particles contain a 2-4 nm oxide passivating layer the thickness of which was found from the weight 
increase on complete oxidation. The oxidation occurs at least in two steps. The first step forms a layer of 
6 to 10 nm thickness composed of crystallites of the same size independent on the initial particle size. 
Chemical kinetics controls this step and converts an essential amount of the particle for sizes below 1 µm, 
which could strongly the ignition and combustion behavior. The second step occurs by combined 
diffusion and chemical reaction and proceeds therefore slowly, the slower the bigger the particles are. The 
kinetic parameters of the steps were found by applying an adequate model. The particle size also 
influences the phases of the oxides formed as shown by x-ray diffraction. This first oxidation step 
obviously leads to the increased burning rate of composite rocket propellants. It manifests its impact on 
the burning behavior by an increased heat release close to the burning surface with higher temperatures 
measured close to it confirmed by a simplified combustion modeling.  

1 INTRODUCTION 
High performance composite solid rocket propellants consist of ammonium perchlorate (AP) as 

oxidizer and HTPB as polymeric binder. Aluminium particles with sizes of 10 to 50 µm increase the 
performance of these propellants and reduce oscillations in the combustion chamber. Most of the other 
energetic materials consist of various, solid organic and inorganic particles, in a similar way. The particles 
are formed by synthesis or treatment of the basic substances to enable handling and processing to the 
designed charges which are pyrotechnic devices, gun powders, rocket propellants or high explosives. The 
properties of the particles which are size and shape, quality and phase of crystallites and surface 
behaviour influence all steps of processing, especially rheology, and mechanical properties. Whereas, in 
the past the µm-scale to mm-scale of particles was of interest the recently emerging nano-technology 
enabled the use of nano-particles, but is actually limited to research and development. Especially, metals 
as fuels achieve high performance in rocket propellants, in pyrotechnic mixtures particles of high 
temperature transfer energy to the material to be ignited. Aluminum nano-particles were widely 
investigated [1-13]. The low temperature oxidation of the aluminum particles influences thermal stability 
on handling, storage and processing and contributes to ignition and combustion of pyrotechnic mixtures 
and propellants [14-16]. Ultra-fine particles and nano particles, whereas mainly Alex (electro-exploded 
aluminum) was used, increase the burning rate of composite rocket propellants [2-7]. Other metal 
particles enhanced the conversion rates of pyrotechnic mixtures or thermites considerably [1, 8-13]. The 
manufacturing methods of these electro-exploded metal particles and effects were published in detail in 
Refs. 17-19 and summarized in Ref. 20, recently. Aerosol reactions proceed more heavily when smaller 
particles are used [1, 11, 16]. The chemical stability or the friction and impact sensitivity, however, is 
reduced. However, the mechanisms of the thermal behavior of these Alex particles show extra-ordinary 
chemical effects which are sometimes related to enhanced surface energy [16-21].  
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This paper reports experiments and evaluation of the oxidation of Al particles of sizes ranging from 
the micro- to the nanometer-scale in air by mainly TGA and high temperature in-situ X-ray diffraction. A 
model for the low temperature particle oxidation is developed and applied to the experimental data. It was 
tried to correlate to the flame structure of a composite propellant flames. 

2 EXPERIMENTS AND RESULTS 
Al particle sizes from the micro- to the nanometer-scale of the different samples were investigated and 

are listed in Table 1. The powders (except ALEX from Argonide) were prepared and supplied by the State 
University Tomsk and are similar to those published recently [21]. 

 Alex  Al-1  Al-2  Al-3  Al-4  Al-5  
Diameter [µm] 0.01-0.15 0.3-0.7 0.5-1.25 2-3 7-12 10-25 
Average radius RS for  
Fit (see below) [µm] 

0.05 0.25 0.425 1.25 4.75 8.25 

Step at 950 K  0 0.005 0.0025 0.001 0.0012 0.0008 
Step: 650-900 K 
∆Wstep/∆Wmax 

0.4 0.13 0.058 0.024 0.0156 0.011 

Total weight increase 
∆Wmax 

0.71 0.85 0.87 0.88   

Table 1. Diameters and weight increase (∆W) between 700 and 900 K, near 950 K and in total of the 
investigated Al particles types, ∆Wmax – weight increase after completed oxidation (including 
also isothermal continuation which is not plotted in the curves of Fig. 3)  

The particles were visualized by SEM (LEO SUPRA 55VP FESEM) and the composition 
characterized by EDX for element analysis. Pictures from Alex and Al-1 are shown in Fig. 1. The Alex 
particles are mostly spherical and a mean diameter of 0.1 µm seems to be appropriate although some 
particles of large diameters are present. The particles of Al-1 are more or less also spherical and the mean 
diameter is closer to 0.3 µm. Both smaller and larger particles are found. The other Al particle types are 
similar as those for Alex and Al-1. 

The EDX results show the presence of some other elements, mainly oxygen. The amount of oxygen 
for Alex is about 10%, for the other particle samples less than 2% which might mean that for all samples 
roughly the same amount of Al is converted to Al2O3 to build up the well known passivation layer [22, 
23]. 

  

Figure 1: STEM/SEM pictures from Alex and Al-1 
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The particles Alex, Al-1 to Al-5 were oxidized in air in a TGA with temperature limitation to 1273 K 
using a heating rate of 5 K/min. Some curves are plotted in Fig. 1, including only the non-isothermal part 
and a scaling to an initial weight of 1. The reference weight for scaling was taken at about 600 K, because 
at the beginning a weight loss of about 0.5% was observed which could be loss of adsorbed water. At the 
end of the temperature run the oxidation was continued isothermally to the end of measurable oxidation at 
the end temperature 1273 or at 1173 K in some cases. 

The samples of Alex, Al-1 and Al-2 completely reacted with final weights of 1.71, 1.85 and 1.87 when 
scaling the initial weight to 1. This is in good accordance with the findings of the amount of oxygen in the 
EDX. E.g.: If an amount of about 20% of the sample is not available for the oxidation it would result in a 
final oxidation weight increase in the same order of magnitude as found for Alex. After a small weight 
loss (< 0.5%) below 600 K all samples show a first substantial weight increase in the temperature interval 
between 700 and 900 K which is the higher the smaller the particle size is. The maximum conversion rate 
obtained from differentiated TG-curves (DTG) is slightly shifting to higher temperatures with larger 
particle sizes. The shape of the DTG-curves depends also on the sample type and is strongly asymmetric 
for Alex – a smooth increase after the onset and a sharp rise and decay close to the end – and becomes 
more symmetric with samples Al-1 to Al-5. This is to be seen very clearly by differentiated TG-curves. 
The results are similar to those found for nano-Al particles by Jones et al. [16]. 
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Figure 2:  TG-curves of 3 Al samples in the range where they can be evaluated and the calculated 
curves as well as the deviations (upper curves) 

A smooth step of weight growth to the final values follows. The maximum of the growth rate step 
occurs the later (higher temperature) the bigger the particle size is. In addition, near 950 K a very small 
weight increase is found for all the samples Al-1 to Al-5 (see Tab. 1) which was excluded from the 
evaluation. 
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The samples of Alex, Al-1 and Al-3 were analyzed by in-situ high temperature X-ray diffraction 
which had been earlier mainly applied to phase transition, crystalline solid state reactions and oxidation of 
plane metal surfaces [24-28]. The equipment consists of the Siemens D5000, the high temperature 
measuring cell with thermocouples of Bühler with a programmable temperature controller and a position 
sensitive proportional counter (PSPC). Isothermal measurements and free selectable temperature 
programs can be performed between room temperature and 1873 K under oxidizing conditions. The 
sample particles were filled on a strip of platinum and heated from room temperature to 1400 K in steps 
of 25 K in air. The heating rate between the steps was 10 K/s. Diffraction curves were recorded during 
time intervals of 60 min at each step in a diffraction angle range of 15° to 70o. The Alex sample behaved 
in a problematic way by swelling and prevented a reliable measurement. The series of diffraction curves 
were analyzed by evaluating the peaks of Al and the related oxides. Fig. 6 shows that the Al peaks 
decrease on heating. All Al-peaks disappeared above the melting point of 950 K (Al-1) and are negligible 
for Al-3. The Al-3 sample oxidizes directly to α-Al2O3 above 1000 K. Al-1 forms detectable amounts of 
oxides already at 700 K. Initially, γ-Al2O3 appears in the temperature interval where the first step in the 
TG-experiment occurs. At 950 K - close to the melting point - the formation of θ-Al2O3 follows. The 
intensities of both oxides are approximately equal. Starting from 1075 K these oxides are transferred to α-
Al2O3 which is obviously built at even higher temperatures, only. 

3 MODELING AND EVALUATION OF RESULTS 
The broad dispersivity of the Al powders is shown in Table 1. The model approaches and evaluations 

use the assumption of mono-modal particles. In the model the statistical weight of the particle size prefers 
smaller particles sizes, often. The experimental results are evaluated according to the following concept: 

1. All types of Al-particles are initially coated by a passivation layer of thickness RP of 2-4 nm as 
measured in literature and generally assumed for Al surfaces at low temperatures [22, 23]. The scaled 
passivated volume Vox (or mass) of a particle with a total outer radius RS and an un-reacted inner radius RK 
= RS - RP is given by: 
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The experimental weight increase of Alex occurs from 1 to 1.71 which means that a sample fraction of 
about 0.8 is available for the oxidation, only. Assuming an outer radius RS of 0.05 µm gives a passivation 
layer RP of approximately 3.6 nm in agreement with the literature values [22, 23]. Assuming an average 
diameter of sample Al-1 of 0.5 µm the resulting thickness RP is about 3.3 nm. Summarizing, the missing 
weight in the TG-experiment on complete reactions of all particle types leads to a thickness of the initially 
oxidized layer of 3 to 3.6 nm. The found values of uncompleted oxidation and the particle diameters are 
to uncertain to justify a least squares fit of Eq. (1) to them. 

2. The first oxidation step Vox1 concerns oxidation governed by chemical reaction kinetics, only. This 
chemical reaction builds a further outer layer with thickness RC of the particles. 
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Fig. 2 shows a least squares fit of Eq. (2) to the weight increase steps found in the TG experiments 
with RC being a fit parameter using the RS and Vox1 (∆Wstep/∆Wmax) listed in Table 2. A non-linear least 
squares fit resulted in RC = 0.0081±0.0004 µm which means that the first oxidation step forms a layer of 
about 8 nm for all particle types independent of their individual size. RC is very sensitive to the chosen 
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“experimental” particle radii, especially the smallest one (Alex). Such a reaction step was already found 
for micron-sized boron [29]. 

3. In the second conversion step the diffusion of oxygen to the metal core (or the metal to the outer 
surface [30]) and the oxidation reaction occurs simultaneously (see Fig. 8, [29]). A quasi-steady state 
approximation assumes a uniform temperature distribution throughout the particle. Then the profile of 
diffusing oxygen from the surface into a sphere to a reaction front with the metallic fuel is given by 
(solution of the radial diffusion equation): 
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c concentration, r radius variables, O oxygen, S Surface, K reaction front 

The conversion of the diffusing oxygen occurs in a first order reaction and consumes the oxygen flux 
completely: 
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nO oxygen mole number, ZK and EK frequency factor and activation energy of chemical reaction and ZD 
and ED frequency factor and activation energy of the diffusion 

Applied to the oxidation of aluminum (similar to boron [29]) the reaction occurs according to  
Al + ¾ O2 → ½ Al2O3  

dt
dn

dt
dn AlO

4
3

=  (6) 

nAl aluminum mole number, MAl mole mass of aluminum 

When combining Eqs. (3)-(6) the differential equation of the reaction radius RK is then obtained by: 
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Under isothermal conditions Eq. (7) can be integrated resulting in an inverse equation for t: 
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When applied to the evaluation of non-isothermal TGA-curves with a linear heating rate B, a 
numerical integration has to be applied [29]. In order to evaluate the experimental TG-curves in a single 
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approach both reaction steps were combined. An nth order reaction should describe the first reaction step 
assumed to be dominated by chemical reaction kinetics. This reaction is limited to the outer spherical 
shell of thickness RC. The differential equation for the metal core radius RK takes the form (RI = RS - RC): 
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The scaled weight is obtained from the numerical solution of Eq. (9) to obtain RK (n = 1 assumed in 
the following evaluations): 
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Eq. (10) was then used for the least squares fit of the experimental TG-curves. The χ2-function was 
built simultaneously from M TG-curves Wj,exp(Tj,i) of the different particle types e.g. Alex, Al-1,Al-2 
including for each curve Ni data points at temperatures Tj,i: 

The resulting function was minimized with respect to the fit parameters ZK, EK, ZD, ED, P1 and RS,j. The 
parameter RS,j was not in all cases varied during the fit procedure for all particle sizes. The applied 
minimizing procedure uses the algorithm of Powel [31].  

Parameter Value 
Log ZK 11.9 
EK / kJ 23.9 
Log ZD 4.3 
ED / kJ 24.2 
P1 5.32 
Rel. stand. error 0.006 

Table 2. Kinetic parameters of fitting of pre-treated TG-curves, RS,Alex was set to 0.05 µm  

In order to compensate the oversimplifications of the model the experimental curves were modified in 
the following way: 

1. The agreement close to the end of the oxidation reaction is bad (Fig. 9, see discussion below). 
Therefore the TG-curves were cut off at the end before a substantial curvature occurred. 

2. The small step at 950 K could in principle be integrated into the model; however practically the 
statistical weight would be too small to get reliable kinetic parameters for this step. Therefore, this 
step was eliminated by subtraction of a sigmaoid curve of its step height (see Table 2). Without this 
correction the step significantly influenced the fit. 

Fig. 2 shows the least squares fit of Alex, Al-1, and Al-2. The fit parameters are listed in Table 2. 
Figure and table indicate a good agreement of the model with the experimental TG-curves in the used 
temperature intervals. The melting phase of Al particles does not destroy the spherical shape of the 
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oxidizing particles. A nucleation reaction of an order lower than 1, as assumed in the approach, would be 
more appropriate, especially, as the X-ray analysis - using the evaluation software TOPAS of Bruker axs - 
reveals that the built oxide has a crystallite size between 5-10 nm. At the second step the crystallite sizes 
increase on temperature from that size to 80 nm. As already mentioned above, the particle sizes are 
strongly influenced by the smallest value of Alex. Therefore the layer thickness RC is in reality more 
uncertain as the results of the fit seem to predict. A realistic estimation would allow only proposing limits 
of 6 (lower) and 10 nm (upper) for RC.  

Modeling the combustion of Al requires also appropriate models [35-37], but the evaporation and the 
gas phase kinetics are dominant for micron-sized particles, although some similarities are also found. 
Simplified models of metal particle combustion assume that a cold particle is injected into a hot oxidizing 
gas. The particle melts at least at the outer zones and begins to evaporate on conductive heating. The 
oxidizer consumes the metal vapor by a “slow” diffusion controlled reaction. Only sophisticated models 
include the diffusion controlled formation of an oxide layer on the condensed surface on heating, mainly 
done for boron. This oxide layer formation corresponds to the second step of the described reaction. A 
passivation layer is neglected in all cases. Such procedures are no longer appropriate for ultra fine and 
nano-sized particles. An Alex particle with a diameter of 100 nm consists already to about 20% of oxide 
due to the passivation layer. The “fast” first step reaction consumes, in addition, about 40% of the 
resulting metal. As found experimentally it starts already in the solid phase and leads obviously to a 
strongly enhanced combustion as the heat release must heat up rapidly the whole particle. This 
assumption is confirmed by the experimentally found increase of the burning rates of composites 
propellants containing Alex whereas micron-sized Al-particles do not influence the burning rate, 
substantially. The model and the parameters described here should apply for this reaction. 

4 CORRELATION TO COMBUSTION 
The fast reaction step obviously manifests itself by the found increase in burning rates of composite 

rocket propellants. It would be interesting to find a correlation to the flame structure, e.g. the temperature 
profile in the flame [40]. Therefore, the burning of two samples of aluminised AP/HTPB-propellants with 
identical chemical composition was studied under various pressures [41]. One sample was prepared with 
8% ALEX particles; the other one contained the same amount of aluminium particles with 5 µm diameter.  

The propellant strands were burned at 1, 4 and 10 MPa in a chimney type window bomb. The 
luminous flame front was observed with a CCD camera and a DV camcorder using a frame rate of 50 s-1. 
The signal was analysed according to burning rate, intensity distribution, flame shape and dynamics using 
picture analysing software.  

A rapid NIR-spectrometer were used to scan the distribution of emission, emissivity, water content 
and temperature in the reaction zone of the flame. The experimental spectra were analysed by numerical 
comparison to theoretical intensity distributions calculated with a single line model. A correlation to the 
flame shape was possible by using the local intensity distribution [42].  

In additional experiments the burning process was interrupted. The extinct surfaces were investigated 
using a SEM with an additional EDX-sensor and compared to the original not ignited surface. This 
combination allows distinguishing between oxidiser particles, binder and Al particles using the element 
distribution of Cl, C and Al. 

The extinguished surface of the ALEX sample seems smoother and shows smaller holes from ejected 
Al particles and gases. Ball shaped Al particles, larger than in the unburned samples, point out that the 
ALEX particles agglomerate by melting at the surface. 



- 314 - 

The burning rate of the ALEX-sample was about 50% higher. Both samples showed a pressure 
exponent of about 0.5. The samples with ALEX exhibit a maximum temperature and radiative emission in 
the gas phase much closer to the burning surface than the samples with coarse aluminium (fig. 3).  

A qualitative 3D burning model of diffusive particle combustion can explain the increase of the 
burning rate on the base of faster conversion of smaller particles. The model includes phase transition, 
diffusion and simplified reaction kinetics in the gas phase. The solid or liquid particles reside in a gaseous 
oxidiser environment.  

The TG experiments, described above, show the “first step” reactions to occur at 200 to 300 K below 
the “second step” reaction and is completed in a smaller temperature interval of less than 100 K compared 
to the 2nd one of at least 300 K. 1D combustion modelling (CTEM [38, 39]) can take into account these 
effects by placing heat sources of the same energy input above the burning surface and compute 
temperature and simplified concentration profiles. A small heat source close to the surface generates steep 
profiles and a broad heat source generates slowly increasing temperature and concentration profiles (see 
fig. 4) at a higher distance to the surface. The calculations lead to increased burning rate values of about 
50% in the first case. This is in qualitative agreement with the measurements of fig. 3. 
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 Figure 3:  Axial temperature profiles in the flame zone of the investigated samples at different 
pressure determined by NIR spectra analysis 
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 Figure 4: CTEM-Simulation of the influence of ALEX (broken lines) und coarse Al (solid 
lines) on the flame structure; modelled by smaller and broader heat sources close to 
the burning surface leads to different profiles of temperatures 
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ADVANCED FIRE PROTECTION 
DELUGE SYSTEM (AFPDS)

BACKGROUND AND HISTORY
• 1993 Study of state-of-the-art HS Deluge Systems
• Commenced testing of new prototype AFPDS 

system with funding from AMMOLOG
• Conducted ± 400 live fire munitions evaluations 

involving approximately 30 different materials
• Installed R&D systems at seven locations
• Test reports completed and are on CD’s

• Signed a CRADA with Ansul Corporation to 
transition technology and continue improvements

• Blast Induced System for speed enhancements 
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AFPDS REVIEW

SYSTEM DESCRIPTION

AND 
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AFPDS SYSTEM DESCRIPTION

TECHNOLOGIES

Ultra High Speed/False Alarm 
Immune Flame Detectors
Micro-Second Signal Processing 
Controller
Squib Activated Water Pressure 
Vessels

OBJECTIVE
To significantly enhance safety for 
personnel handling various types of 
field munitions via use of ultra-high 
speed detection and a reactive 
water shield

BENEFIT TO THE DoD COMMUNITY

10X Faster Than Existing Systems 
False Alarm Immunity Detectors Help 
Prevent Environmental Spills 
High Energy Munitions Fires are 
Suppressed in Milliseconds
Safer Working Environment…Lives 
Saved…Injuries Reduced

Joe Schelling
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• Multi-spectrum High-speed

Flame Detectors 3-5 ms

RESPONSE TIME

• Ultra Fast Response 

Controller System
< 0.2 ms

• Squib Actuated, High-rate  

Discharge Spheres (10 & 30 

Liter)

2- 4 ms

COMPONENT DESCRIPTIONS
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Squib and Rupture Disc

COMPONENT DESCRIPTIONS 
(CONT)
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Maximum Detector False Alarm Distance to a False 
Alarm Source  

 
 

 
 
SOURCE 

Minimum 
Distance 
Tested 

Dual 
Spectrum 

(IR/IR) 

Fire 
Sentry 
(UV/IR) 

 
Spectrex
(UV/IR) 

Detector 
Electronics

(UV) 
Butane Lighter 3 in 6 in 1 ft 3 in 16 ft 
Floodlight (650W) 2 ft DN* 2 ft DN 2 ft 
Incandescent 75W  1 in 6 in DN DN 6 in 
Philips EarthLight 1 in 1 in DN DN DN 
Floodlight (75W) 1 in 1 in DN DN DN 
3/8”, 120VAC Drill 1 in DN DN DN 15 ft 
1-inch Electric Arc 1 in DN DN DN 16 ft 
Arc Welding 3 ft 3 ft 6 ft DN 24 ft 
Acetylene Torch 3 ft 3 ft 12 ft 3 ft 12 ft 
Grinding mild steel 3 ft DN 3 ft DN DN 
 
*DN  -  Did Not alarm 

AFPDS FALSE ALARM 
ANALYSIS
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POTENTIAL SYSTEM 
CONFIGURATIONS

• Stand alone portable system with back up water 
(installed at Crane Navy Facility)

• Combined with a conventional ultra high-speed 
deluge system to significantly improve response 
time.

• Used to replace current ultraviolet detectors with 
new multi-spectrum optical detectors;   
significantly reduces false alarms. 
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POTENTIAL SYSTEM 
APPLICATIONS

• Process equipment operations, e.g., pyrotechnic charging 
machines, saws, granulators, hoppers, and work tables 
used in ordnance production and maintenance. 

• Ammunition Supply Point handling, assembling, and 
inspection of pyrotechnic items and propelling charges.

• Protection during sub-munitions pressing operations, e.g.,  
M42/M46 grenades. 

• Protect operations involving small to medium quantities of 
energetic materials in R&D labs and production facilities.

Joe Schelling
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AMMO SURVEILLANCE 
PROTECTION - SUNNY PT, NC

Project Summary
• Corps of Engineers Project

• R&D Field Tech Eval

• Two Zone, 30L Spheres (2)

• Pictures Show Actual Field 
Test.  Fire Out in 29ms.

New Ammo Surveillance Facility

Joe Schelling
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TYPICAL INSTALLATION 
(PORTABLE) - CRANE, IN

Project Summary
• Enhanced Technology

• Portable System

• Installation Directly Related 
to Past Accidents at site

Joe Schelling
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AFPDS TECHNOLOGY 
TRANSFER – “ANSUL” CRADA

Project Summary
• CRADA Signed Apr 2003 

and Extended for One Year

• Allows Transfer of AFPDS 
Technology to Fire 
Protection Industry

• Permits Enhancements 
and Refinement of Related 
Technology 

• Provides for Normal 
Industrial Channel 
Procurement

Joe Schelling
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AFPDS GOOD…BUT MAG-
TEFLON NEEDS MORE SPEED

• AFPDS successfully extinguished ± 400 fires involving 
pyrotechnics, propellants and other munitions

• Propellants and HE offer little challenge, but Mag-
Teflon exhibits violent energetic burning 
characteristics

• Up to 24 lbs of Mag-Teflon successfully extinguished, 
but heat flux and over-pressure were too high

• Faster water application needed to “wet” and suppress 
fire in smallest incipient size

• Blast assisted water experiments display excellent 
promise to increase water speed

Joe Schelling
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Objective
Enhance deluge system capability to 
extinguish Mag-Teflon fires by 
increasing water speed and use of 
super fast detector.  In the process 
improve personnel safety during 
loading/unloading operations and 
cleaning activities by preventing 
explosions.

Benefit to the DoD Community
• High Energy Munitions Fires are 

Suppressed in Milliseconds
• Reduction in damage to 

manufacturing facilities

Approach
• Determine the maximum speed and 

broadest shape of water that can be 
produced using explosive material 
placed in various blast shaping 
chambers 

• Incorporate phototransistors (with 
blinders) detectors that react in > 1ms

BLAST INITIATED DELUGE SYSTEM
(BIDS) DESCRIPTION

Joe Schelling
- 878 -
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GOALS FOR BIDS PROJECT

• Improve AFPDS water speed by at least 100% for better 
performance in suppressing flare composition

– AFPDS Pressurized water travels 3 ft in 18 ms (167 
ft/s)

• Improve overall system response time by incorporating 
simple, but false alarm immune detectors that react in 
microsecond range

Joe Schelling
- 879 -
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BIDS design propels water 500 ft/s
– 3 times faster than AFPDS water speed

BIDS GENERAL DESIGN

Joe Schelling
- 880 -
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• Increased Speed 

– No time lag for analysis of spectral 
data—results in ultra fast detection

• False alarm immunity systems

– Black foam blinders
Prevents any intense light outside of 
field of view from triggering detector

Field of view can be increased or 
decreased based on tube length

– Two phototransistors (detect in near 
infrared range) connected in series 

Both phototransistors must see event 
to trigger a response

MICROSECOND REACTING 
DETECTOR

Joe Schelling
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• 1 lb Mag-Teflon suppressed on 
average in 15 ms (compared to 60 
ms for AFPDS to suppress ¼ lb of 
mag-teflon)
–– Suppressed High Speed Video.Suppressed High Speed Video.aviavi

–– Suppressed Real Time Video.Suppressed Real Time Video.aviavi

–– Unburned materialUnburned material

• Unsuppressed comparison
–– Unsuppressed High Speed Video.Unsuppressed High Speed Video.aviavi

– Unsuppressed Real Time Video.avi

– Open burn after picture.png

BIDS TEST RESULTS WITH 1LB 
MAG-TEFLON COMPOUND

(3 TRIALS COMPLETED AND 1 OPEN BURN)

Joe Schelling
- 882 -
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MEASURES OF MERIT FOR 
INITIAL LIVE FIRE TESTING

DoD 6055.9 - Ammunition and Explosive Safety Standards

Protection afforded personnel should limit incident 
blast overpressure to 2.3 psi

Limit exposure of personnel to heat flux 
value based on total time of exposure 
Q = .62t^-.7423 -> Mil Std 398 thermal 
shield equation

Joe Schelling
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HEAT FLUX AND 
OVERPRESSURE RESULTS

Heat Flux
Measured 30 Inches from MTV

BIDS  -  1 lb MTV
11 March 2004
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HEATFLUX AND 
OVERPRESSURE RESULTS

Unsuppressed High Speed Heat Flux from Open Burn
Measured 30 Inches from 1lb MTV

11 March 2004
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INITIAL BIDS CONCLUSIONS

• Fire ball from 1 lb Mag-Teflon suppressed < 20 
milliseconds
– Fastest time 11.5 ms; slowest time 19 milliseconds

• Thermal heat flux consistently well below Mil Std 398 
curve and 2nd degree burn curve

• Incident blast over pressure limited to 1.3 psi
– 1 psi below threshold outlined in DoD 6055.9

– 9 psi less than open burn measurement

Joe Schelling
- 888 -
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• Broaden spray pattern 
– Keep mass of water under explosive same (14 

liters)  

– Widen cone angle

– Construct convex shape charge

• Test BIDS with larger amounts of flare 
material to determine upper limits

• Goal – Ability to suppress 100 lbs of dry 
material

RECOMMENDATIONS FOR 
FURTHER TESTING

Joe Schelling
- 889 -
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PROGRAM SUMMARY TO DATE

• Cutting edge fire protection technology that:
– Saves lives and prevents/minimizes injury

– Greatly reduces equipment and property damage

– Virtually eliminates false activations saving clean-up 
expenses and protecting the environment

– Matches munitions fire protection response technology 
to the threat

Joe Schelling
- 890 -
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PROGRAM SUMMARY TO DATE 
(Cont)

• Test Program has identified/developed one-of-a-kind 
capability for further enhancement additional R&D 
possibilities

– Potential to control large (100 lbs +) energetic “burns”

– New detector/controller… potential blast mitigation

• Test program offers potential to virtually control Mag-Teflon 
explosions in DOD and industry

• Program has application to emerging/existing weapons 
systems

• More funding is needed to complete this effort within the 
current calendar year

Joe Schelling
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ADVANCED FIRE PROTECTION 
DELUGE SYSTEM (AFPDS)

Robert Loyd

US Army Field Support Command

DSN 793-2975      COM (309) 782-2975

E-mail:  bob.loyd@us.army.mil

Lt Robert Johnson or Virgil Carr

DOD Fire Lab, Tyndall AFB FL

DSN 523-2431 or 3744    COM  (850) 283-2431 or 3744

E-mail:  bob.johnson@tyndall.af.mil or
virgil.carr@tyndall.af.mil

Joe Schelling
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ABSTRACT 

Isothermal microcalorimetry has been used to study the ageing behaviour of magnesium-
strontium nitrate pyrotechnic compositions at 50 °C in air using closed ampoules.  

Measurements were carried out on a composition containing 50 % magnesium and 50 % 
strontium nitrate at relative humidities over the range 69 % to 85 %. Quantitative analysis showed that the 
amount of magnesium hydroxide and strontium nitrite produced by the ageing reaction was related to the 
cumulative heat. This suggests that the mechanism of the ageing reaction for the magnesium-strontium 
nitrate pyrotechnic system is independent of relative humidity. 

Compositions containing from 10 % to 90 % magnesium were aged at 69 % relative humidity for 
a period of 28 days. The amount of magnesium hydroxide formed reached a maximum of 29.5 % for the 
composition containing 70 % magnesium. The strontium nitrite content reached a maximum of 18.7 % at 
the 60 % magnesium level. The aged compositions containing 80 % and 90 % magnesium contained less 
than 3 % nitrite. 

INTRODUCTION 

All pyrotechnic compositions containing 
magnesium degrade during storage, this changes 
the performance of the composition and 
ultimately it can result in the composition failing 
to function. The ageing process can be followed 
directly using heat flow calorimetry, which is 
sufficiently sensitive to measure the small 
amount of heat released during the ageing 
process. Characterisation of the aged 
compositions enables a thermal property, such as 
ignition temperature, or the amount of a product 
formed to be correlated directly with the amount 
of heat released.  

We have previously used isothermal 
microcalorimetry to study ageing in four 
magnesium based pyrotechnic systems containing 
barium nitrate [1], potassium nitrate [2], sodium 
nitrate [3] or strontium nitrate [4]. 

The study on a 50 % magnesium and 
50 % strontium nitrate composition examined the 
ageing at 50 °C and 65 % relative humidity (RH) 
in air using closed ampoules [4]. The results were 
compared with those obtained for magnesium 
powder under the same conditions. Following an 
initial induction period, the pyrotechnic 
composition was found to react at a much faster 
rate than magnesium alone, showing that the 
ageing process involves a direct reaction between 
strontium nitrate and magnesium in the presence 
of water vapour. 

The major products of the ageing process 
were identified by X-ray diffraction and FTIR 
measurements as magnesium hydroxide and 
strontium nitrite. The amounts present were 
quantified by thermogravimetric and spectro-
photometric methods. In view of the variable 
length of the induction reaction, samples for 
analysis were prepared on the basis of increasing 
cumulative heat. The measurements enabled a 
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good correlation to be demonstrated between the 
heat evolved in the ageing process and the 
amount of magnesium hydroxide and strontium 
nitrite formed.  

Previous investigations on the ageing of 
magnesium-strontium nitrate compositions by 
Barisin et al. [5-8], used compositions that also 
contained potassium perchlorate, an aluminium-
magnesium alloy and a phenolformaldehyde 
resin. The samples were aged in hermetically 
sealed containers and the desired humidity was 
obtained using sulphuric acid. The majority of the 
studies were carried out at 75 °C and relative 
humidities of 78 %, 85 % and 98.5 %. Analysis 
of the aged products by IR spectroscopy and X-
ray diffraction revealed the formation of 
magnesium hydroxide, strontium carbonate and 
strontium nitrite. 

The present paper reports the results from 
isothermal microcalorimetry studies on a 50 % 
magnesium-50 % strontium nitrate composition 
at different humidities. In addition, preliminary 
results are reported for investigations on a range 
of binary magnesium-strontium nitrate 
pyrotechnic compositions containing from 10 % 
to 90 % magnesium at 69 % RH. The work has 
allowed the influence of humidity and 
magnesium content on the mechanism of the 
degradation reaction to be examined. 

EXPERIMENTAL 

Studies have been carried out on a range 
of binary compositions containing Grade 4 cut 
magnesium to Defence Standard 13-130/1 and 
strontium nitrate to Defence Standard 68-40/2. 
The strontium nitrate was dried at 80 °C and 
passed through a 125 µm sieve before use. 
Compositions containing from 10 % to 90 % 
magnesium in 10 % increments were prepared by 
blending the components in a Turbula mixer. 

Microcalorimetry experiments were 
performed on 100 mg samples at 50 °C using a 
Thermometric Model 2277 Thermal Activity 
Monitor. The samples were sealed into 3 cm3 

glass ampoules along with a small tube 
containing a saturated salt solution that 
maintained the relative humidity at the desired 

level. Saturated solutions of sodium nitrate, 
sodium chloride, strontium nitrate and potassium 
nitrate allowed the humidity to be maintained at 
69 %, 74 %, 82 % and 85 % respectively. The 
RH values were taken from [9] with the 
exception of the value for strontium nitrate. This 
was determined by microcalorimetry using a 
relative humidity perfusion cell.  

The ageing experiments were carried out 
for periods of up to 28 days and the heat flow 
from the samples was monitored continuously 
throughout the period. The aged compositions 
were analysed for magnesium hydroxide and 
strontium nitrite using the procedures described 
in detail previously [4]. 

RESULTS AND DISCUSSION 

A representative heat flow curve for the 
50 % magnesium-50 % strontium nitrate 
composition aged at 69 % is shown in figure 1, 
together with a plot obtained at 65 % RH. The 
curve shows the large reduction in the induction 
period, before the onset of the main reaction, 
given by a small increase in RH. Following the 
induction period of approximately 2 days, the 
heat flow signal rose rapidly to give a peak after 
4 days. The heat flow then decreased to a 
minimum after about 12 days before increasing 
slowly for the remainder of the experiment.  

The measurements at 69 % RH showed 
good reproducibility and the maximum heat flow 
values and the times to the maximum heat flow 
are given in Table 1, together with the 
corresponding values obtained at 65 % RH. In 
addition to reducing the induction period, 
increasing the humidity resulted in a large 
increase in the maximum heat flow signal. 

Increasing the RH to 74 % eliminated the 
induction period observed at lower humidities 
and the maximum heat flow value was reached in 
less than 1 day (Figure 1). The average maximum 
heat flow signal is given in Table 1 and is 
approximately 3 times greater than the signal 
measured at 69 % RH. Heat flow curves obtained 
at 82 % and 85 % RH are shown in figure 2 and 
the maximum heat flow values are listed in 
table 1. In both cases large initial heat flow 
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signals were given with a rapid rise to the peak 
maximum. In the experiment at 85 % RH, which 
is above the deliquescence point of strontium 
nitrate, the presence of a liquid phase was 
observed in the residue. 

Table 1 
Maximum Heat Flow Values for a 50 % 

Magnesium-50 % Strontium Nitrate Composition 
Aged in Air at 50 °C and  Different RH values  

RH 
(%) 

Number 
of 

Experiments 

Maximum 
Heat Flow 
(µW g-1) 

Time to max. 
heat flow    

(days) 

65  6    1144 ± 40 18.7 ± 3.6 

69  9     1748 ± 156  3.3 ± 0.4 

74  4     5725 ± 375  0.79 ± 0.03

82  2     15743 ± 7   0.29 ± 0.01

85  2    25939 ± 832  0.05 ± 0.00
 
Figure 3 shows the heat flow curves, 

obtained at different humidities, on an expanded 
scale. The heat flow signals obtained after the 
initial peaks do not appear to be significantly 
influenced by the humidity and lie in a relatively 
narrow band. 

The magnesium hydroxide content of the 
compositions aged under relative humidities of 
65 %, 69 %, 74 % and 82 % was determined and 
the results are shown plotted against cumulative 
heat in figure 4 along with the result for the 
unaged composition. A smooth, almost linear, fit 
to the data was obtained indicating that the 
amount of hydroxide formed is proportional to 
the cumulative heat and is independent of the 
relative humidity at which the reaction takes 
place. Each 1000 J g-1 of heat released resulted 
in the formation of approximately 10 % 
magnesium hydroxide. 

The strontium nitrite contents of 
compositions aged at 65 %, 69 % or 74 % 
relative humidity are plotted against cumulative 
heat flow in figure 5. The data lie on a smooth 
curve and show that the amount of strontium 

nitrite present increased with increasing 
cumulative heat. 

The heat flows for binary magnesium-
strontium nitrate compositions containing from 
10 % to 90 % magnesium were measured in air at 
50 °C and 69 % RH over a 28 day period. The 
heat flow curves for the compositions containing 
20 %, 40 %, 60 % and 80 % magnesium are 
shown in figure 6.  

Apart from the sample containing 10 % 
magnesium, all the compositions showed a well 
defined peak. The values obtained for the 
maximum heat flow signal increased with 
increasing magnesium content up to 70 % 
magnesium and then showed a small decrease. A 
short induction period was observed before the 
onset of the main reaction and the time to reach 
the peak maximum decreased from over 6 days 
for the 20 % magnesium composition to between 
2 to 3 days for the compositions containing 70 % 
to 90 % magnesium. 

The heat flow curves for the 
compositions containing from 60 % to 90 % 
magnesium showed a discrete reduction or step 
change. The step for the 60 % magnesium 
composition after 22 days was very small. The 
magnitude of the step increased in an 
approximately linear manner with increasing 
magnesium content. Two steps were observed for 
the compositions containing 70 % magnesium 
and above. The total amount of heat evolved over 
the 28 day period increased with the magnesium 
content up to 80 % and showed a small decrease 
for the 90 % magnesium composition. 

Quantitative analysis of the aged samples 
showed that the amount of magnesium hydroxide 
present increased with increasing magnesium 
content and reached a maximum of 29.5 % at 
70 % magnesium (Figure 7).  

The nitrite contents of the aged 
compositions are shown as a function of 
magnesium content in figure 8. The amount of 
strontium nitrite present increased with 
increasing magnesium content and reached a 
maximum value of 18.7 % for the composition 
containing 60 % magnesium. The nitrite level 
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decreased very rapidly on increasing the 
magnesium content further; only 1 % nitrite was 
found in the 80 % magnesium composition. 

Recent studies have shown that the 
amount of strontium nitrate present in aged 
samples decreases with increasing magnesium 
content and only 3 % remained in the 60 % 
magnesium composition [10]. The discrete 
reductions in the heat flows observed for 
compositions containing from 60 % to 90 % 
magnesium may therefore be related to the 
exhaustion of the nitrate.  

CONCLUSIONS 

Microcalorimetry studies have been 
carried out in closed ampoules in air at 50 °C on 
the magnesium-strontium nitrate pyrotechnic 
system over a range of humidities and fuel to 
oxidant ratios.  

The induction period observed previously 
at 65 % RH for the 50 % magnesium-50 % 
strontium nitrate composition was significantly 
reduced at 69 % RH and eliminated at 74 % RH 
and above. The amounts of magnesium 
hydroxide and strontium nitrite formed were 
shown to be related to the cumulative heat but 
were independent of the RH used in the 
experiments. 

The studies on the compositions 
containing different amounts of magnesium 
showed that the maximum heat flow signal 
increased with magnesium content up to 70 %. 
The total cumulative heat measured over a 28 day 
period also increased with fuel content and 
reached a maximum at 80 % magnesium. The 
major products of ageing were found to be 
magnesium hydroxide and strontium nitrite and 
the amount of the latter decreased rapidly for 
compositions containing more than 60 % 
magnesium. This suggests that strontium nitrite 
can participate in the ageing process by reaction 
with magnesium in the presence of moisture. 

 Work is in progress to quantify the 
reaction products that result from the prolonged 
ageing of magnesium and strontium nitrate 
compositions. In addition to the measurement of 

magnesium hydroxide and strontium nitrite, the 
strontium nitrate and free magnesium contents of 
the aged compositions will be determined. It is 
hoped that these analyses, in conjunction with the 
thermal studies, will provide a better insight into 
both the induction reaction and ageing of the 
magnesium-strontium nitrate system.  

REFERENCES 

1. E.L. Charsley, R. P. Claridge, S.J. Goodall, 
T.T. Griffiths, P.G. Laye and J.J. Rooney, 
31st International Pyrotechnics Seminar, 
2004. 

2. S.D. Brown, E.L. Charsley, S.J. Goodall, 
T.T. Griffiths, P.G. Laye and J.J. Rooney 
Thermochim. Acta, 401 (2003) 53. 

3. E.L. Charsley, S.J. Goodall, T.T. Griffiths 
and P.G. Laye, Proc. 12th Symposium on 
Chemical Problems Connected with the 
Stability of Explosives, Karlsborg, Sweden, 
2001, in press. 

4. I.M. Tuukkanen, S.D. Brown, E.L. Charsley, 
S.J. Goodall, J.J. Rooney, T.T. Griffiths and 
H. Lemmetyinen, Thermochim. Acta, 2004, 
in press. 

5. D. Barišin and I. Batinić-Haberle, 
Propellants, Explos., Pyrotech., 14 (1989) 
162. 

6. I. Batinić-Haberle, D. Barišin and I. 
Spasojeveć, 20th Int. ICT Conference, 
Fraunhofer-Institut, Germany, 1989, 61-1. 

7. D. Barišin, I. Spasojević and I. Batinić-
Haberle, Proc. Pyroteknikdagen, Sekt. 
Detonik Förbränning, Sweden, 1990, 145.  

8. I. Batinić-Haberle, D. Barišin, I. Spasojević 
and Z. Vranic, Propellants, Explosives and 
Pyrotechnics, 17 (1992) 10. 

9. L.Greenspan, J.Res. National Bureau 
Standards, 81A (1977) 89. 

10. I.M. Tuukkanen, E.L. Charsley, S.J. Goodall, 
P.G.Laye, J.J. Rooney, T.T. Griffiths and H. 
Lemmetyinen, Thermochim. Acta, in 
preparation.



- 45 - 

FIGURES 

0

3000

6000

0 10 20 30
TIME / DAY

H
EA

T 
FL

O
W

 / 
µW

 g
-1

74%

65%

69%

 
Figure 1.  Heat flow curves for a 50 % magnesium-50 % strontium nitrate composition aged at 65 %, 

69 % and 74 % RH (sample mass, 100 mg; 50 °C; atmosphere, air) 
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Figure 2.  Heat flow curves for a 50% magnesium-50% strontium nitrate composition aged at 82 % and 

85 % RH (sample mass, 100 mg; 50 °C; atmosphere, air) 
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Figure 3.  Comparison on an expanded scale of the heat flow curves at different relative humidities 

(sample mass, 100 mg; 50 °C; atmosphere, air) 
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Figure 4.  Plot of magnesium hydroxide content against cumulative heat for a 50 % magnesium-50 % 

strontium nitrate composition aged at 50 °C and different relative humidities. 
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Figure 5.  Plot of strontium Nitrite content against cumulative heat for a 50 % magnesium-50 % strontium 

nitrate composition aged at 50 °C and different relative humidities. 
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Figure 6.  Heat flow curves for magnesium-strontium nitrate compositions containing 20 % to 80 % 

magnesium (sample mass, 100 mg; 50 °C; 69 % RH; atmosphere, air) 
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Figure 7. Plot of magnesium hydroxide content against percentage magnesium for a range of magnesium-

strontium nitrate compositions aged at 50 °C, 69 % RH in air for 28 days 
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Figure 8.  Plot of strontium nitrite content against percentage magnesium for a range of magnesium-

strontium nitrate compositions aged at 50 °C; 69 % RH in air for 28 days 
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Abstract 

 
Red phosphorus (RP) is widely used in the manufacture of signalling smoke and obscurant munitions. 
Two main problems are associated with its use in pyrotechnic systems. The first is due to the 
flammability of the RP, which can lead to fires during processing, and is reduced by the addition of a 
dust suppressant. The second problem is due to the degradation of the red phosphorus in the presence 
of oxygen and moisture, which can result in the production of acidic phosphorus oxides and the toxic 
gas phosphine. The formation of these products is reduced by the incorporation of a stabiliser and a 
microencapsulant. 

A preliminary study on the ageing behaviour of various red phosphorus grades, using isothermal heat 
flow microcalorimetry, identified significant differences in the stabilities of the various materials. 
However, the pyrotechnic composition manufacturing process is likely to affect the microencapsulation 
material and may alter the relative stabilities of the materials. 

This paper describes further work investigating the degradation of red phosphorus containing 
compositions using isothermal heat flow calorimetry. The measurements have been carried out on a 
range of commercial materials in order to evaluate the effectiveness of different stabilisers, 
microencapsulants and dust suppressants. The stability of the red phosphorus material has been 
compared with that observed when the various grades of red phosphorus were incorporated into a 
pyrotechnic composition. The pyrotechnic performance of the compositions was evaluated by 
measuring the burning rate and then incorporating the most promising composition into a UK 
munition. 

 
Introduction 
Phosphorus is too reactive to be found free in nature, it is obtained primarily by the reduction of 
phosphate rock, essentially calcium phosphate, with coke and silica in an electric furnace. Phosphorus 
shows extensive allotropy, the three main forms, which have distinctive appearances, and properties are 
white (or yellow), red and black.  

Red phosphorus is used as a flame retardant in the plastics industry and in the production of safety 
matches and metal phoshides. It is produced from white phosphorus by a thermal conversion process. It is 
also used in the manufacture of smoke and obscurant munitions particularly when a multi-spectral 
performance is important. Two main problems are associated with it use as a pyrotechnic ingredient. The 
first is the flammability of the material that can cause fires during processing; the second is the instability 
of the phosphorus and the resultant evolution of phosphine during storage. The fire hazard is reduced by 
the use of an anti-dusting agent and stabilisers are used to suppress the reactivity. 

Red phosphorus burns in air to produce a dense cloud of phosphorus oxides. Phosphorus pentoxide 
(P4O10) is formed in an excess of air and phosphorus trioxide (P4O6) is formed when the air supply is 
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restricted. These acid anhydrides readily absorb and react with atmospheric water to form products such 
as phosphorous acid H3PO3. In excess air the reactions are: 

P4 + 5O2 → 2P2O5 + heat 
and 

P2O5 + 3 H2O → H3PO4 + heat 

Red phosphorus undergoes an important series of degradation reactions at room temperature, in the 
presence of oxygen and moisture, to produce phosphoric, phosphorous and hypophosphorus acids and 
small quantities of the highly toxic gas phosphine. The mole fraction of the acids vary slightly with the 
duration and conditions used but the ratio is reported [1] as being approximately 0.40:0.55:0.05, with ratio 
of the phosphorus acids and phosphine being approximately 13 to 1. The overall reaction can therefore be 
described by the equation: 

3.5P4 + 21H2O + 11.275O2 → 5.2 H3PO4 + 7.15 H3PO3 + 0.65H3PO2 + PH3 

The mechanism of the reaction is not fully understood but both oxygen and water are necessary for the 
reaction to take place. The reaction can be catalysed by traces of certain metal ions including copper and 
iron [2]. Phosphine is a colourless gas with the odour of garlic; it is a strong reducing agent. It is believed 
that hydrogen may also be produced by the oxidative hydrolysis of phosphorus, although this is uncertain 
and the mechanism is unclear.  

There are concerns over the toxicity of phosphine especially if it collects in an enclosed area for example, 
in a magazine, on-board ship. The reliability of munitions containing phosphorus can be reduced if they 
contain copper components that can be attacked by phosphine, or ingredients like magnesium that 
degrade in the presence of phosphoric acids. The hydrogen formed in the magnesium degradation reaction 
is itself a safety hazard and the formation of any gas in a sealed system can result in pressurisation and 
subsequent swelling or bursting of munitions. 

Understanding the underlying mechanisms causing the degradation of red phosphorus and determining 
ways of overcoming the problem was the subject of TTCP KTA 4-27. Academia, Government 
Departments and Industry from Australia, UK and the US participated in the programme. 

A preliminary study on the ageing behaviour of various red phosphorus grades, using isothermal heat flow 
microcalorimetry, identified significant differences in the stabilities of the materials. However, the 
pyrotechnic composition manufacturing process is likely to affect the microencapsulation material and may 
alter the relative stabilities of the materials. 

This paper describes further work investigating the degradation of red phosphorus containing 
compositions using isothermal heat flow calorimetry. The pyrotechnic performance of the compositions 
containing stabilised grades was also assessed. Experiments were performed on pyrotechnic compositions 
prepared from five different commercial grades obtained from two manufacturers, see Table 1. Samples 
RP5 and RP2 were both stabilised with tin hydroxide and encapsulated in epoxy resin but were from different 
sources.  



- 525 - 

 
Sample Number Stabiliser Microencapsulant Dust Suppressant 

RP1 None None Dioctyl phthalate 
RP2 Tin hydroxide Epoxy resin Dioctyl phthalate 
RP3    
RP4 Tin hydroxide Melamine- 

formaldehyde resin 
Dioctyl phthalate 

RP5 Tin hydroxide Epoxy resin Dioctyl phthalate 

Table 1. Red Phosphorus Samples Examined 

Previous work showed that the addition of a stabiliser and microencapsulant had a marked effect on the 
reactivity of red phosphorus [3]. Aluminium hydroxide appeared to be a less effective stabiliser than tin 
hydroxide but the choice of microencapsulant appeared to be less important. It was concluded that the 
differences in stability, observed for samples RP5 and RP2, could result from the quantity of stabiliser or 
microencapsulant that has been used on the samples.  

Many UK munitions have significant problems due to the degradation of red phosphorus [4]. One 
munition that has been studied previously is Float Smoke and Flame (FSF), a marine marker, see Figure 1 
[5]. After deployment by air the reaction of the salt water on an electrolytic cell provides sufficient energy 
to initiate a fusehead. The ignition train consists of the fusehead, a primed cambric disc, an ignition 
composition and a boost composition. The ignition compositions are SR251/252 which consist of silicon 
(40%), potassium nitrate (40%) and sulphurless mealed gunpowder (20%). The main pyrotechnic filling 
is SR414. The composition provides smoke and flame for a minimum of four minutes; at the end of its 
operation the munition is designed to sink. The pyrotechnic composition used in FSF, SR414 see Table 2, 
was chosen to evaluate the influence of the protective treatment of red phosphorus on its performance in a 
pyrotechnic composition. 

Ingredient Percentage 

Calcium silicide 6 

Magnesium (Grade 5, coated with acaroid resin) 6 

Red Phosphorus 60 

Manganese dioxide 28 

Table 2. Pyrotechnic composition SR414 

Experimental 

The pyrotechnic compositions were manufactured using the standard process for SR414 (magnesium is 
coated with 5% acaroid resin, the other ingredients added and mixed).  

Initial testing was performed using burning pots, which were filled in two increments and ignited using a 
50/50 mixture of the modified SR414 composition and SR252, see Figure 2. The pyrotechnic 
performance of the compositions was evaluated by recording the burning rate of a lightly consolidated 
candle. Final tests were performed using a FSF munition. 

In order to assess the effect of the red phosphorus on the burning rate, the ratio of the other ingredients 
was maintained constant. Variation in burning time and output were obtained by adjusting the mass of red 
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phosphorus in each batch of composition. Batches containing 50%, 53.3%, 56.6% and 60% red 
phosphorus were produced for each grade investigated. 

The ageing behaviour of red phosphorus and red phosphorus containing pyrotechnic compositions has 
been studied by isothermal heat flow calorimetry in air and argon at 50°C and a range of relative 
humidities. Various grades of red phosphorus samples coated with a range of stabilisers and 
microencapsulants were examined.  

The measurements were performed using a Thermometric Model 2277 Thermal Activity Monitor. Each 
sample (typically 100mg) was sealed in a 3cm3 glass ampoule along with a small glass tube containing water 
or a saturated salt solution. This maintained the relative humidity at the required level during the experiments 
which, in general, continued for three days. 

Results and Discussion 

Microcalorimetry Studies 
In order to aid evaluation of the influence of red phosphorus on the ageing behaviour of SR414 
compositions, microcalorimetry measurements have been performed on each grade of red phosphorus 
used in the compositions. The heat flow curves for the samples are shown in Figure 3 and the cumulative 
heat flow curves in Figure 4. As expected from the previous study, the untreated material (RP1) exhibited 
much larger heat flow signals than those given by the stabilised samples. The most reactive stabilised 
grade was RP2, while the other materials showed similar behaviour. 

The evaluation of the pyrotechnic compositions was initially performed on 100mg samples at 50°C and 
74% relative humidity. The heat flow curves for these samples are shown in Figure 5 and the cumulative 
heat flow curves are shown in Figure 6. The measurements clearly show that the composition containing 
the unstabilised phosphorus is much more reactive than those containing the treated grades of phosphorus. 
Thus after 2.5 days the composition containing RP1 gave a cumulative heat of 96.5Jg-1, compared with 
10.0Jg-1 for that containing RP4, which was the most reactive of the stabilised red phosphorus 
compositions. In view of the small signals, further experiments were performed at an increased sample 
mass and humidity. 

The heat flow curves for each of the red phosphorus compositions studied at 100% humidity are shown in 
Figure 7; the cumulative heat flow curves are shown in Figure 8. Although the RP1 composition initially 
exhibits a much larger peak the signal rapidly falls below the level observed for the stabilised samples. 

A comparison of the curves obtained for red phosphorus and those for the pyrotechnic composition 
containing the same grade, shows that the composition exhibits a much larger heat flow signal than would 
be expected from the red phosphorus content alone. This indicates that another reaction is taking place. 

Previous measurements had shown that the RP1 grade of red phosphorus did not react in an argon 
atmosphere even at 100% humidity. Similar experiments in argon on the SR414 composition containing 
RP1 shows a significant heat flow, see Figure 9. The measurements indicate that although more heat is 
initially evolved in air, after 4 days the oxygen has reacted with the red phosphorus and there is no 
significant difference in the heat produced. The signal of about 110 Jg-1 indicates that the pyrotechnic 
composition reacts in the absence of air. The heat flow curves observed in air for the pyrotechnic 
compositions are therefore likely to represent a combination of the oxidation of the red phosphorus and 
either a reaction between the components or a direct reaction of one or more of the components with 
water. SR414 contains 6% magnesium and therefore the additional reaction is likely to be the degradation 
of the magnesium. 
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For a comparison of the heat flow curves at 100%RH in air (Figure 7) the extent of the red phosphorus 
oxidation reaction needs to be considered. In the case of the composition containing RP1, the oxidation 
reaction of the red phosphorus readily reached completion in 24 hours, and only the reaction attributed to 
other components was observed after this. For the compositions containing the treated red phosphorus 
grades, which react more slowly with oxygen, it would be expected that the two types of reaction 
continue simultaneously for longer periods and this is reflected in the higher heat flow signals after 1 day 
when compared with the untreated sample. It is notable that RP2, which was the most reactive of the 
stabilised red phosphorus samples gave the least reactive SR414 pyrotechnic composition 

Pyrotechnic Performance 
Previous work investigating the replacement of unstabilised grades of red phosphorus has shown the 
density can be significantly reduced affecting the buoyancy of marine munitions. Therefore particular 
attention was given to the variation in pressing density for the stabilised grades of red phosphorus. Table 
3 shows the average filling height for the various grades of red phosphorus examined when the 
composition contained 50% red phosphorus. 

RP Grade Filling Height (mm) 

RP1 226.0 

RP2 221.7 

RP3 222.8 

RP4 228.2 

RP5 223.6 

Table 3. Variation in filling height for stabilised grades of red phosphorus 

The variation in density for the pressed composition in the smoke pots containing different grades of red 
phosphorus was extremely small (>5%). The burning time obtained for each batch of composition is 
shown in Table 4 and graphically in Figure 10. 
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RP 
Grade 

Red Phosphorus 
Content (%) 

Burning 
Time (s) 

RP1 50 271 

 53.3 438 

 56.6  

 60  

RP2 50 178 

 53.3 235 

 56.6 340 

 60 455 

RP3 50 166 

 53.3 204 

 56.6 255 

 60 351 

RP4 50 149 

 53.3 170 

 56.6 217 

 60 289 

RP5 50 162 

 53.3 191 

 56.6 263 

 60 379 

Table 4. Burning time for various batches of SR414 compositions 

Following these tests, complete FSF munitions were manufactured using the RP2 grade of red 
phosphorus. This would assess whether the pressurisation within the munition that occurs during burning 
effects the burning rate of the stabilised grade. 

RP2 was the grade chosen to manufacture into complete munitions because the microcalorimetry 
identified the composition made with this grade as the most stable. Also the burning rate was most similar 
to the currently used red phosphorus material. 

Using the previous burning rate information, a series of three batches of composition were produced using 
RP2, which were formulated to give burning times of 4 mins 30 sec, 5 minutes and 5 minute 30 second in 
FSF. These compositions were tested using smoke pots, in a similar manner to the previous tests. The 
burning times obtained were 295s, 312s and 331s.  
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FSF munitions were manufactured using the batch with the slowest burning rate, because this had a 
greater chance of achieving the proof specification for the FSF. During manufacture, two munitions 
developed a fault; one of the bushes soldered into in the candle diaphragm become loose and when the 
studs were inserted in to the bushes and the nose plate screwed into place, the whole bush /stud assembly 
became loose and could not be tightened. This fault is obviously an opening into the pyrotechnic candle 
and was likely to affect the outcome of the burning of the store. During a normal production run these 
munitions would have been rejected. However for this trial, the munitions were identified and used in the 
burning tests. 

Serial 
Number 

Burning time 
(min.sec) 

Comments 

1 5.27  
2 5.29  
3 5.24  
4 5.26  
5 5.21  
6 4.30 Problem observed during manufacture. 

Flame went transparent at approx 2 mins- 
continued to burn, but became weak at 2:30 

7 5.41  
8 — Problem observed during manufacture 

Munition sunk 
9 5.53  

10 6.12  
11 5.56  
12 4.58 Standard grade of red phosphorus 

Table 5. Summary of results obtained for FSF munitions 

The munitions burned for slightly longer than the current pyrotechnic composition, but as seen from the 
initial pot tests this can be altered if necessary. On the whole the performance of the munitions was 
consistent and only the two production faults resulted in failures. All the munitions produced a signal with 
suitable smoke and flame.  

Conclusions 
Processing the red phosphorus did not appear to affect the stability of the red phosphorus significantly, 
although the relative order of the stabilised grades changed. 

The addition of a stabiliser improved the stability of a pyrotechnic composition containing red phosphorus 
at 74%RH in the order RP5>RP2>RP3>RP4>>RP1. 

At 100%RH, there was little difference between the stability of the compositions that contained RP2, 
RP3, RP4 or RP5. The heat flow observed was due to a combination of the oxidation of red phosphorus 
and either a reaction between the components or a reaction of one or more components with moisture, 
probably the magnesium. 
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The variation in density for the pressed composition in the smoke pots containing different grades of red 
phosphorus was extremely small (>5%). 

At 60% red phosphorus content the burning rate of the pyrotechnic compositions containing the various 
grades of red phosphorus varied in the order RP4>RP2>RP5>RP1>RP3. The average burning times 
varied from 289s (RP4) to 455 s (RP2). 

When pyrotechnic composition formulated with RP2 was filled into FSF munitions, the burning times 
were within the specification for the device. Variations in the density of the pyrotechnic material did not 
effect the buoyancy of the munition. 

The FSF munitions burned for longer than the current pyrotechnic composition. Two munitions failed 
during the trial but these were due to production errors rather than a failure in the pyrotechnic 
composition. All the munitions produced a signal with suitable smoke and flame. 
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Figure 3. Microcalorimetry Heat Flow Curves For Red Phosphorus Samples In A Sealed Glass 

Ampoule (Sample Mass 500mg; 50 °C; 100% RH; Air) 
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Figure 4. Microcalorimetry Cumulative Heat Curves For Red Phosphorus In A Sealed Glass 

Ampoule (Sample Mass 500mg; 50°C, 100% RH; Air) 
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Figure 5. Microcalorimetry Heat Flow Curves For SR414 Compositions Containing Different Types 

Of Red Phosphorus (Sample Mass 100mg; 74% RH; 50 °C; Air) 
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Figure 6. Cumulative Heat Curves For SR414 Compositions Containing Different Types Of Red 

Phosphorus (Sample Mass 100mg; 74% RH; 50 °C; Air) 
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Figure 7. Microcalorimetry Heat Flow Curves For SR414 Compositions Containing Different Types 

Of Red Phosphorus (Sample Mass 500mg; 100% RH; 50 °C; Air) 
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Figure 8 Cumulative Heat Curves For SR414 Compositions Containing Different Types Of Red 

Phosphorus (Sample Mass 500mg; 100% RH; 50 °C; Air) 
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Figure 9. Microcalorimetry Heat Flow Curves SR414 Composition Containing RP1 In Different 

Atmospheres (Sample Mass 500mg; 100% RH; 50 °C) 

 
 

 

Figure 10. Comparison of the burning rate for various batches of SR414 composition 
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ABSTRACT 

 

In 1998 under the auspices of The Technical Co-operation Program (TTCP) Australia, the UK and the US 
agreed to establish a Key Technical Area (KTA) on red phosphorus. 

One output from the KTA was a design guide that considered the whole procurement process for 
munitions containing red phosphorus from their design to their disposal. It is a document that is available 
to designers, manufacturers, procurement agencies and government explosive ordnance safety groups. 

This summary of the design guide describes proposed improvements to the specification of red 
phosphorus, its stabilisation, processing of compositions, the degradation of red phosphorus including the 
problems associated with phosphine and corrosion of components by the degradation products. 
Additionally, the topics of sinking devices, packaging and demilitarisation are also discussed. 

Introduction

In 1998, a Key Technical Area (KTA) 
on ‘Red Phosphorus for Pyrotechnics’ was 
established under the auspices of The Technical 
Co-operation Programme (TTCP). The primary 
objective of this collaboration between 
Australia, UK and the US was to develop a 
scientific understanding of how the physical and 
chemical characteristics of red phosphorus affect 
the processing, performance, safety and service 
lives of pyrotechnic compositions that contain it 
as an ingredient. 

Red phosphorus has been used since the 
1930’s in pyrotechnic smoke compositions and 
munitions and will probably continue to do so 
for the foreseeable future. It is an extremely 
versatile material, its form and chemical 
reactivity can be changed and specified to suit a 
particular military application.  

It has much lower toxicological properties than 
either white phosphorus or zinc/hexachloro-
ethane smoke compositions.  

However, there are problems with the 
use of red phosphorus related to its poor 
stability; it will readily react with atmospheric 
moisture and oxygen to produce phosphorus 
acids and phosphine. The acids can result in the 
corrosion of metallic components within the 
munitions while the gas phosphine is very toxic. 

The design guide reviews the problems 
associated with the design and manufacture of 
munitions containing red phosphorus and will 
allow future designers and procurers of these 
munitions to minimise in service problems and 
significantly reduce phosphine evolution from 
the compositions. 
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The guide describes specific design 
requirements and problems, either related to the 
properties of the materials or to the design of 
munitions. Consideration is given to how the 
specifications or design may be developed to 
produce munitions with improved safety, 
reliability and life. The topics covered include: 

• Red phosphorus 

• Red phosphorus compositions 

• Phosphine 

• Products of combustion 

• Corrosion 

• General design  

• Sinking devices  

• Packaging 

• Demilitarisation 

• Lifeing requirements 

A summary of the content of each chapter is 
presented in this paper. 

Background 

The military uses of red phosphorus include: 

• Screening smokes 

• Signalling smokes 

• Infrared decoys 

Red phosphorus burns in air to produce 
phosphorus pentoxide which then undergoes 
hydration to form a mixture of phosphoric acids 
depending on the ambient conditions. The acids 
formed are hygroscopic and adsorb moisture 
from the atmosphere to produce sub-micron-
sized droplets. It is this acid mist that produces 
the screening smoke which scatters visible and 
near infrared electromagnetic radiation.  

For signalling applications particularly 
at sea, large amounts of both visible flame and 
smoke are required. Pyrotechnic compositions 
containing between 50% and 70% red 
phosphorus, 20% to 40% of a metal fuel/oxidiser 
mixture and around 10% polymeric binder are 
used for signalling smoke applications. 

Red phosphorus/binder mixtures are 
used in infrared decoys for the protection of 
relatively slow moving military platforms such 
as naval vessels, helicopters and transport 
aircraft against heat seeking missiles. 

Selection of the Red Phosphorus 
Current UK and US specifications for 

red phosphorus are no longer suitable for the 
manufacture of safe, stable and reliable red 
phosphorus munitions. They give little detail in 
the way of the properties or final performance of 
the composition, only specifying proportion of 
material to pass through different sieve sizes, 
volatile matter, acidity/alkalinity, free 
phosphorus, white phosphorus and insoluble 
matter.  

In more recent years, the final 
performance of the munition has been specified 
and the grade of red phosphorus has been left to 
the discretion of the manufacturer. However it is 
essential that the manufacturers specify the 
material so that quality and consistency are 
maintained throughout production. The 
following technical requirements were suggested 
in addition to those given by the current military 
specifications. 

• Bulk density or tap density 

• Particle size distribution 

• Copper and iron impurity levels 

• A method to assess the stability of red 
phosphorus. 

The bulk density affects the final press 
density of the composition and influences the 
burning rate and floating stability of marine 
makers. The particle size distribution affects the 
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sensitiveness of the material and therefore safety 
during processing. Reducing the iron and copper 
content of commercial grades of red phosphorus 
to 6.2 ppm and 3.0 ppm respectively decreases 
the rate of phosphine evolution by about 40 
times. The guide discusses a number of 
techniques that have been used to study the 
stability of red phosphorus including heat flow 
calorimetry and accelerated ageing. 

Mineral oils or similar materials were 
originally used to suppress dust formation 
during processing but they had little effect on 
stability. Considerable research has been carried 
out to improve the stability of red phosphorus by 
the addition of alternative coatings. Metal oxides 
and hydroxides as stabilisers, dust suppressing 
oils and microencapsulation to reduce the active 
surface are used singly or in combination to 
reduce the reactivity of red phosphorus. 

The design guide also discusses the 
procurement of red phosphorus and three 
appendices give a list of requirements for 
specifying red phosphorus, analytical techniques 
for red phosphorus analysis and the addresses of 
the manufacturers. 

Red Phosphorus Compositions 

Stabilised microencapsulated red 
phosphorus should be used for all military 
applications. When formulating a new red 
phosphorus composition it should be 
remembered that if not enough oxygen is present 
during burning then white phosphorus could be 
formed. This can remain chemically active for 
long periods after the munition has been 
functioned and it also poses a health hazard. 
Many red phosphorus compositions contain a 
metal fuel such as magnesium or aluminium, 
which increases the composition’s combustion 
temperature and increases the likelihood that all 
the composition will be consumed. The 
disadvantage of using metals is that they can 
react with phosphoric acids or residual moisture 
to form hydrogen. 

Red phosphorus compositions can have 
high sensitiveness to impact, friction and electric 
spark. Therefore, fires can often occur during the 

production of red phosphorus munitions. When 
working with red phosphorus full electrostatic 
precautions should be used. Other precautions 
that need to be taken include coating the raw 
material with a dust suppressant and adding an 
organic polymer to coat the surface of the red 
phosphorus during the manufacture of the 
compositions. Many of the granulation, sieving 
and pressing processes are carried out remotely 
to reduce the risk to personnel. 

The manufacture of red phosphorus 
munitions can be considered in four stages, 
handling of the material, mixing, pressing and 
assembly. It should be remembered that the 
problems arising from red phosphorus 
compositions and munitions are the result of 
moisture and oxygen reacting with it and 
therefore these need to be controlled during all 
the manufacturing stages. 

The design guide lists the safety aspects 
that need to be considered prior to processing 
red phosphorus compositions. 

Phosphine production 

In the presence of moist air, red 
phosphorus is unstable and can react at room 
temperature to produce phosphine, which is a 
chemically reactive and toxic gas. The short-
term exposure limit for phosphine (15 minute 
reference period) is 0.3 ppm or 0.42 mg m-3 [1]. 

Although the detailed chemistry of 
phosphine formation is still unknown, the 
following equation fits the experimental data [2]. 

3.5P4+21H2O+11.275O2→ 

5.2H3PO4+7.15H3PO3+0.65H3PO2+PH3 

The reaction not only produces 
phosphine but also phosphoric acid, which is a 
strong acid. 

Red phosphorus munitions suspected of 
having deteriorated to produce phosphine should 
be handled in a well-ventilated area and 
protective clothing and appropriate respiratory 
masks should be worn.  
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Phosphine monitoring equipment is 
commercially available and tests carried out in 
the UK confirmed that the two types tested were 
suitable for use in explosive areas for measuring 
the phosphine level found in ammunition 
containers and munitions. The design guide 
describes in detail the operating principle of the 
electrochemical sensor and reagent sensing types 
of monitor. 

One approach to reducing the toxic and 
corrosive effect of phosphine is to remove it 
from the vicinity of the munitions or packaging. 
This can be achieved by purging the munition 
with nitrogen and adding materials to adsorb the 
phosphine. This can only be a short-term 
solution, as the munitions have to be removed at 
intervals to be re-purged and the adsorbent 
replaced. 

A number of systems that adsorb or 
react with phosphine have been reported, these 
include: 

• Impregnated charcoal cloth 

• Manganese dioxide and cuprous oxide 
impregnated felt pads 

• Charcoal granules impregnated with 
silver nitrate or cupric sulphate 

Products of combustion 

When red phosphorus burns the 
products of combustion are toxic. 
Orthophosphoric acid has an UK Occupational 
Exposure Standard of 2mg m3 for a 15-minute 
period [1]. Other ingredients in the composition 
particularly the binders could also burn to 
produce toxic compounds. 

The dispersion of smoke can be 
modelled so that the downwind concentration of 
any chemical species under different 
atmospheric and terrain conditions can be 
calculated This allows the safety distances 
within the smoke cloud to be determined for 
different atmospheric conditions. 

Corrosion 

In the presence of phosphine, fuseheads 
containing copper and some brasses have been 
known to corrode. Electrical contacts have been 
attacked by phosphine when they have not been 
properly coated with a protective material such 
as varnish. Other materials have shown 
corrosion when in contact with phosphine, these 
include aluminium tape and polymers. 

The design guide illustrates, with 
examples, problems that have occurred in 
service with each of these materials. It also lists 
in two appendices materials that may be used in 
red phosphorus munitions and materials that 
should be avoided. 

Design of munitions 

It is essential that very early in the 
design phase, a list of all materials to be used is 
prepared. This will enable a chemical 
compatibility matrix to be established. The 
matrix will show where compatibility between 
materials is known and where there is close 
proximity or contact between materials. More 
importantly, the matrix will identify areas where 
compatibility information is absent. Contact 
with phosphine, phosphoric acids and moisture 
must be considered with all materials used. 
Where information on compatibility is missing 
accelerated storage trials with the materials in a 
moist phosphine environment should be carried 
out. 

When designing red phosphorus 
munitions as much moisture as possible should 
be removed. Materials that can contain high 
levels of moisture including cardboard, 
expanded polystyrene and primed cambric 
should be avoided or precautions taken to reduce 
the amount of moisture they contain. 

As well as reacting with red phosphorus, 
moisture can also degrade metal powders such 
as magnesium if they are present in the 
pyrotechnic smoke composition. The evolved 
hydrogen produced during the degradation 
reaction can build up a substantial pressure 
within the munitions that can lead to 
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unreliability of performance, swelling and 
pressure bursts of bodies and seals. Although 
hydrogen is not toxic, it is a highly flammable 
gas with a lower explosive limit (LEL) of 4% by 
volume in air and a very low minimum ignition 
energy of 5 µJ. 

The major problem with moisture in red 
phosphorus munitions is the reaction that 
produces phosphine and the acids of phosphorus 
discussed earlier. Ethylene propylene rubber has 
been found to be more resistant to attack by 
phosphine than silastic rubber. Aluminium tape 
should be replaced by stainless steel tape. 

Inorganic nitrates and other energetic 
materials such as gunpowder that are 
incorporated into pyrotechnic priming 
formulations used for the ignition of red 
phosphorus containing compositions are 
hygroscopic and can introduce moisture. 

The friction sensitiveness of red 
phosphorus has also to be taken into 
consideration when designing screening smoke 
munitions. For example, the set back and high 
spin forces that are encountered on launch by an 
artillery shell can cause the red phosphorus 
composition to self ignite due to friction. 
Therefore, great care must be taken to design 
internal structures to support the red phosphorus 
payload and prevent it from moving. 

Sinking devices for marine munitions 

Munitions deployed for marking 
position at sea have a particular safety 
requirement that must be included in their design 
to ensure they are not washed ashore where they 
would present a hazard to the public. Even so, 
all marine marker munitions should have clear 
warnings instructions on the outer case that 
advises the finder not to touch but to inform the 
police or coast guard. 

Where possible, two or more sinking 
devices should be fitted to the munition to 
ensure that water entry into the body or 
buoyancy tanks and the required rate of air 
expulsion from them can occur efficiently. 

Two basic design concepts of sinking 
device are currently used in UK marine marker 
munitions, either the soluble plug or the 
sacrificial disc. The soluble plug is usually a 
pressed column of a water-soluble material that 
when exposed to water dissolves at such a rate 
as to allow the munition to function before water 
entry and subsequent sinking. The sacrificial 
disc device contains a magnesium plate that is 
eroded by electrolytic action at a controlled rate 
to effect seawater entry and flood the munition. 

In the US, an alternative design of 
sinking device employing a high temperature 
thermite reaction to melt the marker case has 
been successfully tested. 

The design guide lists ten important 
requirements that need to be considered when 
designing a sinking device. 

Packaging 

Although packaging is a most important 
factor in the life of red phosphorus containing 
munitions there is no standard packaging design 
or related national or international standard. 

It is recommended that the munitions 
are packaged and hermetically sealed in metal 
containers. Wooden boxes do not offer the 
degree of sealing required and also contain large 
amounts of moisture. Ammunition containing 
red phosphorus stored in fibre containers has 
been found to be badly corroded after 
environmental trials. 

Careful packaging design also allows 
mitigation against sympathetic ignition of other 
munitions both within the same package and to 
adjacent ammunition containers. This improves 
the Insensitive Munitions compliance of red 
phosphorus containing munitions which can be 
expected to react and catch fire when subjected 
to the energy input from bullet attack, fragment 
attack or fuel fire situations because of the 
sensitiveness of the filling. 
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Demilitarisation 

There is no definitive method for the 
demilitarisation of red phosphorus munitions but 
the disposal will be an increasing problem in the 
future as the number of disposal routes continues 
to decline. The storage of munitions awaiting the 
development of demilitarisation technology still 
poses a potential health problem, as phosphine 
will continue to be produced. 

At the design phase of new munitions, 
serious consideration should be given to their 
disposal, as this will be an increasing and 
significant part of the cost of ownership. 

Legislation to protect the environment 
prevents sea dumping of life expended 
munitions and their destruction by open burning 
is banned in some countries and about to be 
banned in others. 

Since the banning of open burning in the 
US, a number of studies have been undertaken to 
develop new acceptable demilitarisation 
technologies. 

These include controlled incineration, 
molten salt oxidation and chemical processing to 
allow recovery of the red phosphorus. There are 
a number of these techniques that appear to be 
feasible but demilitarisation in the US waits 
funding for these technologies to be scaled-up to 
production scale. 

Lifeing requirements 

The safe and reliable service life of red 
phosphorus munitions should ideally be at least 
10 years, however this is not always possible but 
should be kept in mind at the design stage. An 
initial life of between 3 and 5 years may be more 
realistic goal. Once munitions have been 
manufactured the true in-service life should be 
determined by accelerated ageing trials during 
the acceptance trials. If subsequent experience 
shows a longer in-service life then it can be 
extended. 

The recommended procedures to 
maximise the potential of the munition 
achieving its required service life are detailed in 
the design guide. 
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ABSTRACT 

 
Heat flow calorimetry or microcalorimetry is a thermal technique that allows the heat flow from 

reacting materials to be measured. It is sufficiently sensitive that it can be used to directly measure the 
small amount of heat released during the ageing of pyrotechnic compositions. The products of the ageing 
process can then be characterised by thermal and analytical techniques. 

Preliminary studies on a composition containing 50% magnesium and 50% barium nitrate have 
shown that relatively high heat flows can be achieved under conditions of moderate temperature and 
relative humidity. The pyrotechnic compositions exhibited an induction period before the onset of the 
main degradation reaction. The amounts of magnesium hydroxide and barium nitrite formed during the 
degradation reaction have been correlated with the cumulative heat flow from the samples. Quantitative 
determinations of free magnesium and barium nitrate contents are also reported. 

 
 

1 INTRODUCTION 

All pyrotechnic compositions containing 
magnesium degrade during storage; this changes 
the performance of the composition and 
ultimately can result in the composition failing 
to function. The ageing process can be followed 
directly using isothermal microcalorimetry, 
which is sufficiently sensitive to measure the 
small amount of heat released during the ageing 
process. Characterisation of the aged 
compositions enables a thermal property, such as 
ignition temperature or the amount of a reaction 
product formed to be correlated directly with the 
amount of heat released.  

This approach has been used in a recent 
study on three magnesium based pyrotechnic 
systems containing either, potassium nitrate [1], 
sodium nitrate [2] or strontium nitrate [3]. 

The present paper reports the results of 
an ageing study on a binary magnesium-barium 
nitrate pyrotechnic composition containing equal 
parts by mass of the components. Isothermal 
microcalorimetry measurements were performed 
on the samples at 50 °C and relative humidities 

between 65% and 74% RH in air using closed 
glass ampoules. Quantitative chemical analysis 
of the reaction products, free magnesium content 
and the remaining barium nitrate was carried 
out. 

2 EXPERIMENTAL 

Studies have been carried out on a 
binary composition containing Grade 4 cut 
magnesium to Defence Standard 13-130/1 and 
barium nitrate to Defence Standard 68-74/1. The 
barium nitrate was dried at 80 °C and passed 
through a 125 µm sieve before use. The 
composition was prepared by blending the 
components in a Turbula mixer. 

Microcalorimetric measurements were 
performed at 50 °C in air on 100 mg samples 
sealed into 3 cm3 glass ampoules using a 
Thermometric Model 2277 Thermal Activity 
Monitor. The humidity was maintained at the 
desired level using a saturated salt solution that 
was placed in a small tube within the ampoule. 
Relative humidities of 65%, 69% or 74 % were 
obtained using saturated solutions of potassium 
iodide, sodium nitrate and sodium chloride 
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respectively. The experiments were carried out 
for periods of up to 28 days and the heat flow 
from the samples was monitored continuously 
throughout the ageing period. 

The free magnesium content of selected 
aged compositions was determined after the 
extraction of the soluble products by reacting the 
metal with sulphuric acid in a closed ampoule. 
The amount of hydrogen produced was 
determined from the observed increase in 
pressure. 

The barium nitrate content of the aged 
composition was determined using an ion 
selective electrode. In each case, a 20mg portion 
of the sample was analysed. Since nitrite 
interferes with this test it was removed by the 
addition of sulphamic acid (the quantity required 
was calculated from the nitrite analysis).  

Samples of the aged compositions were 
analysed for magnesium hydroxide content by 
thermogravimetry (TG) using a modified version 
of the method described previously for studies 
on magnesium and the magnesium-potassium 
nitrate system [1]. The measurements were 
performed using a Mettler Model TGA/SDTA 
851e simultaneous unit with 10 mg samples, in 
platinum crucibles, using an argon atmosphere. 

Preliminary experiments using 
simultaneous TG-mass spectrometry were 
carried out to establish the most suitable 
temperature for the TG measurements. This was 
necessary to reduce to a minimum the overlap 
between the magnesium hydroxide 
decomposition and that of barium nitrite, which 
was found to decompose slowly in the region of 
300  °C. 

Following these experiments, the 
following procedure was adopted. The moisture 
content of each sample was determined by 
heating at 30 °C min-1 from ambient to 150 °C 
and maintaining the temperature for 10 min. The 
temperature was then raised to 220 °C at 
30 °C min-1 before finally heating at 5 °C min-1 
to 250 °C and holding this temperature for 60 
mins to determine the magnesium hydroxide 
content. 

The barium nitrite content of the aged 
compositions was determined using a 
spectrophotometric method based on the 
diazotisation of sulphanilamide by the nitrite ion 
in acid solution, followed by coupling with N-

(1-napthyl) ethylenediamine dihydrochloride. 
The absorbance of the resulting solution was 
measured at a wavelength of 550 nm. A 5 mg 
portion of sample was analysed in each case. 

3 RESULTS AND DISCUSSION 

Initial microcalorimetry studies were 
carried out at 65% RH; the heat flow and 
cumulative heat curves are shown in Figures 1 
and 2 respectively.  

In common with the magnesium-
strontium nitrate system, the magnesium-barium 
nitrate composition exhibits an induction 
reaction. As a result, there was a marked 
variation in the onset of the main reaction which 
is reflected in the variation in the time taken to 
reach the heat flow peak maxima shown in table 
1. 

 
Relative 
humidity 

(%) 

Maximum 
heat flow     
(µW g-1) 

Time  to 
maximum heat 

flow          
(days) 

65 2441 ± 428 9.2 ± 3.3 
69 2814 ± 51 8.3 ± 3.3 
74 4289 ± 278 2.7 ± 1.0 

Table 1: Maximum heat flow values for 
composition aged at 50 °C. 

The curves were broad in shape with 
only one of the experiments showing a well-
defined peak. As was found for the magnesium-
strontium nitrate system, the higher the initial 
heat flow signal from the barium nitrate 
composition the shorter the resultant induction 
period. After the peak maximum had been 
reached, the heat flow signals remained at high 
levels which produced large cumulative heats 
for this compositions. Once the main reaction 
started, the gradients of the cumulative heat 
curves were similar with approximately 1000 J 
g-1 produced every six days. 

To investigate the effect of relative 
humidity, experiments were performed at 69% 
and 74% RH.  The heat flow curves for the 
experiments carried out at 69% RH are shown in 
figures 3. Although there was a marked variation 
in the length of the induction reaction, similar 
maximum heat flows were given (Table 1). The 
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induction periods were around one and three 
days. The cumulative heat flow curves, shown in 
figure 4, confirm that once the main reaction has 
started the rate of heat generation is essentially 
constant.  

 A series of six experiments was carried 
out at 74% RH, the heat flow and cumulate heat 
curves are shown in figures 5 and 6 respectively.  

In contrast to the experiments performed 
at lower humidities, all of the heat flow curves 
were similar in shape with a steep rise to the 
peak maximum and a shoulder on the trailing 
edge of the peak. The times taken to reach the 
peak maxima are summarised in table 1. As 
observed at the lower humidities, the samples 
showing a higher initial heat flow gave a shorter 
induction time.  

The variation in times to the onset of the 
main reaction meant that there was no direct 
relationship between the time and extent of 
ageing. Therefore characterisation of the aged 
compositions was performed on samples 
prepared on the basis of increasing extent of 
reaction. This was determined from the 
cumulative heat values, irrespective of the time 
taken to achieve the required cumulative heat. 

Figure 7 shows that the free magnesium 
content for selected samples aged at a range of 
humidities decreases in a linear manner with 
increasing cumulative heat. The magnesium 
content of the sample aged to a cumulative heat 
of 4400 J g-1 had reduced by some 30%. 

Figure 7 also shows the results of the 
barium nitrate analysis on the aged and unaged 
compositions. The original nitrate content of the 
composition was 47.9%. For the aged 
compositions, the amount of nitrate decreased 
rapidly and only a small amount remained in the 
sample aged to a cumulative heat of 4400 J g-1.  

Experiments were performed to 
establish the correct conditions for determining 
the magnesium hydroxide content of the aged 
samples. The evolved gas profiles on a sample 
aged for 14 days at 50 °C and 74% RH, with a 
cumulative heat of 3008 J g-1, showed that the 
water loss from the magnesium hydroxide 
occurred above 250 °C. The evolution of NO, 
attributed to decomposition of the nitrite, was 
observed above 400 °C.  

A second experiment, on a sample aged 
under the same conditions to a cumulative heat 

of 4237 J g-1, gave a similar temperature for the 
water loss but showed a very slow evolution of 
NO just above 300 °C. The magnesium 
hydroxide was therefore determined using the 
method described earlier that kept the sample 
temperature below 250 °C. 

The results of the magnesium hydroxide 
analysis for the samples aged at the three 
relative humidities are shown in figure 8. The 
increase in hydroxide content shows a second 
order relationship with increasing cumulative 
heat. The results suggest that the same reaction 
takes place at each humidity level because the 
relationship between the amount of magnesium 
hydroxide formed and the cumulative heat was 
independent of relative humidity used for the 
experiment. 

The nitrite determinations on selected 
aged compositions are shown in figure 8. A 
significant amount of barium nitrite was formed 
during the degradation reaction and this 
increased with increasing cumulative heat. The 
amount of nitrite present in the aged material is 
less than might be expected from the rate of loss 
of nitrate. 
4 CONCLUSIONS 

Ageing studies using isothermal heat 
flow calorimetry have been carried out on a 50% 
magnesium-50% barium nitrate compositions in 
closed ampoules at 50 °C and at humidities in 
the range 65% to 74%. An induction reaction 
was observed prior to the main exothermic 
reaction and the higher the initial heat flow the 
shorter the induction period. As the relative 
humidity increased from 65% to 74% the 
maximum heat flow increased but the time to the 
maximum heat flow decreased from a mean of 
around nine days to less than three.  

At 65% RH, the induction times for 
magnesium-barium nitrate were almost half the 
value previously observed for magnesium-
strontium nitrate and higher maximum heat 
flows were given. However, the influence, on 
the induction reaction, of increasing the RH to 
69% or 74% was not as great as that previously 
observed for the magnesium-strontium nitrate 
system. 

The free magnesium content of the aged 
compositions decreased in a linear manner with 
increasing cumulative heat but the increase in 
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the amount of magnesium hydroxide formed 
showed a second order relationship with the 
cumulative heat. These initial experiments 
suggest that the ageing reaction is independent 
of the relative humidity used. 

The results of the nitrate and nitrite 
analyses indicate that barium nitrite is also 
reacting with magnesium because more barium 
nitrate was consumed than barium nitrite was 
being formed. 

Work is in progress to prepare aged 
samples with cumulative heats in the region 250 
to 1500 Jg-1 by performing experiments in sealed 
ampoules containing air at 50 °C and 74% RH. 
This will allow the rate of magnesium hydroxide 
and barium nitrite formation in the early reaction 
stages to be compared and to be related to those 
observed for magnesium-strontium nitrate. This 

should also allow the relationship between the 
consumption of nitrate and the formation of 
nitrite to be examined further. 
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Figure 1: Heat flow curves for 50% magnesium-50% barium nitrate composition (sample mass, 100 
mg; 50 °C, 65% RH; atmosphere, air). 
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Figure 2: Cumulative heat curves for a 50% magnesium-50% barium nitrate composition (sample 
mass, 100 mg; 50 °C, 65% RH; atmosphere, air). 
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Figure 3: Heat flow curves for a 50% magnesium-50% barium nitrate composition (sample mass, 
100 mg; 50 °C, 69% RH; atmosphere, air). 
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Figure 4: Cumulative heat curves for a 50% magnesium-50% barium nitrate composition (sample 
mass, 100 mg; 50 °C, 69% RH; atmosphere, air) 
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Figure 5: Heat flow curves for a 50% magnesium-50% barium nitrate composition (sample mass, 
100 mg; 50 °C, 74% RH; atmosphere, air) 
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Figure 6: Cumulative heat curves for 50% magnesium-50% barium nitrate composition (sample 
mass, 100 mg; 50 °C, 74% RH; atmosphere, air) 
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Figure 7: Free magnesium and barium nitrate content against cumulative heat for a 50% 
magnesium-50% barium nitrate composition aged in sealed ampoules at different 
humidities. 
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Figure 8: Amount of magnesium hydroxide and barium nitrite formed against cumulative heat for 
a 50% magnesium-50% barium nitrate composition aged in sealed ampoules at different 
humidities. 
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Abstract 
From its initial concept in the 1970’s, Insensitive Munitions (IM) have developed and are now recognized 
as one of the key considerations when designing and/or procuring munitions. The IM goals defined in 
AOP 39 and STANAG 4439 have provided much of the drive behind the progress made and there are 
now a wide range of different technologies and techniques that can be employed to reduce the 
vulnerability and response of munitions to unplanned stimuli.  Although much of the technology has been 
reported at various symposia, until now there has been no single source that provides a snapshot of the 
current state of the art of IM design. Such a source would be an invaluable tool for both procurement 
bodies and munition designers, as it would enhance their awareness of potential new technologies for IM 
design. This would increase the scope for incorporating new or novel IM technologies within new or 
existing munitions. As well as raising the profile of IM within the munition safety and design 
communities and munition procurement organizations, thereby providing further impetus in the drive 
towards IM inventories. In response to requests from its member nations, NIMIC held a workshop on IM 
Design Technology in 2003, with the principal aim being to produce an IM design technology state of the 
art report. This paper provides an overview of the workshop and summarises its outputs, with particular 
emphasis on the energetic materials. 

 

Introduction 
In response to requests from several NIMIC member nations, a workshop was organised to evaluate the 
current IM design technology (IMDT) state of the art. The workshop took place at the Royal Military 
College of Science (RMCS), Shrivenham, UK from 29th September to 2nd October 2003 and was 
sponsored by the UK Defence Ordnance Safety Group (DOSG).  

 
The principal aim of the workshop was to generate a report on the state of the art of IMDT. This report 
was to include; 

a) The key factors that affect the IM signature 
b) An assessment of the current state of the art of IMDT 
c) The key areas where there are gap/shortfalls in IM technology 
d) An identification of any possible opportunities for collaborative Technology Demonstrators 

The event attracted 96 delegates and included participants from a majority of the NIMIC member nations. 
The NIMIC steering committee also agreed to invite participation from Germany, as it was in the process 
of joining NIMIC.  
 

Workshop Structure 
During the workshop, parallel sessions were held to draft each chapter and/or subchapter of the final 
report. The chapter and subchapter titles (see Table 1) were selected to cover all aspects of conventional 
munitions relevant to IMDT. A series of six technical questions were used for each session to assist in 
capturing the required information (see aims above) and to provide consistency within the final report. 
 
Following completion of the workshop, the final report was compiled and issued in February 2004. 
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Chapter Title Subchapter Title 
Payload Warheads 

Fuzing Systems 
Delivery Systems Rocket Motors 

Gun Propellant Charge Systems 
Auxiliary Explosive Devices Cartridge Actuated Devices 

Propellant Actuated Devices 
Pyrotechnics 

Packaging  - 
System Integration - 

 
Table 1 - Chapter and Subchapter Titles 

 

Review Of The Report On The State Of The Art Of IMDT 
The following is a very brief summary of the information provided in the IMDT Final Report. It aims to 
give the reader a general understanding of the key factors affecting the IM signature, to show what can be 
achieved from a technological viewpoint for each munition type and to identify critical shortfalls in IM 
compliance.  

Trade-off Constraints 
Although there are some munition specific trade-off constraints, the workshop identified a number that 
are common to all;  

 
 
 

 

 

 

 
The following provides a summary of each of the chapters presented in the final report. As the workshop 
focussed on available technology, all technology shown has a technology readiness level of 7 or higher. 
This equates to technology that is ready to be employed in systems or has already been successfully 
deployed. The tables showing available technology summerise the technology identified at the workshop 
that has been used to produce reduced vulnerability systems/subsystems. For convenience the technology 
has been grouped in terms of system/subsystem type, however this does not necessarily mean that 
technology for one type of system could not be used in another type of system. 
 

Payload 
The payload chapter covered all conventional warheads and was divided into warheads and fuzing 
systems subchapters. The former covered Penetrators, General Purpose Warheads, Gun & Mortar 
Ammunition, Fragmenting Warheads, Shaped Charge & Explosively Formed Projectiles, Submunitions 
and Underwater Warheads. 

Cost 

Weight 

Producibility 

Performance Technology maturity 

Life-cycle survival 

Aging 

Reliability 

Environmental 

Interfaces 

System performance 

Disposal 
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Key Factors - Warheads 
The key factors that affect the IM signature for each of the IM stimuli were identified as follows; case 
material, case configuration, energetics explosiveness and sensitiveness. The key properties for each of 
these depend on the type of IM threat (or stimuli). Table 2 provides a summary of these key properties: 
 

IM 
Stimuli Key Factor(s) Key Properties 

Material Properties Heat transfer to energetics Case 
Configuration Confinement 

Explosiveness 
Tendency of material to undergo burn to violent reaction 
(BVR) or DDT. Violence of booster reaction  (If booster 
detonates it will detonate the main charge, in turn) 

FCO 
Energetic 
Materials 

Sensitiveness Auto-ignition temperature of main charge vs. that of 
booster 

Material Properties Heat transfer to energetics Case Configuration Confinement 

Sensitiveness Auto-ignition temperature of main charge vs. that of 
booster SCO      Energetic 

Materials Explosiveness 
Tendency of material to undergo BVR or DDT 
Violence of booster reaction.  (If booster detonates it will 
detonate the main charge, in turn) 

Material Properties Attenuation against incoming bullets (brittle cases will 
provide little protection) Case 

Configuration Case thickness can affect shock energy dissipation 

Sensitiveness Ignitability of the material by penetrating bullets 
(mechanical properties, shock sensitivity, etc.) 

BI 

Energetic 
Materials 

Explosiveness Tendency of material to undergo BVR or DDT 

Material Properties Attenuation against incoming fragments (brittle cases will 
provide little protection) Case 

Configuration Case thickness can affect shock energy dissipation 

Sensitiveness Ignitability of the material by penetrating fragments 
(mechanical properties, shock sensitivity, etc.) 

FI 
Energetic 
Materials 

Explosiveness Tendency of material to undergo DDT 

Material Properties Attenuation against donor fragments (brittle cases will 
provide little protection) Case 

Configuration Case thickness affects shock energy dissipation 

Sensitiveness Ignitability of material to donor effects (blast and/or 
fragments) 

 SR 
Energetic 
Materials 

Explosiveness Tendency of material to undergo DDT 
Material Properties Material susceptibility to jet penetration 

Case 
Configuration Case thickness affects the penetration depth 

Sensitiveness Ignitability to shock (shock sensitivity, critical diameter, 
etc.) 

SCJ 
Energetic 
Materials 

Explosiveness Tendency of material to undergo DDT 
 

Table 2 - Key Factors For Warheads 
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The table clearly indicates that the energetic materials ignitability and the tendency to undergo BVR/DDT 
are important regardless of the type of threat. Whilst this is true, this does not necessarily mean that the 
characteristics that affect these properties are identical. For example, if we compare the tendency to 
undergo BVR/DDT for a thermal threat and an impact threat, the key properties that affect the former are 
as follows: 
 

Thermal Impact 
Burning rate & mechanism versus pressure Burning rate & mechanism versus pressure 
Thermo-mechanical properties Thermo-mechanical properties 
Ignition Temperature Friability 
Decomposition kinetics & outgassing Shock sensitivity 

Critical diameter 
Shock Hugoniot 
Penetration parameters 

 

Ignitability by penetrating fragments 
 

Table 3 - Comparison Of Properties That Affect Response To Thermal & Impact Stimuli 
 

For the casing the situation is less complicated, for thermal threats, the heat transfer and confinement are 
key, whilst for the impact threats, the ability to provide some attenuation is key. 

Key Factors – Fuzing Systems 
The key factors that affect the IM signature for fuzing systems were identified as: 

• The thermal and mechanical sensitiveness of the explosives, 
• The degree of explosiveness of the EM in relation to its confinement, 
• The design configuration of the fuzing system, 
• The packaging as appropriate to its logistic cycle. 

Available Technology 
The focus on reducing the vulnerability of warheads has produced a large range of available technology. 
These have been summarised in table 4 in terms of the, munition system/subsystem type, the energetic 
material and mitigation technology. 

General Technical Status 
IM Technology is available to enable most warheads to meet the IM requirements for thermal and impact 
threats. Packaging is usually required to pass sympathetic reaction (SR). There is a requirement for 
shaped charge jet impact (SCJ) resistant technologies to be developed for all applicable systems. Low cost 
(ingredients and process), low shock sensitivity and powerful high explosives are required to speed up the 
introduction into service. 
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HE System Type Type Name Mitigation 

Penetrators Cast PBX 

PBXN-109 
PBXN-110 
PBXIH-135  
AXF-757 
B2214B 

Intumescent paint 
Hot-melt internal liner 
Internal plastic liner 
Aft closure venting 
Thermally reactive 
retaining ring 

General 
Purpose Cast PBX 

PBXN-109 
PBXW-126 
ROWANEX 1400 

Intumescent paint 
Hot-melt internal liner 
Cook-off resistant booster 

Cast PBX 

PBXN-106 
ROWANEX 1100 
Rh-29 
CX-84 
PBXW-108 

Melt Cast 
XF-13333 
PAX-21 
CLX-633 

Guns & 
Ammunition 

Pressed PBX NDA76 

Fusible fuze adaptor 
Intumescent paint 
Active mitigation 
Cook-off resistant booster 

Cast PBX 

B3108 
DXG-101 
HBU-88A 
KS-32 
KS-33 
ORA-86 
PBXN-107 
PBXN-109 
PBXN-110 
PBXN-112 

Fragmenting 
Warheads 

Pressed PBX PBXN-3 
PBXIH-18 

Stress riser 
Internal liner 
Forward & aft venting 
Pre-formed fragments in 
resin 
Venting fuze booster 
Cook-off resistant booster 

Shaped 
Charges/EFP Pressed PBX 

PAX-2A 
PBXN-9 
PBXN-110 
V-350 

Light confinement case 
Composite case 
Cook-off resistant booster 

Cast PBX B-1122D 
PBXN-107 

Pressed PBX PAX-2A 
PBXN-10 

Submunitions 

Melt-cast PAX-41 

Cook-off resistant booster 

Underwater  Cast PBX 

B-2211D 
FOXIT 
PBXN-103 
PBXN-105 
PBXN-111 

- 

 
Table 4 - Available Technology 
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Delivery Systems 
This chapter was divided into two parts, Rocket Motors and Gun Propellant Charge Systems. Each will be 
addressed separately. 

Rocket Motors 

Key Factors 
The key factors that affect the IM signature for each of the IM stimuli were identified as follows; 
propellant mechanical properties, sensitivity, thermal stability & extinguishability and case material & 
construction. For rocket motors, the ability of the casing system to provide sufficient venting is critical for 
reducing the IM signature. Propellants, by design, are relatively easy to ignite and if damaged as a result 
of thermal or impact stimuli, are very likely to undergo BVR (e.g. explosion), unless suitably vented. The 
relationship between the threats and the key factors is summarised in  table 5. 
 

IM 
Stimuli Key Factors Key Properties 

Case Material & Construction Confinement (venting) FCO 
Propellant Auto-ignition temperature  
Case Material & Construction Confinement (venting) 

SCO      
Propellant Temperature/pressure behaviour 

Propellant stability & decomposition mechanism 

Case Material & Construction Attenuation against incoming bullets 
Venting 

BI/FI 
Propellant 

Shock sensitivity 
Extinguishability 
Toughness 
Grain configuration 

Case Material & Construction Attenuation against donor fragments 
Self-fragmentation SR 

Propellant Shock sensitivity 
SCJ Propellant Shock sensitivity 

 
Table 5 - Key Factors For Rocket Motors 

 
The response of a rocket motor to thermal threats depends on the heating rate. Under fast heating 
conditions the propellant will usually ignite on the surface closest to the case. As this is usually inhibited 
(case-bonded or cartridge loaded) such ignition will cause cracking and generate tears giving increased 
burning surface area. Unless the case can vent the increased pressure a violent reaction will result. Under 
slow heating conditions, there is substantial decomposition of the propellant prior to ignition. The type of 
decomposition can vary, but usually includes the generation of gas, degradation of mechanical strength, 
formation of cracking and/or porosity. These effects coupled with the high temperature of the grain when 
ignition finally occurs, leads to a very high rate of change of pressure. As the auto-ignition temperature is 
usually well below the threshold required to weaken the motor case, the ignition occurs with full 
confinement. Consequently, a very violent reaction usually occurs. 
 
The response of a rocket motor to mechanical impact threats depends on response of the casing, the 
response of the propellant and the nature of the impact. For all types of bullet or fragment impacts, 
propellant toughness & extinguishability and case response are key. Propellants with higher toughness do 
not break up so readily resulting in less burning surface area, whilst extinguishable propellants may cease 
burning once pressure is released. Cases that do not fail sufficiently when impacted still provide 
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significant confinement and give a more violent response. For high velocity fragments (typically >2000 
ms), the propellant shock sensitivity also plays a key role in the final response. Other more unusual 
effects have been also been noted, such a bore effects and the lodging of bullets within the propellant 
web, both of which can lead to violent responses, including detonation. 
 
The response of a rocket motor to impacts from an adjacent detonating store or from a shaped charge jet 
is largely dependant on the propellant shock sensitivity; specifically the critical diameter and the initiating 
pressure. In most cases, the critical diameter of the propellant needs to be no greater than the web size 
(allowing for confinement effects) for propagation of detonation to occur. 

Available Technology 
A wide range of case deconfinement technologies have been developed and many are currently in service. 
Slower progress has been made developing insensitive propellants; the recently developed (and fielded) 
HTPE (hydroxy-terminated polyether) type propellants represent the best available technology for 
reduced smoke/high performance. 
 

Motor Type Propellant Type Mitigation 

Minimum Smoke 

Cast Double Base (CDB)* 
Elastomer Modified CDB 
Extruded Double Base* 

Cross-linked Double Base 
(XLDB)** 

Steel strip laminate (SSL) case 
Kevlar overwound aluminium case 

Aft closure shear pin pressure relief system 
Shape memory metal forward closure release 

system 
SCO pre-emptive ignition device 

Reduced Smoke 
HTPE 

HTPB (hydroxy-terminated 
polybutadiene)* 

Carbon fibre reinforced plastic (CFRP) case 
SSL case 

Intumescent paint (thinned areas) 
Bore mitigant foam 

SCO pre-emptive ignition device 

High Performance HTPE Kevlar overwound CFRP case 
*Not necessarily formulated for IM, but can be used in conjunction with suitable mitigation 
**Usually very shock sensitive, so packaging solutions required to attenuate bullets/fragments 

 
Table 6 - Available Technology 

General Technical Status 
The technical status depends on the type of rocket motor. Minimum smoke rocket motors are typically 
susceptible to impact, shock, SCO and SCJ stimuli. However technology is available to reduce the 
vulnerability to bullet impact and SCO. They require packaging to pass SR. For reduced smoke rocket 
motors, technology is available to enable these types of rocket motors to meet all the IM requirements 
with the exception of SCJ. However, large motors remain vulnerable to impact and SCO stimuli. For high 
performance rocket motors technology is available to meet the IM requirements for FCO and SR and to 
reduce the vulnerability to impact. Meeting requirements for SCO and SCJ remains a significant 
challenge.  
 

Gun Propellants 
Propelling charge systems for indirect and direct fire systems were covered in this chapter.  
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Key Factors 
The three key factors identified at the workshop were propellant composition, propellant charge 
configuration and case configuration. Within these three factors a number of specific properties were 
identified. These have been summarised in table 7. 
 

Available Technology 
Low vulnerability propellants (LOVA) have been in development for many years. The first generation is 
now in service in some systems. Conventional nitrocellulose based propellants, particularly single base, 
whilst not necessarily developed for their IM properties, can give relatively benign responses for some of 
the stimuli (FCO & BI). Further mitigation of propellant response has usually been achieved by using 
packaging technologies (see packaging section). 
 

Threat Key Factors Key Properties 

Propellant Mechanical properties Strain capability (ability to absorb mechanical 
energy) 

Case Material properties/ 
Configuration 

Confinement, heat transfer rate, attenuation of 
impacting bullets 

FCO 
SCO 
BI 

Charge 
configuration Internal configuration Affect on the path of internal shock waves 

SCO Propellant/Ignition/
Primer Ignition temperature Timing of propellant ignition 

Sensitiveness Ignitability 
Propellant 

Critical diameter Tendency to undergo BVR/DDT  
FI 

Case Material properties/ 
Configuration 

Confinement 
Attenuation of impacting fragments 

Sensitiveness Ignitability 

Density & porosity The break up of grains & likelihood of DDT & 
SDT.   Propellant 

Critical diameter Tendency to undergo BVR/DDT 

Case Material properties/ 
Configuration 

Confinement, heat transfer rate, attenuation of 
impacting fragments and shock 
Self-projection of high energy fragments 

SR 

Charge 
configuration Propellant bed density Acoustic coupling and propagation of shock waves 

Ignitability 
Sensitiveness Energy (within a family of propellants sensitiveness 

tends to increase as energy levels rise) 
Density & porosity Grain break-up (& likelihood of DDT & SDT)  

Propellant 

Critical diameter Tendency to undergo BVR/DDT 
Propellant mass Response magnitude 

Charge outer dimensions Length to diameter ratio (response tends to decrease 
as ratio increases) 

Propellant bed density Acoustic coupling and propagation of shock waves 

SCJ 

Charge 
configuration 

Propellant bed 
distribution Tendency to undergo BVR/DDT 

 
Table 7 - Key Factors For Gun Propellant Charge Systems 
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Propellant System Type Type Name Mitigation 

40-57-mm LOVA* NL001 Stress riser grooves in case 
76-mm LOVA* N7 - 

LOVA* XM-39 127-mm Single Base BS-NACO 
- 

Quadruple Base HUG - 
155-mm Single Base (Green 

Propellant) 
PAP7993 Central low reactivity igniter 

core 
*First generation (nitramine/inert polymer/inert plasticiser) 

 
Table 8 - Available Technology 

General Technical Status 
IM technology is available to enable charge systems for large calibre ammunition to pass the FCO, BI and 
SR stimuli (packaging design plays a key role here). Vulnerabilities remain for the other IM stimuli, but 
these can be reduced for munitions within logistical packaging. IM technology is available for medium 
calibre rounds (e.g. 40-mm) to pass all of the IM tests with the exception of the SCJ.  
 

Auxiliary Explosive Devices 
Auxiliary Explosive Devices (AED) covers a multitude of different devices whose functions can vary 
widely. The workshop identified four categories of AEDs; cartridge actuated devices (CAD) propellant 
actuated devices (PAD), pyrotechnics and miscellaneous.  

Key Factors 
The following key factors for the four categories were considered to be identical. Those identified were; 
confinement, energetic materials, net explosive weight (NEW)/net explosive quantity, expected output, 
and configuration. 

General Technical Status 
The lack of focus on achieving IM requirements for AEDs means that very little available technology has 
been developed specifically for them. The workshop concluded that only those devices with a significant 
NEW would give a response worse than IV. Recent assessment by the US, divided CADs & PADs into 
those with a NEW above and below 250g. For the latter category, it is likely that they will be close to IM 
compliant. The workshop also extended this categorisation to include pyrotechnic devices (e.g. flares). If 
IM improvements are required, packaging was identified as being the most likely cost-effective solution. 
The key shortfall identified was the lack of cost-effective lightweight packaging materials. 
 

Packaging 

Key Factors 
The following three key factors were identified; Material Resistance, Structural Confinement Integrity 
and Spatial Configuration. 

Available Technology 
Packaging technology has primarily been developed to mitigate sympathetic reaction, although more 
recently, technologies for mitigating cook-off for propelling charges have emerged.  A list of generic 
technology types that have a TRL of 7 or more have been summarised in table 10. 
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IM 

Stimuli 
Key Factors Key Properties 

Structural confinement 
integrity 

Confinement (can exacerbate the final response by allowing the pressure 
to rise within the container). 

FCO 
Material resistance 

Heat transfer rate into the munition. (This will not in itself ensure a 
benign reaction (see SCO), however, it may allow time for other 
mitigation devices to function or provide time for other remedial action). 

SCO Structural confinement 
integrity 

Confinement (can exacerbate the final response by allowing the pressure 
to rise within the container). However, it should be noted that under 
slow heating conditions, a majority of the explosive will reach the 
ignition temperature simultaneously, consequently, the effect of venting 
in reducing the pressure rise within the container is likely to be severely 
limited. 

Material resistance Attenuation of bullet power (by interception/deflection)  
BI Structural confinement 

integrity 
Confinement (can exacerbate the final response by allowing the pressure 
to rise within the container). 

Material resistance Attenuation of fragment power (by interception/deflection)  
FI Structural confinement 

integrity 
Confinement (can exacerbate the final response by allowing the pressure 
to rise within the container). 

Spatial configuration Effect on adjacent munitions within same container/stack.  SR 
Material resistance Attenuation of blast & fragments 
Material resistance Attenuation of jet power (by interception/deflection).  

SCJ Structural confinement 
integrity 

Confinement (can exacerbate the final response by allowing the pressure 
to rise within the container). 

 
Table 9 - Key Factors For Packaging 

 
System Type Packaging technology 

Penetrator Displacement of munitions in logistic pallet 
Aluminium deflectors 

Air-to-surface missile 
Air-air-missile 

Steel container 
GRP container 
Pumice composite 
Aluminium/polystyrene foam sandwich 
Aluminium deflectors 
Aluminium shielding 
Staggered configuration 

Propelling Charge 
Fusible side panels 
Fusible end caps 
Aramid/ceramic fibre blanket 

Grenades/mortar Intumescent paint 
Chemically bonded ceramic composite 

Demolition/mine clearance Pumice composite 
Spatial displacement 

 
Table 10 - Available Technology 
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General Technical Status 
In principle packaging could be designed to mitigate any of the IM threats, however, the logistical and 
cost constraints mean that the range of available materials and designs is limited. Much of the technology 
used in packaging designs, is mature technology, consequently, the associated technical risks can be 
considered as relatively low. Several technologies have been developed and fielded to prevent 
sympathetic reaction. Design solutions to mitigate the response of gun propellant charges to thermal 
stimuli and to attenuate bullet/fragment impact have also been fielded. At the present time insufficient 
effort has been expended (due to low priority) in developing packaging designs that specifically mitigate 
SCJ. 
 

System Integration 
The system integration chapter considered the complete munition including any packaging, but did not 
include system-to-system propagation, as this was dealt with under the other chapters. The IM signature 
of the complete system may not always be the “sum of the individual parts”. System architecture can have 
a significant effect on the signature. 
A given system is composed of a number of sub-system or components. If one of these components 
responds before the others (as is quite likely) its response can initiate other components or damage them 
sufficiently so that when initiation does occur a more violent reaction results. 

Key Factors 
The following key factors were identified; acceptor components under thermal threats 
(sensitiveness/explosiveness of damaged energetics and properties of degraded casing), the munition 
architecture (mitigation of explosives effects) and the packaging. 

General Technical Status 
Reference was made to specific chapters for the analysis of the availability of IM technology for the 
components. Examples were provided to show how the comparison between the IM signature of the 
components and the IM signature of the complete system. In some cases the later had been derived from 
the former by assessment rather than by system testing. Shortfalls were identified in the following areas; 
Modelling tools to predict the responses of complete munition systems; insufficient data regarding the 
effects of thermally stressed munitions being subjected to secondary stimuli and a lack of complete 
system testing.   
 

Conclusions 

Final IMDT Report 
The key factors identified for each munition type showed much commonality. Case confinement, together 
with the sensitiveness and explosiveness (in particular the tendency to undergo BVR/DDT) of the 
energetic material, were applicable to all munition types assessed. This is not surprising given that a 
munition usually consists of an energetic material inside some form of casing.  
 
For many munition types, there exist practical technological solutions that can be used to reduce the IM 
signature. Many of these have been fielded and can be classed as mature. However, reducing the 
vulnerability to SCJ remains an issue for most munitions. There are also some key technology shortfalls 
for specific munition types such as high performance (boost) rocket motors, large calibre propelling 
charges and inexpensive high performance-low vulnerability HE formulations. Further work is required in 
these areas to overcome the current shortfalls.   
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Workshop 
The workshop was a great success. The large participation ensured that all of the key areas were covered 
and enabled fruitful discussion and the collection relevant information for the draft chapters. NIMIC 
would like to thanks its sponsor, the UK DOSG, the International Symposia Office at RMCS and all of 
the participants for making this event such a great success. We would especially like to thank the chapter 
and subchapter leads who played a vital role in ensuring the success of this event. We have received a 
great deal of positive feedback from the participants, all of whom found the workshop very worthwhile 
and informative.  
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Abstract 
 

The problem of the prediction of the direction of fast processes including the processes of burning 
and destruction of explosives is of great interest. However, it involves a great number of computing and 
system difficulties. At present, it is possible to solve individual problems, which allows a trustworthy 
prediction of fast processes via the successive use of the equations of quantum chemistry and molecular 
mechanics and the spatial-energy equations. In the given paper, phase distribution in a solid propellant, 
probable reaction centers and directions of their change are determined; kinetic parameters of reactions in 
a monopropellant (octogen) and phase boundaries in a compound propellant are estimated.  
 
 

The simulation of physical-chemical processes in a heated layer of burning solid propellant (SP) 
can be divided into several stages where the distribution of the components and phases, reaction centers, 
direction of reactions and their kinetic parameters are determined. 

At every stage, the use of the properties of the set of equations is possible and the corresponding 
results of the computing experiment should be coordinated while going from one stage to another. 

The distribution of the components in a solid propellant charge depends on the blending 
technology, the sequence of loading the components, their phase state and dispersion, diffusion processes, 
the processes of interaction and dissolving. The composition of a fuel charge contains about 84 mass% of 
solids and about 16 mass% of liquid substances including viscous liquids. Therefore, it acquires fluidity 
during blending only at a certain scheme of loading the components. It is necessary to find the conditions 
which would favor the optimal distribution of the components without disturbance of the processes of 
hardening of a solid propellant charge. In order to determine probable schemes of blending, their 
evaluation was conducted with the use of a computing experiment involving a spatial-energy parameter 
[1]. 

The choice of the interacting fragments and reaction centers is performed after the nearest 
neighbors-components in a SP have been determined. The evaluation of the distribution of the 
components in a SP and the determination of the nearest neighbors are conducted with the help of the 
coefficient of the structural interaction α % and the degree of interaction (dissolving) ρ %. 

The determination of α  is based on the use of spatial-energy parameters of structural fragments 
Pc, which were calculated from the corresponding parameters of fragments Pj. The calculations of Pj were 
based on the energy averaged characteristic of valence orbitals. These magnitudes are described by the 
following equations: 
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For the general case, at a large quantity of the interactions of the groups of atoms, Pj can be 
written with the use of factorials. 

The coefficients of the structural interaction were calculated according to the formula (for pair-
wise interaction): 
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The degree of the interaction, ρ , %, is found with the use of a nomogram, which is built on the 
basis of the experimental data [3] for phase systems with different compositions (fig. 1). 
 
 

 
 
 

Fig. 1. Nomogram of the α dependence of the degree of the interaction  
(relative difference of Pc) 

 
The physical meaning of all successive actions with the use of the spatial-energy parameters is as 

follows: 
 

At the first stage, the portion of the energy of the interaction of an atom or an ion (chemical 
particle with a nucleus and an electron shell) with the environment is determined. 

At the second stage, chemical bonds or groups are formed from atoms, in which there are similar 
and different interconnected chemical particles representing the set of nuclei and electron shells. At this 
stage, the portion of the interaction or the reactivity of these compound chemical particles with the 
surrounding is determined. 

Then, the determination of the energy component of the reacting fragments is performed; this 
problem is solved by analogy with the determination of the energy characteristics based on the principle 



- 901 - 

of additivity. In this case, the tabulated values of the P3, Pi and Pj parameters are used. The obtained Pc 
parameters for individual fragments are also tabulated and can correlate with the respective chemical 
potentials. Further, the coefficient of the structural interaction is determined which is analogous in the 
meaning of difference of chemical potentials of the interacting fragments or the phases dissolving in each 
other. 

A relative difference of the Pc parameters is offered which represents the difference of the 
parameters divided by averaging value of Pc of two interacting fragments. In this case, in the physical 
meaning, this value is close to a dimensionless value of the chemical affinity for a micro-system. 

Summarizing the data received on the quantitative characteristic of phase interactions )(ρ and 
taking account of the compositions of the components, one can suggest the following structure of the 
composition and phase and boundary distributions of the entire fuel charge (fig. 2): 
 
 I layer. Octogen (1) forms main nuclei each of which has several layers including: 
 II layer. OC, NG, APC (1, 2, 3)  
 III layer. NG, APC, organic binding agent (2, 3, 4) 
 IV layer. Organic binding agents and additives. 
 Between the layers there are particles of aluminum (5) covered with an oxide layer, catalysts (6) 
and particles of iron oxide (7).   
 
 
 

 
 
 

Fig. 2. The pattern of a general structure of composition in the plane of four internodes of an octahedron. 
 
 

Conventional signs: 
 1 – OC (octagon), 2 – NG (nitroglycerine),  
 3 – APC (ammonium perchlorate), 4 – organic compounds, 
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 5 - Al, Al2O3, 6 – catalyst, 7 - Fe2O3. 
Layers: 
 I – 1,   II - 1,2,3, III - 2,3,4, IV - 4,  V - 5,6,7,  
 VI - 5,7, VII - 3,4. 
 

The determination of the positional relationship of phases and the probability of the interactions 
of separate groups of atoms in adjacent phases with each other give grounds for choosing certain 
interacting elements and groups. Pair-wise interactions are considered for convenience. In deciding on 
reaction centers, the preference is given to functional groups which are present in a chosen fragment. 

In the monopropellant, octogen,  
 
 

 
 
 

the reaction centre includes N-NO2 and the fragment which can be chosen for calculations represents the 
(CH2)2N-NO2 group. If in connection with a certain quantity of particles it is necessary to simplify the 
calculation, then nitrodimethylamine rather then octogen can be considered in the model. In the quantum-
chemical calculations of the destruction process of octogen, the molecule of octogen is considered in 
general, and the reaction centers include 
 

 

 
 

 
Groups (5), (6), (8), (9) and (10) can result from the destruction process of octogen.  
However, at the octogen destruction and on the phase interface of octogen, nitroglycerine and other 
components of a model fuel, a more reliable determination of the interacting groups is conducted by 
calculating energies of interactions using the software product Hyperchem. The calculations of energies, 
molecules and molecular fragments are performed by means of Hartree-Fock method within the minimal 
base 3-21G. In this case, a program complex GAMESS [2] is used. Within the framework of the above 
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energy model, equilibrium atomic geometries are determined. If the interaction energy of the fragments in 
the model conditions under study is small (smaller than 10 kJ/mol), then the respective pair is not further 
considered. Pair-wise interactions rather than collective interactions are considered due to the decrease of 
the time of calculation, and it is done on the basis of the well-known principles of additivity, according to 
which the interaction occurs in the direction of the formation of a strong chemical bond; it allows to 
single out this interaction and to consider it separately from the weaker ones. However, for the 
determination of the influence of the secondary surrounding, especially when conjugated bonds form and, 
thus, when the possibility of coupled reactions appear, additional chemical particles are entered into the 
models or the electric potential is superposed on the system under discussion. In this case, the energies of 
the interaction between the fragments usually increase. The estimations of the kinetic parameters of 
different elementary reactions, which can take place at the octogen molecule destruction, are conducted 
with the help of the theory of an activated complex. The energy of activation Ea and preexponential factor 
k0 are calculated for Arrhenius equation. For the reactions leading to intra-molecular reconstruction of 
chemical bonds, a system transition state is searched. Further, the path of the system movement along the 
coordinate of the reaction through the obtained transition state (activated complex) is studied. Thus, the 
conformity of the obtained activated complex with the chemical reaction under study is evaluated. The 
activation energy of the process is calculated as a difference of the energies of the activated complex and 
the initial state taking account of the energy of zero-vibrations. This magnitude is at the same time a 
criterion of the probability of the process occurrence. If the activation energy is higher then 300 kJ/mol, 
then the probability of the process occurrence is very small even for a very large value of the 
preexponential factor. The calculation of the preexponential factor is based on the analysis of the 
statistical sums of the transition state and initial molecular fragments or reaction centers.  

When the reactions lead to the separation of molecular fragments, the activation energy is 
estimated as a difference between the sum energy of the isolated from each other molecular fragments 
formed due to the reaction and the energy of the initial state. In this case, the minimization of the energy 
of the generated molecular fragments is not performed, which leads to a higher estimate of the energy. On 
the other hand, the energy of the transition state is a little higher than the sum energy of the generated 
fragments. Then both the approximations partially compensate each other. 

For the quantum chemistry calculations the following methods were used: 
- ab initio methods in the bases of TZV, G-31G and 3-21 G with the use of polarization functions; 
- the semi-empirical methods SM3 [4] and MNDO [8]; 
- the methods of molecular dynamics with molecular-mechanical potentials MM+. 

For the estimation of reaction centers and the rates of elementary reactions with the participation 
of the above centers, the software products developed within the framework of the theory of an activated 
complex and spatial-energy parameters for the determination of k0 and Ea were used as additional 
independent methods. Comparison of various methods for the calculation of kinetic parameters allows, on 
one hand, to evaluate the reliability of the results obtained while the experimental data are absent or their 
inconsistency and, on the other hand, to show the most efficient calculating models which fully and 
adequately reflect the picture of SP burning and are in good agreement with the well-known theories and 
established facts. 

The sequence of the calculating experiments with the use of respective set of equations is as 
follows: 
1. With the help of the spatial-energy parameters, the distribution of the components and phases in the 
blended fuel with a compound composition is evaluated and the fragments on the phase interface and 
between the components are determined. 
2. With the use of semi-empirical quantum-chemical calculations, the energies of the interaction of 
individual molecular fragments are calculated in order to determine possible reaction centers or active 
groups of atoms which can participate in the destruction reaction of octogen and the model blended fuel. 
3. The kinetic parameters ( aE  and 0k ) are estimated for the reactions leading to the intra-molecular 
reconstruction of chemical bonds and biomolecular processes; the efficient activated complex is searched; 
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the direction and conjugation of the processes and the sequence of the reactions are determined. Here the 
combined calculating methods (based on quantum chemistry and molecular dynamics) are used. 
4. For the reactions leading to the separation of the molecular fragments,  aE  and 0k are calculated. 
The calculations are based on the ab initio calculation methods with the use of the software product 
GAMESS. 
5. The adjustment of the aE  and 0k values is entered with regard to the pseudo-potential of the 
surrounding or the addition of collective interactions in a large array of chemical particles; this is done 
with the help of the equations of molecular mechanics. 

The meaning of the last operation is to estimate the influence of the environment on the pair-wise 
interactions. 

Let us consider the determination of the kinetic parameters (stages 3-5) using the octogen 
destruction simulation as an example, since in solid propellants, this substance can be present in large 
amounts (more than 50%). 

The estimations of the kinetic parameters of the elementary reactions which can occur at the 
destruction of the octogen molecule are conducted with the use of the theory of activated complex [3]. 
Such kinetic parameters as the energy of activation aE and preexponential factor 0k  were calculated 
from Arrhenius equation –  
 







−=
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E
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For the reactions leading to the intra-molecular reconstruction of chemical bonds, the transition 

state of the system was searched. Then the path of the system along the coordinate of the reaction through 
the obtained transition state (activated complex) was studied. Thus, the conformity of the transition state 
obtained with the chemical reaction under consideration was evaluated. The energy of the activation 
process is calculated as the difference of the energies of the activated complex and the initial state with 
regard to the energy of zero vibrations. At the same time this magnitude can be a criterion of the 
probability of the process occurrence. The calculation of the preexponential factor was based on the 
analysis of the statistical sums of the transition state and the initial molecular fragments or reaction 
centres according to the equation: 
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where bk is Boltzmann constant; 

h  is Planck's constant; 

actZ  is the statistical sum of the transition state; 

0Z is the statistical sum of the initial molecular fragments. 
For the reactions leading to the separation of the molecular fragments, the activation energy was 

estimated as the difference of the sum energy of the isolated from each other molecular fragments 
generated during the reaction and the energy of the initial state. The minimization of the energy of the 
generated molecular fragments was not conducted in this case, which led to a little increase in the 
estimate of the energy. On the other hand, the energy of the transition state is slightly higher than the sum 
energy of the generated fragments. The both the approximations partly compensate each other. For the 



- 905 - 

estimation of a likely error, the calculations of the transition state and the activation energy of the reaction 
leading to the separation of NO2 from the octogen molecule were conducted with the use of the semi-
empirical method SM3 with regard to the configuration interaction (CI) [4]. Here the estimate of the 
activation energy within the framework of the above approximation is smaller by 16.7 kJ/mol than the 
calculated energy for the transition state found. In addition to aE , the change of the energy, E∆ , caused 
by the reaction was calculated; it represents the difference of the sum energy of the optimized and isolated 
from each other reaction products and the energy of the initial molecular fragments. For the reaction 
leading to the separation of individual groups of atoms from a molecule or a molecular fragment, for 
example, the separation of NO2 from the octogen molecule, the frequency of a broken bond was used as 
preexponential factor according to the approach described in [5]. 

In the Table one can found preexponential factors 0k , activation energies aE , E∆ values for 
various elementary reactions for the octogen molecule destruction. The energy parameters are given in 
kJ/mol, and the rest values are in s-1. 
 

Table. Energy parameters and preexponential factors for various elementary reactions at octogen 
destruction (T = 498.15 K) 

 
Reaction aE  E∆  0k  Reaction aE  E∆  0k  

Separation of 
NO2 from 
structure 1 

157.84 -32.73 1.44Е+13 Separation of HCN 
from structure 2 

(2-9) 

993.39   

Separation of 
NO2 from 
structure 2 

142.62 -100.53 1.40Е+13 transition 
structure 1 – 
structure 7 

280.6 -32.73 1.29Е+12 

Separation of 
NO2 from 
structure 3 

138.61 -26.5 1.40Е+13 transition 
structure 2 – 
structure 8 

330.26 201.27 6.06Е+13 

Separation of 
NO2 from 
structure 4 

125.61 -100.7 1.36Е+13 transition 
structure 1 – 
structure 6 

402.62 -17.22 2.53Е+13 

Separation of 
NO2 from 
structure 6 

(6-11) 

287.92  1.35Е+11 transition 
structure 3 – 
structure 10 

244.86 69.89 9.56Е+13 

 
Based on the table the following conclusions can be drawn: 
At the first stages of the destruction of the octogen molecule (structure 1 in fig. 3), the separation 

of the NO2 fragments takes place. This conclusion is in agreement with the experimental data [6]. The 
activation energy and the preexponential factor 0k for this reaction are in good agreement with the 
experiment; however, it is difficult to compare in all the details since there is a significant spread in the 
experimental values resulting from different techniques of the experiments and specific features of the 
samples under study. The interaction of the separated NO2 fragment and molecular remnant of the 
octogen molecule has been studied further. It is found that for most positional relationships of the 
fragments, a spontaneous passage of the hydrogen atom on the NO2 fragment is observed, which results in 
the formation of a more stable HONO molecule. The structure obtained is a more energy-efficient 
structure than octogen. Thus, the two reactions result in the energy liberation of about 5 kJ/mol. If, in 
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addition, the energy of the interaction of the generated fragments is taken into account, then the value of 
the liberated energy increases up to 32 kJ/mol. 

The separation of the next NO2 fragment is preferable close to the CH group of the molecular 
remnant of octogen (structure 2). This can be explained by the change of the energy state and the related 
alteration of the valence angles. In this case the activation energy is smaller than the energy necessary for 
the separation of the first group NO2, while the separation energy of any other NO2 fragment close to the 
neighboring CH2 groups is larger. A similar mechanism is observed for the case of the separation of the 
other NO2 fragments from the octogen molecule. 

Based on the analysis of the data given in the Table, it should be noted that the largest amount of 
the energy is liberated during the formation of the molecular remnants with an even number of the NO2 
groups, which indicates mutual “balancing” of the remaining groups.  

At some initial arrangements of the molecular remnant of octogen and the NO2 fragment, the 
return of the fragment to the broken bond of the nitrogen atom takes place and the N-O bond is formed. In 
this case, more than 16.7 kJ/mol is liberated. If the separation of NO and NO2 from the fragment under 
discussion takes place, then it leads to a further destruction of the ring. 

Several other reactions were also considered; some of them are given in the Table. They can take 
place in the destruction process of octogen and its fragments. Their rates are significantly lower than the 
above-mentioned ones. The calculations of the reactions leading to the ring destruction show that higher 
temperatures are needed for their occurrence. When two opposed fragments NO2 are separated from the 
octogen molecule, the N-N bond is spontaneously formed (it is shown with an arrow at structure 4). 
 
 

 
 

Fig. 3. Initial stages of the octogen molecule destruction. 
 
 

Thus, the calculations based on the above technique have shown that at the initial stages, the 
octogen destruction happens mainly due to the separation of the NO2 fragments followed by the 
attachment of the hydrogen atoms to them; in this case each successive fragment separates easier and the 
liberated energy significantly increases when a pair of the fragments separates. A molecular fragment 
obtained after the separation of the NO2 fragments is relatively stable. 
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As the above reactions take place in the condensed phase, the environment significantly 
influences their kinetic characteristics. For studying the influence of the environment, a cluster containing 
18 octogen molecules was studied: one of the molecules was surrounded by the others. The arrangement 
of the calculating experiment was as follows: 

At the first stage, the optimization of the energy of the molecular cluster and its molecular-
dynamic simulation based on the molecular mechanics model MM+ [4] were conducted. 

At the second stage, the energy optimization and the calculation of the vibrational spectrum of the 
inner molecule of the cluster in the semi-empirical model SM3 were performed; here the molecules of the 
surrounding were static and their influence was taken into account via pair-wise inter-atomic potentials. 

At the third stage the bond between the molecule and one of the NO2 fragments was broken. The 
NO2 fragment was included into the environment and semi-empirical studies of the molecular remnant 
without NO2 were conducted. 

At the last stage, the quantum-chemical studies of NO2 were made; in this case all the rest 
molecules were supposed to be static. The activation energy for the reaction leading to the separation of 
the NO2 fragment, when the crystalline surrounding is taken into account, is 50% higher than for the 
isolated molecule. At the same time, when the crystalline surrounding is taken into consideration, the 
preexponential factor increases two- to three-fold. These results are in agreement with the results in work 
[7] investigating thermo-chemical properties of the hexogen particles of nano-size in comparison with the 
particles of micron-size normally used. Consequently, the consideration of the crystalline surrounding is 
necessary for solving practical important problems. 

Comparative studies of the activation energy for the separation of the NO2 fragment in the bases 
TVZ and 3-21G were also conducted taking account of the correlation in accordance with the perturbation 
theory MP2 [2]. The difference in the activation energy was about 10%. At the same time, a consideration 
of the reaction for diminished model fragments leads sometimes to qualitatively different results. 

Thus, the approach under discussion for conducting a computing experiment is efficient for the 
prediction of the direction of fast reactions, elementary reactions of the processes of explosion and 
burning at the initial stages of development. It can be also used for predicting the processes in nano-
reactors at heterogeneous catalysis. 
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ABSTRACT 
 
An efficient chemical process of nano-encapsulation has been developed at the French Atomic Energy 
Commission Center of Le Ripault. Structural investigations (SEM, XRD, AFM) have been first 
performed on inert substances and have shown that a lot of ionic or molecular compounds can be 
nanostructured using this method. The organic reducing matrix chosen to encapsulate inert formulations 
has then been used to elaborate energetic compositions with classical oxidizers such as ammonium nitrate 
(AN) or ammonium perchlorate (AP). Solid → solid phase transitions and melting point of AN have been 
studied through thermal analysis (DSC) and delivered precious informations on the compositions 
structure. This tool was also used to study the two main energetic parameters of AN and AP 
nanoformulations: the decomposition energy and the activation energy. Energetic behavior of AP based 
nanoformulations was also compared to this of their corresponding classical particle size formulation: 
nanostructured compositions release more energy than the classical one. This result has been confirmed 
by measuring the dynamic pressure released by the decomposition gases in the impact chamber of a drop-
weight system. Finally, it has been shown that impact sensitivity of AN and AP based nanoformulations 
depends essentially on the intrinsic sensitivity of the oxidizer. 
 
INTRODUCTION 
 

The encapsulation of mineral 
nanoparticles in an organic host matrix is being 
studied at the French Atomic Energy 
Commission Research Center of Le Ripault. As 
part of this study, an unconventional 
encapsulation method has been successfully 
used to structure various chemical compounds 
(ex.: urea, sodium chloride, potassium iodide or 
sodium carbonate) on a nanometer scale. 
Therefore this method is suitable to many 
molecular and ionic species. Extension of this 
process to structure oxidizer particles such as 
ammonium nitrate (AN) or ammonium 
perchlorate (AP) in an organic reducing matrix 
is a mean to produce energetic 
nanocompositions. 
 
1. PRELIMINARY STUDY ON INERT 
COMPOSITIONS 
 

Once the suitable organic matrix has 
been chosen, inert formulations have been 
prepared and characterized using classical 
structural analysis methods: electron scanning 

microscopy, X-rays diffraction and atomic force 
microscopy.  
 

The SEM images (Figure 1) indicate 
that the encapsulated particles have nanometric 
sizes. Sodium chloride particles have a 
tetrahedral shape and present a 100 to 200 nm 
mean size. Atomic force microscopy 
measurements (not shown here) have confirmed 
these preliminary estimations. Potassium iodide 
particles look like needles with a typical section 
of about 200 nm and a length that does not 
exceed 600 nm. These qualitative observations 
have been quantitatively confirmed by XRD. 
The elementary crystallites mean sizes have 
been estimated using Scherrer equation 1. The 
results are summarized in Table 1. 
 

When the mineral phase weight ratio 
exceeds 40 w%, all species are nanostructured 
whatever their chemical nature. The elementary 
crystallites size is then close to 35-50 nm and 
doesn’t seem to depend on the encapsulated 
mineral phase proportion. However, a low 
mineral phase weight ratio leads sometimes to 
amorphous materials. It can also be noticed that 
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the elementary crystallites mean sizes measured 
by XRD are smaller than those of the particles 
observed by SEM. This can be explained by 
considering that the particles seen on a SEM 
image may consist in polycrystalline aggregates. 
It can also be assumed that part of the 
nanoparticles are too small to be distinguished 
from the organic reducing matrix in which they 
are trapped. 
 
 
 
 
 

 w% Size (nm)
20 A 
40 C 50 

KI 

60 C 35 
20 A 
40 C 50 

Urea 

60 C 50 
Na2CO3 73 C 35 

NaCl 85 C 50 
Table 1. Elementary crystallites mean sizes of 
different nano-encapsulated mineral species 
evaluated by XRD. A: amorphous, 
C: crystallized.

Figure 1. SEM observations of nanoformulations containing 85 w% NaCl (a) and 60 w% KI (b). 
 

 
2. STUDIES ON ENERGETIC 
COMPOSITIONS 
 

Seeing these first promising results, the 
process has been applied to encapsulate oxidizer 
mineral particles (ammonium nitrate and 
ammonium perchlorate) in the same reducing 
matrix. Structural characterizations are under 
way but reactive experiments (DSC, drop-weight 
impact) already provide evidences of the 
influence of the nanostructuration on the 
energetic behavior of these materials. 

 
The synthetic process we developed 

provides not only the oxidizer nanostructuration 
but also an accurate adjustment of its weight 
ratio in the composition (between 0 and 95 w%). 
Thereby, the influence of the oxygen balance on 

the energetic properties of the nanocomposition 
can be studied. The nanostructuration impact 
itself can be evaluated by comparing the 
energetic behavior of a nanocomposition with 
the energetic behavior of its corresponding 
classical particle size powder mixtures. 
 
2-1. Structural analysis by DSC 
 

It is well-known that AN exhibits 
several solid → solid phase transitions before 
melting (Tm = 169°C) and decomposing (onset 
temperature ≈ 210°C) 2,3. Four AN based 
formulations with varying oxygen balances have 
been synthesized and studied by DSC to 
estimate the incidence of the oxidizer structure 
on its phase transitions. 

(a) (b) 
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Figure 2. DSC curves of AN nanocompositions with varying oxygen balances. 

 
 

 
Figure 3. Energy (Joule per AN g) of the AN δ → ε phase transition as a function of AN weight ratio. 

 
 

 w% AN 94 84 73 60 
 Oxygen Balance vs CO2 (%) +9 0 -17 -33 

Nanosized compositions 169.0 165.6 162.5 158.9 Melting point (°C) 
Classical particle size formulations - 168.0 167.5 - 

Table 2. AN melting point as a function of AN weight ratios of the compositions. 
 
 



- 912 - 

The study of the first part of DSC 
curves, that is before the exothermic 
decomposition, allows us to determine the AN 
phase transitions energies by integrating the 
corresponding endothermic peaks (Figure 2). 
For example, the energy of the AN δ → ε phase 
transition has been calculated and normalized to 
the AN weight ratio of each composition 
(Figure 3). 

 
In the case of classical powder mixtures, 

this energy doesn’t depend on the AN weight 
ratio and is equivalent to the energy needed by 
the δ → ε phase transition of pure AN. It shows 
that all AN is under crystalline form. But in the 
case of nanocompositions, this energy sharply 
decreases under an AN weight ratio of about 80 
w%. The same phenomenon is observed in the 
same proportions for the β → γ phase transition. 
This means that only a part of the AN is 
crystallized and can undergo a solid phase 
modification. These results are in good 
agreement with the previous XRD data obtained 
on inert compositions where it was impossible to 
detect an organized structure for low mineral 
phase weight ratios. 

 
It should also be noticed that the lower 

the AN mass ratio in the nanocomposition, the 
lower the AN melting point. It is not the case for 
classical particle size formulations (Table 2). It 
is known that in the nanometer range, the 
melting point depression is directly connected to 
the melting particles size 4,5. Therefore, the 
observation of such a behavior from the studied 
nanocompositions indicates firstly that AN 
particles are nanometric and secondly, that the 
more dispersed AN in the reducing matrix the 
smaller the particles. 

 
These first interesting results have to be 

confirmed by structural analysis (XRD, SEM, 
…). Nevertheless, we have shown that DSC is a 
mean to obtain first indications on the structure 
of such nanocompositions. However, this device 
can not help us for AP based nanoformulations 
as it doesn’t melt before its decomposition and 
its only solid phase transition (T ≈ 240°C ) 
occurs during the decomposition. 

 

2-2. Reactive characterization 
 
2-2-1. Thermal analysis by DSC 
 

The study of the decomposition 
exotherm of AN and AP based formulations 
gives access to the following energetic 
parameters:  
- decomposition onset temperature, 
- decomposition energy, by integration of the 

exothermic peak, 
- activation energy from Ozawa method 6,7. 
 

DSC curves (c) and (d) of Figure 4 
suggest that AN based formulations decompose 
by deflagration. This deflagration process is 
characterized by a very narrow exothermic peak 
whose maximum is followed by a small decrease 
of the sample in temperature (see zoom). On the 
contrary, the thermal decomposition process of 
AP based formulations is very slow and 
complex: it's a tangled interplay of several broad 
exotherms (see curves (a) and (b)). The thermal 
decomposition characteristic values which 
depend on the formulation (oxygen balance and 
structure) are detailed in Table 3. 

 
Concerning AN based formulations, a 

simultaneous decrease of the onset temperature 
and activation energy is observed with the 
decrease of the oxygen balance. This is typical 
of a thermal sensitivity increase. Moreover, the 
amount of energy released by the decomposition 
process grows with the reducing agent (fuel) 
weight ratio. This trend seems obvious as the 
available energy per mass unit of the reducer is 
about 4 kJ.g-1. At last, no significant difference 
is observed between nanosized and classical 
particle size formulations. This result is not 
surprising because for all AN formulations, 
whatever the structure, the decomposition occurs 
when AN is liquid. As a result, the potential 
benefit of the solid nanostructuration of AN on 
energetic properties vanishes before the 
exothermic phenomenon takes place and 
therefore can not be pointed out by DSC 
analysis. 
 

On the contrary, AP is able to interact 
with the reducing matrix in a solid state. So, it’s 
possible to distinguish clear behavior differences 
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as a function of the composition structure. In 
fact, whatever the oxygen balance, nanoscaling 
the AP involves a decrease of the onset 
temperature and activation energy values. The 
thermal sensitivity is then increased. In addition, 
nanosized formulations release more energy than 
classical ones during their decomposition. This 
energy gain is presumably tied to a better 
combustion of the nanocompositions in which 
the oxidizer and the reducing matrix have a 
much greater contact surface. 
 

To conclude, the thermal analysis shows 
that AP based formulations are less sensitive and 
present better energetic properties than AN 
based compositions. However, the differences 
observed give us no mean to predict any 
enhancement, due to the nanostructuration, of 
the energetic behavior during detonation. The 
use of a drop-weight apparatus to measure 
impact sensitivity and reactivity can help us to 
collect more realistic data on these new 
formulations.

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. DSC curves at 10°C.min-1 of compositions with BO vs CO2 = 0; (a): classical formulation with 
AP, (b): AP nanocomposition, (c): classical formulation with AN et (d): AN nanocomposition. 
 

   Onset temperature 
(°C) 

Decomposition 
energy (J.g-1) 

Activation energy 
(kJ.mol-1) 

 %w BO vs CO2 (%) Nanosized Classical Nanosized Classical Nanosized Classical
100 +20 (1) (2) (1) (2) (1) (2) 
94 +9 238 (3) 177 (3) (3) (3) 
84 0 193 191 868 861 242 243 
73 -17 186 186 1839 1831 164 158 

AN based 
formulations 

60 -33 173 (3) 1862 (3) 153 (3) 
100 +34 (1) 421 (1) 720 (1) (3) 
76 0 244 292 2400 1689 111 145 
61 -23 248 295 3230 1936 115 137 

AP based 
formulations 

54 -33 247 294 3150 2120 107 130 
Table 3. Energetic parameters of AN and AP based formulations: nanosized vs classical particle size. (1): 
values corresponding to pure nanosized AN and AP can not be determined. (2): experimental conditions 
of the study (Patm) can not lead to an exothermic decomposition of NA. (3): energetic parameters have not 
been evaluated. 

 

T(°C) 

T(°C) 

(a) 

(b) 

(c) 

(d) 

Zoom 
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AN based formulations AP based formulations 
 Nanosized  Nanosized Classical size 

OB vs CO2 (%) H50 
(mm) 

Pmax 
(bars) 

OB vs CO2 (%) H50 
(mm) 

Pmax 
(bars) 

H50 
(mm) 

Pmax 
(bars) 

+20 (pure AN ; classical size) 1924 0.37 +34 (pure AP) - - 522 0.60 
0 1750 0.85 0 407 2.19 395 1.50 

-17 1411 0.89 -23 380 1.80 411 1.37 
-33 1303 0.81 -33 314 1.51 373 1.00 

Table 4.  Drop-weight results : AN and AP based formulations. 
 

2-2-2. Impact Sensitivity and reactivity 
 

The impact response of the studied 
materials has been investigated using a drop-
weight system. This apparatus consists of a 10 
kg mass which drops from a height up to 2.5 m 
on a 30 mg sample. The height H50 for which 50 
% of impacts lead to a decomposition was 
evaluated by the classical up-and-down method. 
In addition, the maximal pressure Pmax released 
by the decomposition gases was measured in the 
closed impact chamber of the apparatus. These 
pressure values were used to estimate the impact 
reactivity of the sample. 

 
Table 4 summarizes the drop-weight 

results for AN and AP based formulations. It 
shows that the formulations sensitivity depends 
essentially on the intrinsic oxidizer sensitivity. 
Thus, AN compositions are much less sensitive 
than AP based formulations. In addition, two 
trends appear. Firstly, H50 decreases with the 
oxygen balance. Secondly, the smaller the 
thermal activation energy the weaker the H50. As 
a conclusion on the studied materials, a 
thermally sensitive composition will also be 
impact sensitive. 
 

Moreover, during decomposition, AP 
based materials generate a widely greater 
pressure than AN formulations. This result is in 
good agreement with DSC measurements of the 
decomposition energies (see Table 3). For AP, 
whatever the oxygen balance, the pressure 
released by the decomposition process is higher 
in the case of nanosized formulations. Once 
again, this trend agrees with DSC results: 
nanostructuration allows a more complete 
decomposition of the formulation. 
 

CONCLUSIONS 
 
 A new encapsulation process allowing 
nanostructuration of a large number of molecular 
or ionic materials in an organic matrix has been 
developed at the French Atomic Energy 
Commission Research Center of Le Ripault. 
XRD, SEM and AFM diagnostics have been 
used to demonstrate that inert substances can be 
nanodispersed. The same process has been 
applied to encapsulate oxidizers like AN or AP 
in a reducing matrix and thereof formulate 
energetic materials. DSC analysis of these 
compositions give first indications on the 
nanodispersion of the oxidizer in the matrix. 
 

On an energetic point of view , AP 
based formulations appear to be more interesting 
than AN ones. A comparative study on the 
thermal and impact behaviors of the different 
sized energetic AP formulations has shown that 
nanocompositions are more energetic than their 
corresponding classical particle size 
formulations. Shortly these energetic materials 
will be subjected to new tests which will enable 
us to determine the incidence of the 
nanostructuration on explosive performances. 
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ABSTRACT 
 

A mixture of tri-n-butyl phosphate (TBP) and nitric acid is used in the PUREX method for reprocessing 
spent nuclear fuel. The objective of the present study is to obtain a better understanding of the explosion 
propagation characteristic of TBP/Fuming Nitric Acid (FNA) as a worst hypothetical condition, and the 
detonability of TBP/3M HNO3 as a similar condition in the actual PUREX process. The condition of 
detonation propagation in the cylinder and wedge assembly was photographed by streak camera and 
framing camera, and detonation velocity was determined. The result was compared with the calculation 
result using thermochemical code. The dark wave, a phenomenon that is observed common in liquid 
explosives, was exhibited in the detonation propagation of TBP/FNA mixture. It was thought that the 
reinitiation in the dark wave takes an important role in ease of the detonation propagation of TBP/FNA 
mixture. 

The detonability of TBP /3M HNO3 coordination compound was evaluated by applied a shock stimulus, 
and the detonation was not found. 

 
 

1. INTRODUCTION 
 

The Plutonium and Uranium Recovery by Extraction (PUREX) method is a solvent extraction 
technology that is primarily used in nuclear fuel reprocessing. The mixture of Tri-n-butyl Phosphate (TBP) 
and nitric acid is used in the separation and extraction of uranium and plutonium from spent nuclear fuel. 
When heated for a prolonged period, the mixture of TBP/nitric acid can form a ‘red oil’, a highly dense, 
energetic, and organic-based material. Red oil is thought to have been the origin of accidental explosions in 
reprocessing plants at Tomsk-7 (Russia, 1993), Savannah River (USA, 1953 and 1975), and Hanford (USA, 
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1953). TBP/nitric acid mixture is thought to present a potential explosion hazard. 
The Defense Nuclear Facilities Safety Board of the United States summarized that there are four 

necessary conditions for the formation of red oil 1): (1) the presence of TBP in organic phase, (2) the organic 
phase is in contact with nitric acid of greater than 10 M, (3) the solution temperature is greater than 130°C, 
and (4) the venting area is insufficient.  

Our previous studies focused on the evaluation of the explosion hazards of TBP/fuming nitric acid    
(FNA, 19.4 M) mixture in assumption of a worst hypothetical condition 2). Three parameters of the 
explosion hazards of TBP/FNA have been examined: ease of propagation of the explosion, violence of the 
explosion, and the ease of occurrence of explosion. The ease of propagation of the explosion has been 
evaluated by measurement of a critical thickness of detonation propagation via the wedge method 3). The 
violence of explosion has been evaluated by measurement of the explosion strength via underwater 
explosion tests 4). The ease of occurrence of explosion has been examined by measurement of the shock 
initiation sensitivity via the card-gap test 5). It was found that the explosion hazard of TBP/FNA mixture is 
similar to those of liquid explosives. The explosion hazard of the mixture is higher than that of nitromethane. 
However, the study of the detonability of TBP/3M HNO3 coordination compound, which is used in the 
actual PUREX process, was not studied yet. 

The objective of present study is to obtain a better understanding of the detonation propagation 
characteristic of TBP/FNA mixture and the detonability of TBP/3M HNO3 coordination compound. The 
complete knowledge concerning this material should be understood, because some commercial use 
reprocessing plants is operated today. 

 
 
2.  EXPERIMENTAL METHOD 
 
2. 1 Sample  
 

TBP ((CH3(CH2)3O)3PO, extra pure reagent), nitric acid (conc. 60 wt.%, guaranteed reagent) and  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 Synthesis method of TBP/HNO3 coordination compound 
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fuming nitric acid (FNA, conc. 94 wt.%, guaranteed reagent) were used as the samples. The materials were 
obtained from Nacalai Tesque Inc., Japan. 

The synthesis of TBP/3M HNO3 coordination compound is shown in Figure 1. TBP and 10 N 
HNO3 solutions were mixed in equal volume and were stirred for 30 minutes at room temperature. The 
solution was allowed to set for 1 hour until the separation into a water solution and an organic solvent 
solution was complete. They were separated in different beakers. The concentration of coordinated nitric 
acid in the solvent was determined by the titration method. As a standard solution, 1 N NaOH solution was 
used, and phenolphthalein was used as an indicator. Nitric acid at a concentration of 3 M should be obtained. 
This concentration is the concentration of the coordination nitric acid that solved into TBP. 
 
 
2. 2 High-speed photography 
 

High-speed camera photography was conducted using a streak camera  (Cordin Co. Ltd., Model 
116, writing speed: 2.5 mm·µs-1, slit width: 100 mm at the center of sample) and a framing camera 
(Imacon200, DRS Hadland Camera Co. Ltd., 16 fully independent frames, frame interval: 2 µs). An argon 
flash was used as a background light for the streak camera photography, and a strobe (PE560MGN, 
National Co. Ltd., G.N. 56, flash time: 1/750 s) was used for the framing camera photography. 

Detonation propagation of TBP/FNA in a cylinder and wedge assembly was photographed. For 
the cylinder assembly, a clear polyvinyl-chloride pipe with diameter of 20 mm was used (Figure 2 a). The 
mixture was ignited using a booster (pentolite, 10 g, Chugoku Kayaku Co. Ltd.) and an Exploding Bridge 
Wire (EBW) detonator (PETN 0.8 g, Nippon Kayaku Co. Ltd.) at ambient temperature. 

For the wedge assembly, a wedge shape of two glass plates (5 mm in thickness) was confined with 
two aluminum alloy plates (10 mm in thickness). The camera view was conducted from the side of the glass 
plate. The mixture was ignited using a booster (Pentaerythritol tetranitrate/silicon rubber 
(PETN/SR)=75/25 wt.%, 34 g) and an EBW detonator at ambient temperature. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 Schematic diagram of (a) cylinder and (b) wedge assembly of TBP/FNA  mixture 
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2. 3. Detonability test of TBP/3 M HNO3 coordination compound 
 

The detonability of TBP/3M HNO3 coordination compound was investigated using a similar 
assembly of card gap test without the gap (Figure 3). A steel witness plate of 2 mm in thickness was 
clamped to the charge assembly using a ring and a screw. An EBW detonator and a booster (pentolite, 34 g) 
were used for initiation. The test result was assessed on the basis of the damage level of the witness plate 
after firing. As a comparison, water as an inert material, was used. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3 Schematic diagram of detonability test of TBP/3M HNO3 coordination compound 

 
 
3.  RESULTS AND DISCUSSION 
 
3. 1. Detonation propagation characteristic of TBP/FNA mixture in polyvinyl chloride pipe 
 
 The streak camera photography was used to graph the relation between distance and time of 
detonation propagation, and to determine the detonation velocity. The black circles in Figure 4 show the 
detonation velocities of TBP/FNA with various mixture ratios in the polyvinyl chloride pipe 6). The 
detonation velocity is the highest at stoichiometry (TBP/FNA=22/78 wt%) and decreases as the mixture 
ratio deviates from stoichiometry. TBP/FNA did not explode when TBP concentration was smaller than 13 
wt% or was higher than 36 wt%. It is considered that when the TBP concentration was less than 13 wt.%, 
the concentration of FNA as an oxidant, was not enough, and when the TBP concentration was more than 36 
wt%, the TBP and FNA separated, and preventing the mixture from exploding. 

The calculation result of shock velocity at the CJ condition, as determined by the Cheetah 2.0 
thermochemical code 7), is shown by the solid line. The calculation and the experimental results show same 
tendency. However, the calculation result was higher, by a maximum of 10%, than the experimental result. 
This is thought to be due to the effect of the diameter charge, since the calculation was applied under the 
assumption of infinite diameter charge.  

Steel plate (2t)

TBP/FNA

Detonator

Pentolite
booster

Sand weight

D 31 mm

D 38 mm

80
 m

m
50

 m
m

30
 m

m

D 100 mm

Clamp

 
 



- 921 - 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4 Detonation velocity of TBP/FNA in the cylinder and wedge assembly 

 
 
3. 2. Detonation propagation characteristic of TBP/FNA mixture in the wedge assembly 
 
 Figure 5 shows negative film of streak photograph of detonation propagation in TBP/FNA 
mixture in the wedge assembly. Reacted area is shown in white area, and unreacted area is shown in black 
area. From this picture, the relationship between distance and time was plotted in Figure 6. It was found that 
at stoichiometry, the detonation propagated with stability, but, at mixture ratios of 13/87 wt.% and 36/64 
wt.%, the detonation propagation became unstable after a certain thickness. At stoichiometry, detonation 
failure was observed at a sample thickness of 0.4 mm. It was similar to the result obtained via the wedge 
method of 0.5-0.6 mm, which was determined from the dent of Al recording plate 3). However, the 
detonation failure could not be observed exactly for the 13/87 wt.% and 36/64 wt.%. 

The detonation velocity in the wedge assembly was determined by fitting the stable area of 
detonation propagation (Figure 5) and was plotted with respect to the concentration of TBP (white cyrcle of 
Figure 4). The tendency of detonation velocity in the polyvinyl chloride pipe and the wedge assembly were 
similar, but the detonation velocity in the wedge assembly tends to be higher than that in the polyvinyl 
chloride pipe. This is thought to be due to higher confinement of the Al material in the wedge assembly, 
which causes the higher detonation velocity. 
 
 
 
 
 
 
 
 
 
 

Figure 5 Streak photograph of detonation propagation of TBP/FNA mixture in the wedge assembly 
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Figure 6 Relationship between distance and time of detonation propagation of TBP/FNA in the wedge  
 

The result has shown that the detonation propagation became unstable when the mixture ratio 
deviated from stoichiometry and the charge thickness became small. A relationship is thought to have 
existed between the instability observed from the photography and the dark wave lines on the Al recording 
plate in the previous study 3). Figure 7 shows the Al recording plate after the firing of TBP/FNA (22/78 wt% 
and 13/87 wt%). The number of dark wave lines was higher for TBP/FNA (13/87 wt%) than for TBP/FNA  
(22/78 wt%). This is thought that the instability of the detonation propagation of TBP/FNA is due to the 
increase in the number of the dark waves. 

The existence of the unreacted area between the reacted areas were observed in the photographs 
using the framing camera and the streak camera (Figure 8). This evidence exhibits the existence of dark 
waves in the detonation propagation of TBP/FNA mixture. Detonation failure is determined based on 
whether the reinitiation of the darkwave occurs, and independent on the detonation velocity 8,9). Since the 
reaction zone of liquid explosives is very small and the confinement of the Al wedge assembly was high, 
the reinitiation in the TBP/FNA mixture is thought to occurs easily. This is why the critical thickness of 
TBP/FNA is very small, and is independent on the mixture ratio. 

 
 

 
 

 
 
 
 
 
 
 
 

 
Figure 7 Dark waves on the Al recording plate 
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Figure 8  (a) Framing photograph and (b) streak photograph of the dark wave phenomenon                               
in the detonation propagation of TBP/FNA in the wedge assembly 

 
3. 3. Detonability of TBP/3M HNO3 coordination compound 
 

In order to examine of occurrence of detonation of TBP/3M HNO3 coordination compound, the 
thermochemical calculation was conducted separately. The result indicates that a CJ pressure of 3.59 GPa, a 
CJ shock velocity of 4.18 km/s, and a total energy of detonation of 1.06 MJ/kg. As a reference, for 
TBP/FNA , at stochiometry, the CJ pressure is 14.34 GPa, the CJ shock velocity is 6.85 km/s, and the total 
energy of detonation is 5.32 MJ/kg. Based on this result, it can be estimated that the TBP/3M HNO3 
coordination compound has a potential of detonation, even the detonation strength is lower than that of 
TBP/FNA.  

Figure 9 shows a picture of the witness plate after firing of water and TBP/3M HNO3. There was not so 
differenence between the dent depth for water and TBP/3M HNO3 coordination compound. It is 
demonstrated that TBP/3 M HNO3 was not detonated using high initiation energy of 34 g of pentolite. The 
effect of the concentration of coordinated nitric acid and the initiation energy should be investigated in 
future studies. 
 
 
 
 
 
 
 
 
 
 

Figure 9 Photograph of the witness plate after firing of TBP/3M HNO3 coordination compound 
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4.  CONCLUSIONS 
 
 Explosion hazards of tri-n-butyl phosphate (TBP)/nitric acid mixtures have been investigated. As 
a worst hypothetical condition, the detonation propagation characteristic of TBP/fuming nitric acid (FNA) 
and, as a condition similar to the PUREX process, the detonability of TBP/3 M HNO3 coordination 
compound has been evaluated. 

The detonation velocity is the highest at stoichiometry (TBP/FNA=22/78 wt%) and decreases as 
the mixture ratio deviates from stoichiometry. The calculation result of shock velocity at the CJ condition, 
as determined via Cheetah 2.0 thermochemical code shows same tendency to the experimental result of 
detonation velocity. The detonation propagation in the wedge assembly became unstable when the mixture 
ratio deviated from stoichiometry, and the charge thickness became small. It is thought that the dark wave 
phenomenon and occurrence of reinitiation would determine the ease of explosion of TBP/FNA. 
 The TBP/3M HNO3 coordination compound was found to be safety material. It was not detonated 
using high initiation energy. 
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1 ABSTRACT 
The use of laser initiation for explosives is not new. Research and development in this field began 

more than thirty years ago, mainly in the USA. Up to now, few Laser Initiated Systems for Ordnance 
have been used except on US defense programs and for space applications on the Boeing Sea Launch 
Vehicle; in Europe no space experiment has been done in this field of activity. 

However, the improvements of photonics have made feasible the replacement of conventional 
ordnance firing system using EEDs (Electro-Explosive Devices). But prior investing national agency 
development funding, it is necessary to demonstrate that the advantages (mass and cost savings) of a 
Laser Initiation Systems are significant. At system level, analyses shall also be performed to assess the 
impact of this technology on reliability, safety and AIV (Assembly Integration Verification) operations.  

For spacecrafts applications, CNES Toulouse has supported laser initiation studies since 1995. 
Laser Initiator and Detonator and a Laser Firing Unit have been developed and validated for the 
"PYROLASER" in flight experiment on board of the CNES micro-satellite DEMETER. This paper 
reviews the status of these activities. 

2 THE ELECTRO-EXPLOSIVE SYSTEMS ON SATELLITES 

2.1 APPLICATION 

The following table presents the main platforms developed for satellites during the last ten years 
in France. Between brackets are the names of the satellites selected as a reference for the trade off 
between electro-explosive and laser initiation systems [reference documents (1) & (2)]: 

SATELLITE PRIME 
CONTRACTOR TELECOM SATELLITE 

EARTH 
OBSERVATION 

SATELLITE 
SCIENCE SATELLITE 

Spacebus 3000B2 (Eutelsat 24)   

 Spacebus 3000B3 (Astra1K)   ALCATEL SPACE 

  Proteus (Jason) 

Eurostar 2000+ (Hotbird 4)   

Eurostar 3000 (Intelsat 10)   
EADS ASTRIUM 

 
(Spot 5) 

(Hélios 2) 
 

Table 1 : Reference satellites for system analyses 
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2.2 DEFINITION 

The electro-explosive system for satellites consists of two independent circuits used in 
redundancy. Each channel is dedicated to the generation and the distribution of the firing current pulse to 
the pyrodevices. This Electro-Explosive Firing Unit performs the distribution of the electrical firing 
cables to the SAFE/ARM connector of the satellite, when the SAFE Plug is fitted all the electro-explosive 
lines are short circuited. The insertion of the ARM Plug on the Safe/Arm connector insures the electrical 
continuity with the electrical cables connected to the EEDs.  

2.3 ARCHITECTURE 

The electro-explosive architecture of the CNES STENTOR satellite is presented hereafter. All the 
satellites have a similar architecture, the difference consists in the number of lines; the number of 
electrical safety barriers and their type (electromechanical or MOSFET relays). 

 

Figure 1 :  Electro-Explosive architecture of the CNES "STENTOR" satellite 
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2.4 MASS BUDGET 

The mass budget is performed between the Electro Explosive Firing Unit and the EEDs. 

In a first approach, we consider that the following items are not taken into account in the mass 
analyses:  

• The attachment points of the electrical harness on the satellite structure; similar items are 
necessary for optical harness. 

• The Electro Explosive Firing Unit; because all the electronic and safety functions are 
similar for a laser initiation application. The components such as laser diodes and optical 
connectors shall be added they will account in the global mass budget. 

Satellite 
Number of 
Ordnance 
Channels  

Multi pin 
connectors 
mass 

Electrical harness
(length) / mass 

EEDs 
connector 
mass  

TOTAL 
MASS 

SB3000 B2 66 1.12 kg (370 m) 4.1 kg 1.65 kg 6.9 kg 

SB3000 B3 116 1.23 kg (668 m) 7 kg 2.9 kg 11.1 kg 

PROTEUS 16 0.11 kg 1.52 kg 0.4 kg 1.67 kg 

EUR 2000+
 40  0.6 kg  (196m) 2.9 Kg 1.16 kg  4.7 kg 

EUR 3000 68  3.5 kg (550m) 8.2 kg 1.7 kg 13.4 kg 

SPOT5 30 2.25 kg (262m) 5.3 Kg 0.87 kg 8.42 kg 

HELIOS2 42 1.65 kg  (402 m) 8,1 kg 1.22 kg  11 kg 

Table 2 : Mass budget of electro-explosive systems 

3 ARCHITECTURE OF A LASER DIODE INITIATION SYSTEM 

3.1 PRELIMINARY OPTICAL BUDGET 

The first objective is to reduce the number of optical interfaces, by similarity with electro-
explosives architecture, it is possible to limit these interfaces to:  

• A pair of optical connectors between the laser source and the satellite optical harness 

• A pair of optical connectors for the Optical Safe /Arm connector  

• A pair of optical connectors between the satellite optical harness and the laser initiators 
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The maximum optical losses and the laser diode power output at initiator interface are determined 
for the reference conditions and also for the worst conditions by cumulating the effects of dispersion on 
the laser source power, the temperature influence; the optical connectors performances, etc,… 

The results are shown in the table bellow:  

Interfaces 
Optical losses 
reference case 
(dB) 

Power 
remaining 
(%) 

Optical losses 
worst case (dB) 

Power 
remaining 
(%) 

Laser Source/ Satellite harness 0.5 89.1 1 79.4 

SAFE/ARM Connector 0.5 89.1 1 79.4 

Harness /Initiator 0.5 89.1 1 79.4 

Optical Fiber(< 16m) 0.064 98.5 0.064 98.5 

Design Margin 0.3 93.3 0.5 89 

TOTAL  at initiator interface 1.864  65% 3.564  43,9% 

Tableau 3 : Optical budget for a laser initiation system 

These data are used for the selection of the laser diode. 

3.1.1 LASER DIODE POWER OUTPUT REQUIREMENTS 

The laser initiators developed under CNES contract [Reference (3)] have the following characteristics:  
 

•  “All Fire” optical power : 250 mW for 0.9999 reliability @ 95%confidence level 
_temperature  range +150°C to -160°C 
• “No Fire” optical power : 12 mW for 0.9999 reliability @ 95%confidence level 
• optical pulse duration : 10 ms 
• optic fiber diameter : 62.5 to 100µm 

Note: these values shall be confirmed on initiator production lots.  
 

The optical power budget for the laser diode is determined hereafter: 

 
Reference 
case 

Worst case  

Power requirement for Initiator firing 0.25 W 0.25 W 

Design margin recommended ( ISO 14304) 1.20 1.20 

Power remaining % 65 43.9 

Laser diode power output  460 mW 684 mW 

Table 4 : Laser diode output power requirements 
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3.1.2 THE LASER DIODE DRIVE UNIT 

« Off the shelf » laser diodes are compliant with the optical power requirements. A one Watt laser 
diode requires a drive current of 1,2 Amps. For the satellite batteries with a 28 to 32 Volts incoming DC 
voltage, the instantaneous electrical power is 32 W when firing a laser diode compared to the 140W up to 
200W delivered for an electro explosive firing. 

The design of the laser diode drive system is not critical. The drive circuit shall deliver a constant 
current thanks MOSFET technology for example. Precautions shall be taken to prevent damage to the 
laser diode from switching transients. 

3.1.3 DESIGN OF LASER DIODE INITIATION SYSTEM  
The design is similar to an electro-explosive system. An example of a conservative design based 

on the use of one laser diode for each laser initiator is shown below: 

 

Laserdiode
 Drive system

other
 
channels +5V

+5V Converter 
  DC/DC 

Electronic board   

relays 5V/3Aon

relay  5V/3Aon
Power Bus 

Battery 
Laser
Initiator

SAFE/ARM 

Optical
 Connector 

Optical 
  Fiber 

 (1  à  16 m) 

FeedThrough 
  connector 

Optical
Connectors 

Figure 2 : Laser diode initiation system  - "Conservative architecture" 

A trade off of different designs was performed and their respective advantages and disadvantages 
are outlined. 

3.1.3.1 HIGH POWER LASER DIODE AND OPTICAL SPLITTER 

The design presents some disadvantages such as:  

• The simultaneous initiation of different pyro-devices of the satellite 

• The high power laser diodes are expensive 

Multi-fiber cable and 
multi-channel connector 

Pyro
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Pyro
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3.1.3.2 MEDIUM POWER LASER DIODE AND OPTICAL SWITCHES 

Pyro
Pyro

Pyro
Pyro

Laser

2~5W 

Single fiber optical Cable and
optical switch  

The development of photonic components such as optical switches offers the advantage to reduce 
the mass budget and also the cost of the laser diode initiation system.  

Mechanical and thermal tests representative of space environment conditions are in progress on 
optical switches for CNES (French Space Agency). The optical switch may be used also as a safety 
barrier for the laser emission. 

This architecture is considered as the most attractive for satellite and launcher applications but 
need development and qualification effort.  

4 TECHNICAL CONSIDERATIONS 

4.1 RELIABILITY 

The reliability analysis of a laser initiated system requires the knowledge of different parameters.  

The data available in MIL-HDBK-217F for reliability purpose are: (FIT = Failure In Time = 
number of failure for 109 hours of functioning):  

• Optical fiber : 100 FIT / km 

• Optical connector : 100 FIT 

• Laser diode: 1500 to 4000 FIT but the laser diode is mainly OFF; it is considered a value 
of  4000/10 = 400FIT max. 

• electromechanical relay : 0.3 FIT 

• cable + crimping : 0.07 FIT 

Compared to an electro-explosive system, the main difference is the laser diode added in series. 
But the operating time of the laser diode is very short (10 ms), then the reliability figures are better than 
0.999 that means similar to the reliability required for the TELECOM platforms. 

4.2 SAFETY CONSIDERATIONS 

This paragraph addresses the problem of the safety barrier on the optical lines and its necessity. 
The comments are based on the Eastern Western range requirements (USAF- EWR 127-1) that specifies:  

Independently of the number of electrical barriers on the drive system of the laser diode: 

1) an electrical safe connector for the Laser Diode Drive Unit; 

2) the requirement for a barrier depends on the criticality of the feared event :  
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• Catastrophic: an « Ordnance » or « Optical » Safe/Arm device is mandatory. ex ; : 
Initiation of a solid propellant motor or a mortar :  

• Critical: no optical barrier required on the optical path. ex. : antenna or solar 
generator release , etc… : satellites applications ) 

For TELECOM and Earth Observation satellites no catastrophic hazards are identified by Range 
Safety. Moreover, optical barrier could be required for science missions with probes release or using 
mortars.  

4.3 EMI/RFI AND ESD CONSIDERATIONS 

The analyses of the behavior of a laser initiated system to the EMI (Electro Magnetic 
Interference)/ RFI (Radio Frequency Interference) and ESD (Electro Static Discharge) environment does 
not highlight critical points for satellite applications.  

Optical transmission enables to eliminate the constraints of electrical shielding. The rules in use 
for the design of electronics for satellites shall be applied to the assembly containing the laser drive 
system. This Faraday cage protects the system from electromagnetic fields and electrostatic discharge. 

5 MASS BUDGET COMPARAISON FOR A TELECOM SATELLITE  
The mass saving is an optimization factor for the architecture of TELECOM satellites. 

The comparison between the classical electro-explosive system and the laser initiated one is based 
on the “conservative” design. It is considered that the firing of each laser initiator requires the following 
items:  

• one laser diode 
• four FC/PC connectors  
• one adapter 

The mass budgets are assessed for a TELECOM satellite with 110 prime and redundant initiators. 
 

 Electro-
explosive 

Laser system  
(without margin) 

Laser system 
(margin = 25%) Comments 

Electronics / / / Equivalent in a first 
approach 

Laser Diodes (kg) NA 1.16 1.45 110 laser diodes 

Cables (kg) 6.94 1.53 1.91 760 m cables 

Connectors (kg) 1.23 / / With EMI protection 

Feedthrough (kg) / 1.16 1.45 Replace electrical 
connectors 

Pyro connector (kg) 2.90 2.08 2.6  

Total (kg) 11.07 5,93 7,41  

Tableau 5 : Mass budget comparison : Electro-explosive / Laser initiation system 
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A laser initiation system for this example of TELECOM satellite will save a minimum of 3.7 kg 
mass. This value could reach 5 kilograms after a development activity and consolidation of the design 
margins. An increase of this mass saving is possible with a design using a limited number of 2 Watt laser 
diodes in association with optical switches and multi-channel connectors. 

The reduced electrical power required for the firing of the laser diodes is not taken into account 
despite the mass reduction of the drive circuit.  

6 COST REDUCTION BUDGET  
The analysis is performed for this example of TELECOM satellite. The figures are only for 

information because it should be necessary to update the selection of optical devices and their costs. 
However, this exercise gives an idea of the potential cost reduction. 

For the satellite firing unit, it is assumed that the cost difference between electro-explosive and 
the laser initiation systems is the addition of laser diodes, the optical connectors and adapters. 

ITEMS Electro-pyro (k€) Opto-pyro (k€) 

laser diode  / 53 

Cables 6 4 

Connectors /adapters 26 14 

Crimp and solder  49 40 

Initiators 90 / 130 35 / 55 

TOTAL(k€) 171 / 211 146 / 166 

Table 6 : Cost budget comparison: Electro-explosive / Laser initiation systems 

In a first assumption, the systems recurring costs could be equivalent depending of the electro-
explosive initiators manufacturers and the laser initiator recurring costs. To promote the laser diode 
initiation technology for commercial satellites, it is absolutely necessary to optimize the architecture of 
the system.  

The qualification to space environment of optical switches is a solution to reduce significantly the 
number of laser diode that penalizes the costs; the use of multi channel connectors is an other potential 
source of cost reduction.  

7 FLIGHT EXPERIMENT “PYROLASER” ON DEMETER MICROSATELLITE 
The validation of a laser initiated system is performed by CNES Toulouse as a technologic 

experiment on the CNES micro-satellite DEMETER (Detection of Electro-Magnetic Emissions 
Transmitted from Earthquake regions) The launch of the satellite is planned in June 29, 2004 at 
Baikonour.  
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Figure 3 : DEMETER Microsatellite (c) CNES novembre 2003, ill. D. Ducros 

A dedicated experiment installed in the payload of this satellite has been developed in CNES 
Toulouse [Reference (3)]. The block diagram of the experiment is shown below:  
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Figure 4 : PYROLASER Experiment - Block diagram 

The PYROSOFT device is a Low Shock separation nut (M6 bolt – preload 12 kN) under 
qualification under CNES Research and Technology funding.  

The initiation of the PYROSOFT is performed by a Laser Initiator also developed under CNES 
Research and Technology sponsoring. [Reference (4)]. 
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Figure 5 : Parts of the PYROLASER Experiment on DEMETER satellite Payload 

The optical chain of the “PYROLASER” experiment consists in:  

• The laser diode 
• Two fiber optic cables with optical connectors 
• Two adapters for optical connectors 

7.1 THE OPTICAL COMPONENTS OF THE “PYROLASER” EXPERIMENT  

The first step was to select a laser diode compliant with a 700 mWatt « All fire » optical power 
requirement because when the laser drive system development was begun, the characterization of the 
laser initiator was in progress and the determination of the 250 mWatt « All fire » by Bruceton method 
was not ready to be performed.  

• A laser diode SDL-2364-L2 ( JDS Uniphase) was selected with a manufacture recommended current 
of 1.4 Amps for a constant 1 Watt output power. 

Tests were performed by CNES to increase this output power value with pulse duration of 20 ms. 
The following table presents the results and the steps for the margin determination: 

I (Amps) Pmin 
(Watt) 

Pmin_1,5dB 
(Watt) 

(Pmin_1.5dB)_F.O.S 
(Watt) Margin /0,7W Margin /0,25W

2 1.54 1.3 1.08 54% 330% 

1.8 1.35 1.1 0.95 35% 280% 

1.6 1.21 1.0 0.85 21% 240% 

1.4 1.05 0.9 0.73 4.6% 190% 

Tableau 7 : Laser diode Output Power margins versus drive current 

Low Shock Separation Nut 
PYROSOFT 

Fiber optic connector 

Fiber optic cable 

Laser Initiator 
Bolt 

microswitch 
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The mean optical power « Pmean » output and the standard deviation « S » associated are determined by 
tests; then the minimum optical power P min = Pmean -3.S is calculated. 

The margins were determined with 1,5dB Optical Losses and a 120% Factor Of Safety (ISO 14 304 
recommendation) in reference to the 700 mWatt and 250mWatt “All Fire” power of the laser initiator. 

• Fiber optic cables are NEXANS’s 62.5/125µm multimode high temperature optical cable (Reference 
132126). Outgassing tests have been performed in CNES Toulouse and the results are compliant with 
space requirements (CVCM<1%). Mechanical strength tests (>2 daN) demonstrated no optical 
degradations. 

• Johanson’s high reliability FC/PC optical connectors have been chosen because of their NASA GFSC 
qualification status for space applications. 

7.2 THE LASER DIODE DRIVE SYSTEM 
The laser diode drive system is a subassembly of the EGCU (Monitoring unit of the satellite 

payload), it has been specified to deliver to the laser diode a 2 Amps / 20ms current pulse and its 
architecture is based on the design of electro-explosive firing unit with three electrical safety barriers.  

 

Figure 6 : laser diode drive unit  

7.3 TEST PROGRAM 

Development testing of three optical chains was performed for validation of the selected 
components and interfaces to the DEMETER satellite specifications. Radiations tests, vibrations and 
thermal vacuum cycling testing were applied and optical performances were checked before and after 
each environment.  

7.3.1 RADIATIONS TESTING 

The 16 krad total radiation cumulated dose does not influence the power output of the laser diode 
and the transmission characteristics of the fiber optic cables. 

Optical 
connector & 
adapter 

Laser Diode 

Laser Diode Drive System  
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7.3.2 MECHANICAL TESTS 

Test specification 

Sine Vibrations Random Vibrations 

5 Hz à 14 Hz 19 mm ( 0 – peak) 
14 Hz à 100 Hz  15 g 
Speed  4 octaves / mn. 
1 sweep /axis_3 axis 
 

20 Hz à 100 Hz  +3 dB / octave 
100 Hz à 400 Hz  0,7 g2 / Hz 
400 Hz à 2000 Hz -4 dB / octave 
Duration : 1 minute / axe _ 3 axis 
equivalent level : 25grms 

 

Test sequence and Functional tests:   

The optical energy output was recorded according to the following sequence:  

 
OPTICAL ENERGY RECORDS OPTICAL ENERGY EVOLUTION (example) 
 
1 : reference 
2 : axis 1 sine & random 50% 
3 : axis 1 random 100% 
4 : axis 2 sine & random 50% 
5 : axis 2 random 100% 
6 : axis 3 random 50% 
7 : axis 3 random 100% 
8 : axis 3 sine 

 

 

After the vibration tests sequence, an optical power loss of 0.3 dB was registered for the three 
laser chains; an expertise shown that the endfaces of the FC/PC connectors were damaged.  

 

FC/PC connector before 
vibrations 

FC/PC connectors after vibrations 

Figure 7 : Connectors endfaces before and after vibrations 

This significant degradation has a limited effect on the optical power reduction (7%) and was 
acceptable for the PYROLASER experiment flight model. Even so, the damage encountered is not 
acceptable for further space application for which random vibrations with 54 grms levels are specified 
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(launcher). The reliability of the laser initiation system will be strongly affected by this anomaly. 
Complementary developments shall eliminate this failure. 

7.3.3 THERMAL VACUUM TESTING  

Test specification 

The thermal vacuum cycling is compliant with the payload specification of the DEMETER 
satellite. The thermal profile is shown below:  

• TE : 6 hours  - TP : 4 hours 

• TFire Min : -25°C - TFire Max : + 55 °C 

• TNoFire Min :- 40 °C - TNoFire Max : +60 °C 

Test sequence and Functional tests: 

Temperature

Time

TF Min

0°C
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 TF Max
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Figure 8 :Thermal vacuum cycling 
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When temperature increases from 20°C to 55°C, the optical power loss is close to 0.3 dB. This 
optical power loss of 7% for the DEMETER range of temperature is a well known phenomenon. For 
PYROLASER experiment optical output power margins are important and this loss was considered as 
negligible.  

7.3.4 VERIFICATION METHODS OF THE PYROLASER EXPERIMENT ON SATELLITE 

The verification methods are comparable to those applied for electro-explosive system on a 
satellite. As Range Safety requires for the satellite an SAFE &ARM connector, all the verifications are 
performed through this interface. The development of an optical Built In Test is considered as 
unnecessary for a satellite Laser Initiation System.  

The objective was to use “off the shelf” optical tests equipments; the test to be performed during 
assembly and integration of the experiment on the satellite were:  

• Cleanliness of  the optical interfaces :  

A connector inspector used by Telecom technicians allows in situ inspection of connector’s 
endfaces. It consists in a portable video microscope with a 200 magnification. 

 

 

Figure 9 : Optical tests on DEMETER satellite: Cleanliness 

Optical S&A connector 
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• Optical Output Energy :  

This value is recorded via the Optical S&A connector of the satellite; a reference fiber optic cable 
is connected to the thermal volume absorber head of the joulemeter. The EGSE (Electrical ground support 
Equipment) of the satellite was used for the command and monitoring of the laser diode firing. 

 

Figure 10 : Optical tests on DEMETER satellite : Laser diode output power 

• Optical continuity between the Laser Initiator and the Optical SAFE & ARM 
connector :  

This optical continuity is performed by the measure of the optical transmission reflected on the 
dichroic coating inside the laser initiator. The two wavelength of LED source are 850 nm and 1300 nm. 
The LED output power is 20µWatt, this value is compliant with the safety requirement for optical test of 
no higher power level than 1/100 of the no-fire level.  

The dichroic coating inside the initiator is specified for a transmission >95% at 850 nm (firing 
wavelength) and a reflectance >90% at 1300nm. Acceptance values have been defined for verification of 
the no degradation of the experiment after qualification tests of the satellite. 

Joulemeter 

Thermal head with 
reference optic cable 

S&A optical connector 
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Figure 11 : Optical tests on DEMETER satellite : Optical transmission 
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8 CONCLUSIONS 
The objectives of the CNES Research and Technology program in the field of laser initiation of 

ordnance on board of satellites have been fulfilled.  

At system level, it demonstrated that for satellites, the architecture of a laser initiated system 
brings an appreciable mass saving (up to 50%) and safety improvements. These results are the 
consequence of the insensitivity of laser initiator and fiber optic cables to the effects of EMI and ESD; 
thus the fiber optic cables are much lighter than electrical twisted shielded cables. The low electrical 
power requirements for driving laser diode is also a source of weight reduction by using smaller relays; 
power converters and eventually dedicated batteries. These advantages are valuable only for large satellite 
with a long length of electrical harness for the ordnance firing or for interplanetary science missions for 
which mass saving is a requirement.  

For European satellite prime contractors, this technology could be competitive for recurrent cost 
aspects and also for a launch cost reduction, the difficulty remains for funding of the development and 
qualification of the laser initiation system. All the elements are available to succeed in this activity. Now, 
the photonics market offers competitive prices for “off the shelf” laser diodes, multi-channel connectors 
and optical switches that could be space qualified. Efforts shall be done in this way.  

The developments and validations of the laser initiator and the “PYROLASER” Experiment on 
DEMETER microsatellite have justified that laser initiators and existing optical components, laser diode, 
fiber optic cables complies with the space environment. However; an effort shall be done for the behavior 
of FC/PC optical connectors to vibrations environment. This experiment also has given the opportunity to 
set up AIV (Assembly-Integration-Verification) methods and procedures on satellite using off the shelf 
tests equipments dedicated to Earth Telecom applications.  

DEMETER satellite is ready to be launched in June 2004 and “PYROLASER” Experiment is 
waiting for the firing telecommand.  
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Energetic materials produced with sub-100 nanometer particle sizes have very interesting 
characteristics that make them attractive in numerous energetic applications. Nanocomposite (super) 
thermites, which typically consist of nanoaluminum mixed with nanometal oxides, also referred to as 
Metastable Intermolecular Composites (MIC) have several advantages over conventional lead-based 
primary explosives. A very popular nanocomposite thermite formulation is aluminum and molybdenum 
trioxide (MoO3). It has been produced and tested by several laboratories. Two simplified mathematical 
models – one for confined low-density particle loading and another for consolidated high-density pellets 
are presented. They offer some new insights into the initiation process and combustion wave propagation 
mechanism. The physical basis of the models are discussed and results are compared to published 
experimental results. 
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ABSTRACT: 
 
 Electrical initiation is instantaneous thermal process and hence enables simultaneous multiple and 

accurately time able firings. They have highest reliabilities and ability to be subjected for partial non-

destructive testing like resistance check and x ray radiography. The electro explosive devices give 

consistent and repeatable performance and therefore these devices are extensively used in electronic 

fuzes, safety Arming & Detonating mechanism of missiles, seat ejection seat system in aircrafts, stage 

separation in spacecrafts & underwater vehicles. For reliability determination of electro-explosive 

devices, their stimulus level is determined by suitable sensitivity tests. There are two frequently used 

sensitivity test methods available one is Bruceton test method and the other Run Down method. The 

Bruceton test method involves numerous statistical calculations such as n, ni, ni2, Σn, Σni, Σni2, mean, 

standard deviation etc., which requires laborious time to calculate manually. To reduce the manual error 

and the lengthy calculations which are consuming huge time, we have developed user-friendly menu 

driven software on window platform which process the entire experimental data, performs the tedious 

statistical calculations and estimate the all fire/ no fire current of explosive device in few seconds. This 

paper describes the software based on Bruceton test method. The software developed by authors is 

windows based LAN (Local Area Network) compatible and tested with Windows98, 2000, and XP. The 

software has been tested on Experimental data sets of SCB Detonators. The software is copyright by 

DRDO in year 2004 and is available @ $ 100 per copy from the authors.  

 

 

Key words: Bruceton test method, Statistical analysis, and Semiconductor Bridge detonator, Software. 
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INTRODUCTION: 
 
 The EED is used to do the specific functions, like (i) ignition of other secondary explosives (ii) 

rupturing of a metallic diaphragm (iii) operation of a piston or valve. According to its end use 

performance the main charge is decided along with the squib part. The main charge may be of (1) gun 

powder (2) propellant or (3) some other pyrotechnic charge. In electrical explosive initiators, an electrical 

input, which causes an exothermic reaction in the charges within the initiator cartridge, is converted into 

chemical or kinetic energy in the form of heat, pressure and shock wave. 

 The use of electrical initiators offers the highest reliability and the greatest power-to-weight ratio.  

Other important advantages of these initiators are their excellent environmental characteristics and their 

long shelf life. EEDs give consistent and repeatable performance. They have highest reliabilities and 

ability to be subjected for partial non-destructive testing like resistance check and x ray radiography [1]. 

Various design with electrical initiation and controlled energy outputs are possible. 

 A SCB detonator is usually a simple and small initiator which consists of a cylindrical body 

containing an explosive charge and semiconductor bridge, and when energized, generates flame and gas, 

but no sharp, shattering high explosive effect.  Consequently, detonators are used for either their igniting 

or pressurizing effect to initiate other pyrotechnics, such as igniters for solid propellants in rocket motors, 

or to initiate smokeless powder or a gas cartridge whose charge, immediately after ignition, pressurizes a 

vessel or a flotation device. The minimum current that will always fire the initiator or pyrotechnic device 

is defined by the term “all-fire”, whereas “no-fire” is the term for the maximum current that may be 

applied for a specified time period without firing the initiator or device.  

This paper describes the state-of-art of technology of software development for the computation 

of all/no fire current of semiconductor bridge detonator based on Bruceton test method. This paper also 

highlights the vital applications of electro explosive devices and necessity of determination of all/no fire 

current. 

 

APPLICATION OF ELECTRO EXPLOSIVE DEVICES (EED) 

The electro-explosive devices i.e. squibs, igniters pyrocartridges and detonators are essential to 

do the specific and intended function. Some of the application of electro-explosive devices are as 

follows:- 
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a) Operation of piston and bellows devices, actuators, thrusters, pin puller, cable cutter, operation valves 

and switches, Explosive bolt and nuts/release mechanisms, Ball release mechanisms, Parachute 

release mechanism 

b) In aircrafts, seat ejection system, emergency release of fuel tank and storage equipment’s from 

helicopters and other rescue systems. 

c) Space craft systems, Launch and control system, stage separation, landing and recovery  

d) In missile: Safety arming mechanism, Ignition system, Control system, Stage separation, Destruction 

system, Gyro system 

 

NECESSITTY OF NO / ALL FIRE CURRENT 

Normally, initiators and other pyrotechnics devices are rated with a minimum all-fire current and 

a maximum no-fire current. The firing current is the main characteristic of EED. There are two aspects of 

firing currents. Firstly, it gives an idea for safety limits for handling and secondly, it gives an idea of the 

confidence of firing without any failure. 

 

For each type of EED there is a particular value of firing current below which it will not function 

at all and remain safe for handling, storage etc, is termed as ‘maximum no fire current’. Also for each 

EED to function there is a certain value of the firing current above which all EEDs should function 

without any failure is termed as ‘maximum all fire current’. This will give the confidence of functioning 

of EED. To arrive at the value of NFC and AFC, sufficient numbers of EEDs are tested by Bruceton stair 

case method. 

For reliability determination of electro-explosive cartridges, their stimulus level is determined by 

suitable sensitivity tests.  Two frequently used sensitivity test methods are the Bruceton test method and 

the Run Down method. 

 

BRUCETON TEST METHOD 

 The Bruceton test method is most commonly used for sensitivity tests for electro-explosive 

devices.  The Bruceton test is a time –honored statistical procedure used to characterize one-shot type of 

behavior such as the functioning of an explosive device [2]. Prior to beginning a series of tests, the 

approximate amperage, at which 50% of  the test specimens will fire, must be determined by several test 

shots starting at a current level near the “no-fire” point and continuing at a gradual current level increases 

until one test specimen fires.  The data obtained from these initial shots, which are only required to 
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determine the 50% firing point, should not be used in the final Bruceton test analysis. To arrive at the 

values of NFC and AFC, sufficient numbers of EEDs are tested by Bruceton staircase method. 

 

 The Bruceton tests are conducted at equally spaced tests levels. To obtain useful results, it is 

important to determine the test interval “d” as accurately as possible.  The test level for a shot is 

determined by the result of the previous shot.  If a shot fires, the subsequent shot is made at the next lower 

test level, or if a shot does not fire, the next shot is made at the next higher test level.  If the test interval 

“d” is too large, too few test levels will be used, and if the interval “d” is too small, too many test levels 

will be utilized.  The interval value “d” should be between 0.33 times and 2.5 times the standard deviation 

[3].  The minimum number of test levels should be eight.  At least thirty test specimens should be fired, 

when using the Bruceton test method, to obtain reliable results.  Since testing by applying the Bruceton 

test method is concentrated about the mean, excellent test results of the mean values are obtained.  No 

other test method will produce equally accurate mean values. 

 

Sometimes test engineers perform a Bruceton-type test with the levels linearly spaced. In other 

words, an interval is arbitrarily chosen, and each successive test level is just that interval added to the 

value of the preceding test level. No other testing procedure or protocol has been shown to be even 

remotely close [4]. 

 

SOFTWARE DEVELOPMENT FOR BRUCETON TECHNIQUE 

The advent of advanced computer system has dispelled one of the principal drawbacks of 

laborious time consuming[5-7] statistical calculations such as n, ni, ni2, Σn, Σni, Σni2, mean, standard 

deviation etc., To reduce the manual error and the lengthy calculations consuming huge time, authors 

have developed user-friendly software which process the entire experimental data in few seconds to 

perform the tedious statistical calculations and estimate the all/no fire current of semiconductor bridge 

detonator. The logic of the software developed by authors to determine the all and no fire current of 

detonators is illustrated in flow chart (figure 1). 

 

A sample input data obtained by subjecting forty semiconductor bridge detonator for Bruceton 

test are presented in appendix ‘A’ as table 1. All /no fire current of semiconductor bridge detonator 

determined using this software is given as appendix ‘B’ to this paper. 
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Fig 1. Flow chart for finding NFC and AFC by the software developed by authors 
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Transcribe firing 
data to form 

Table-I from User 

Microsoft Excel 
File (.xls) 

Microsoft Access 
data base (.mdb) 

Data from floppy   
or Hard disk  

ASCII or Text 
File (.txt or .asc) 

Direct data entry 
by User 

Data from 
Clipboard (RAM) 

Preparation of Table II 
 Scan the firing levels in Table I 
 Arrange the firing levels in Descending order 
 Make the entry of all fire by ‘F’ and no fire by ‘N’ 
 Fill the upper columns by ‘F’ wherever the column 

having the letter ‘F’ (All fire) 
 Fill the lower columns by ‘N’ wherever the column 

having the letter ‘N’ (No fire) 
 Calculate the average firing percentage of each row 

and fill it in one of the column 

Preparation of Table – III 
 Considering lowest current level at the bottom, fill 

column 1 with firing levels 
 Insert the numbers (n) 1,2,3, … from bottom of the 

column 2 
 Insert the number of fires F at each current level at 

column 3 (i) 
 Calculate the sums of column  3, i.e. Σn 
 Multiply n (column 2) and i (column 3) and fill out 

column 4 
 Fill out column 5 with ni2 
 Calculate the sum of columns 4 and 5 (i.e Σni and Σni2) 

A 
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[where λ = 3.09(statistical constant 

for firing probability of 99.9%)] 
 
 

 
 
 
 
 
 
 

 

 

 

 

 

Calculate the standard deviation 
 
 
 

Calculate mean (Average current level) 
 
 
 

where Xo = 0% Firing current level 
d = Difference between two current level
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The software ‘NF-Tracer version 1.0’ is developed to run on windows operating system using 

modern modular and object-oriented techniques in Visual Basic 6.0. This installation package occupies 

about 37 MB of hard disk space in the computer and can be installed in Windows 98, 2000 as well as in 

Windows XP. The output of the programme can be directly printed (attached to the standalone PC or 

LAN) as well as stored in various formats (.txt, .html, doc, .pdf). The menu and tool bar with brief action 

of each tools of ‘NF-Tracer version 1.0’ is illustrated in figure-2. 

 

 

 

 
Fig 2. Menu and tool bar of ‘NF-Tracer version 1.0’ 

 

CONCLUSION: 

 User-friendly software to reduce the manual error and the lengthy calculations consuming huge 

time has developed successfully which process the entire experimental data in few seconds to perform the 

tedious statistical calculations and estimate the all/no fire current of semiconductor bridge detonator. The 

state-of-art of technology of software development for the computation of all/no fire current of 

semiconductor bridge detonator based on Bruceton test method were discussed in this paper. The output 

of the Software can be directly printed (attached to the standalone PC or LAN) as well as stored in 

various formats (.txt, .html, .doc, .pdf). The mathematical approach for this computation is more practical 

and the software developed by authors is more convenient 
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SAMPLE INPUT DATA  Appendix ‘A’ 
 
Table –1 Experimenta data of Semiconductor detonator firing by Bruceton test method 
 

Sl No Current 
(mA) 

Status 

 1 920 Not Fired 
 2 940 Not Fired 
 3 960 Not Fired 
 4 980 Not Fired 
 5 1000 Not Fired 
 6 1020 Fired 
 7 1000 Not Fired 
 8 1020 Fired 
 9 1000 Not Fired 
 10 1020 Fired 
 11 1000 Not Fired 
 12 1020 Fired 
 13 1000 Not Fired 
 14 1020 Fired 
 15 1000 Not Fired 
 16 1020 Fired 
 17 1000 Not Fired 
 18 1020 Fired 
 19 1000 Not Fired 
 20 1020 Fired 
 21 1000 Not Fired 
 22 1020 Fired 
 23 1000 Not Fired 
 24 1020 Fired 
 25 1000 Not Fired 
 26 1020 Not Fired 
 27 1040 Fired 
 28 1020 Not Fired 
 29 1040 Not Fired 
 30 1060 Fired 
 31 1040 Not Fired 
 32 1060 Fired 
 33 1040 Fired 
 34 1020 Not Fired 
 35 1040 Not Fired 
 36 1060 Fired 
 37 1040 Fired 
 38 1020 Not Fired 
 39 1040 Fired 
 40 1020 Fired 
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Appendix ‘B’ 

 

OUTPUT OF THE SOFTWARE (for the input shown in appendix ‘A’) 

  NFC-AFC TRACER version 1.1 

A Product of Defence Research & Development Organisation, India 

 

Calculated Maximum No Fire Current is 966.8 miliampere 

Calculated Minimum All Fire Current is 1099.5 miliampere 

Time Taken For Simulation :  24.35 Seconds 

 

               ---THANKS FOR USING NFC-AFC Simulator version 1.1--- 

     Date of Copy to Clipboard : Tuesday , 11  May  2004   Time : 11:14:10 AM 
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ABSTRACT: 

 
Work on development of Semiconductor Bridge (SCB) based explosive devices was started in 

India in 1987.  The paper presents SCB detonator development work.  Detonator design, manufacturing 

and test results are described.  Four SCB detonators lots have been manufactured and tested.  No fire 

current and all fire current have been measured.  Qualification testing as per mil STD 331B has been 

conducted and results of qualifications tests have been presented.  Dual SCB for redundancy, Use of 

BNCP explosive, and laser welding for detonator sealing are envisaged to improve the performance of 

SCB Detonator in Lot Five. SCB Detonator have application in electronic Time fuzes and Proximity 

Fuzes. 

 

[Key words  - Semiconductor Bridge, Detonator, Laser welding,  Fuzes, Time and Proximity Fuzes] 

 
 
INTRODUCTION: 

 

 Electrical initial explosive devices (EIED’s) use electrical conducting composition, heated bridge 

wire, thin metal film and Semiconductor Bridge as initiating elements.  EIED’s using conducting 

composition, heated bridge wire and Exploding bridge wire are made in India and used in various 

armaments.  Technology for thin metal film initiator is not available in India.  Heated Bridge wire type of 

initiator requires few mJ of energy and have function delay of 5 – 10 msec.  EBW detonators are safe but 

require few Joules of energy and high voltage for initiation.  Hence are unsuitable for use in fuzes. 

 

Bick and Schwarz [1] reported in 1985 that Semiconductor Bridge could be used in place of Wire 

Bridge for initiation of explosive.  Work on development of SCB based initiators was started at ARDE in 

1987 [2].  The status of SCB detonator development work has been reported in ARDE Technical Report 

[3].  The SCB detonator is being developed for use in Electronic fuzes. 

 
For presentation in 31st  International Pyrotechnic Seminar  at Colorado, USA on 11 - 16 Jul, 2004. 
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SEMICONDUCTOR BRIDGE (SCB) DETONATOR: 

 
SCB Detonator Components and SCB detonator are shown in Photograph No 1 and 2 

respectively.  SCB detonator is made up of following Parts. 

1) SCB Chip 

2) Ceramic header 

3) SCB Header Assembly 

4) Detonator Body 

5) Explosive filling 

 

1) SCB Chip: 

 The SCB Chip has been developed indigenously using an improved process.  The bridge is 

formed by n-doped silicon on polysilicon substrate.  Gold Pads have been used for ultrasonic bonding the 

Chip to the Pins. SCB Chip resistance in 1 Ω  ± 1 % . SCB Chip on SOS is also being manufactured. 

 

2) Ceramic Header: 

Ceramic header has been used because of good thermal conductivity, which helps in achieving 

higher no fire current.  Ceramic header are designed and fabricated in house.  Presently we are using one 

SCB chip but ceramic header with provision of dual SCB chip for redundancy has been designed and is 

under fabrication. 

 

3) SCB Header Assembly:  

 Gold plated contact pin and SCB chips are fixed on the ceramic header.  SCB surface is cleaned 

by carbon tetra chloride to remove oxide and dusts then Gold Lands are Electrically connected to contact 

pin by ultrasonic bonding of 3 mil gold wire.  SCB header assembly is shown in Photograph 1..   

 

4) Explosive Filling: 

Explosive filling filling procedure is as under: 

i) Lead styphnate is coated on the bridge.  Slurry paste of Lead styphnate  is prepared using NC. 

Slurry is coated on SCB header assembly with the help of fine brush.  The charge weight is 

maintained between 2-3 mg. 

ii) Lead styphnate coated SCB header assembly is fitted in detonator body by applying a small 

amount epoxy. Insulating PVC sleeve is placed over contact pin. 
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iii) Aluminium spacer is placed over a SCB header assembly and Lead Azide 180 mg is filled in 

each detonator. Explosive is compacted by 70 kg weight for 10 sec. Disk closing hylam is 

press fitted on the explosive fitting. Detonator cop is fitted and turn over is carried at 108 kg 

with the help of suitable tools.  

 

5) Detonator Components: 

Detonator parts are made of HE15 WP Aluminium alloy.  SCB Detonator components are shown 

in Photograph No. 1. Filled SCB detonator is shown in Photograph 2. 

 

6) Firing Circuit: 

Capacitor Discharge firing circuit is used for firing of SCB detonators.  We fabricated the circuit 

as per design of Bicks [4].  MOSFET is used as switching element. A current viewing resistance of 0.1Ω, 

1W has been used for monitoring of current pulse at SCB end. 

 

DETONATOR TESTING:  

Following tests has been conducted: 

 

1) No Fire Test 

2) Functioning Tests 

3) Qualification Tests. 

 

1) No fire Test: No fire test has been conducted on SCB detonators as per Bruceston Procedure. No fire 

current measured in Fourth Lot is 950 mA.  Explosive and detonator design are planned to be changed to 

achieve a no fire current of 1200 mA. 

 

2) Functioning Tests.  Functioning tests have been conducted to 

 

1) Optimise Explosive Content: - Quantity of explosive has been varied to achieve optimum 

detonation effect.  2 -3 mg Lead Styphnate and 180mg Lead azide has been found suitable. 

The Explosive Content is Being reduced in Lot Five under manufacture. 

2) Detonator Body Design: Three different detonator bodies were tested and design with closing 

cup has been found suitable. Single component Detonator body has been designed and is 

under evaluation. 
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3) Firing voltage / All fire current:  Charging voltage given to CDU firing circuit was varied to 

determine all fire level.  Higher charging voltage is needed for SCB detonator unit having 

higher bridge resistance.   

  

3) Qualification Tests:  The tests listed below  have been conducted  as per mil Std 331B on  SCB 

detonators. The detonators have passed the Qualification Tests. 

 

 

DESIGN IMPROVEMENT PLAN:  In order to increase reliability of SCB Detonator, following 

modification are envisaged. 

 

i) Dual SCB Chip: It is planned to use two chips in each SCB header assembly.  Accordingly new 

ceramic header for housing two chips and Four contact pin has been designed and are being 

manufactured.  Firing circuit is also modified for simultaneous firing of both SCB chips. 

 

ii) Explosive composition:  Experiments are being conducted to find a better explosive than Pb 

azide.  In our future devices we intend using BNCP a novel DDT explosive  synthesised 

indigenously[5,6]. 

 

iii) LASER Welding:  LASER Welding shall be used for hermetically sealing the detonators.  Laser 

welding technology for welding of explosive filled components has been established [7]. 
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