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Fortieth International Pyrotechnics Seminar, July 13-18, 2014
Colorado Springs, Colorado

PREFACE

We welcome you to the 40th International Pyrotechnics Seminar which is being held in the picturesque
city of Colorado Springs, CO. This conference follows a successful and useful 39th IPS venue held in
Valencia, Spain. It is our hope to make this conference just as successful. We are honored and delighted to
welcome the presence of this year’s keynote speaker, Mr. Felix (Phil) Grucci, the President and CEO of
“Fireworks by Grucci.”  His company, established in 1850, currently holds the world record for the largest
fireworks show ever produced. We have 60 oral presentations and 13 poster presentations from 15
countries scheduled to be given at the venue. This is an excellent turnout to describe technical work despite
the severe conference travel restrictions implemented by the US Department of Defense, and fiscal
uncertainties facing other countries.  The Co-chairs of the 40th IPS are Dr. Jesse J. Sabatini and Dr. Sara K.
Pliskin.

Dr. Sabatini has been employed as a chemist at Picatinny Arsenal since 2009, specializing in
pyrotechnic formulations development.  Dr. Sabatini attended his first IPS in 2012, and is currently the
Secretary of IPSUSA Seminars, Inc.  For their efforts in getting him involved in the IPS organization, Dr.
Sabatini is indebted to Dr. Pliskin, Dr. Gregory D. Knowlton, and Dr. Ernst-Christian Koch. Dr. Pliskin
attended her first IPS back in 2001 and was a bright-eyed and anxious new member of the pyrotechnics
community.  Under the wing of Dr. Bernard Douda, she gradually worked her way up, and has made many
new friends. Dr. Pliskin served as a co-chair of the 38th IPS, and is currently the Vice President of Seminar
Operations of IPSUSA Seminars, Inc.

For the third consecutive year, the IPS is proud to offer the Dr. Bernard E. Douda Young Scientist
Award to an outstanding young scientist for which the registration fee was paid, along with a two year IPS
membership. The Young Scientist Award winner is US Army chemist Dr. Anthony P. Shaw of Picatinny
Arsenal for his significant accomplishment in the area of white smoke development.  His oral presentation
is entitled “Advanced Boron Carbide-Based Visual Obscurants for Military Smoke Grenades”.

We would like to remind our attendees that the 40th IPS proceedings are available in hardback and in
digital format (CD-ROM).  The bound proceedings and CD are being distributed at the Seminar. 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. Please note that papers containing color (plots,
pictures, etc.) are printed in this bound copy in black and white, but the color rendition may be viewed on
the CD of the proceedings. Our thanks go to Dr. Joe Schelling of Albuquerque for editing and compiling
the proceedings for both the book and the CDs in the past. The current Proceedings were edited and
compiled by Dr. David R. Dillehay of IPSUSA Seminars, Inc.

The organizers of this Seminar and the host sponsoring organization, IPSUSA Seminars, Inc., wish to
thank the major contributions made by our conference coordinator, Mrs. Linda Crouse.  Linda’s expertise
in the planning, logistics, and operations of this Seminar are gratefully acknowledged, and her contributions
were invaluable to the success of this Seminar. In addition, we would like to thank James Fallt of Rocky
Mountain Scientific Laboratory for his IT support.

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 Colorado Springs, Colorado area and the 40th International Pyrotechnics
Seminar.

Dr. Jesse J. Sabatini and Dr. Sara K. Pliskin, Co-Chairs
40th International Pyrotechnics Seminar and the 44th Anniversary of the IPS Series

July 13–18, 2014
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Using Energetic Chlorine Donors to Prepare Perchlorate-Free Pyrotechnic
Formulations

Darren Naud, Michael A. Hiskey, David E. Chavez*,
Los Alamos National Laboratory, WX-Division, MS C920

Los Alamos, NM 87545

e-mail: dechavez@lan.gov

ABSTRACT

Several novel energetic chlorine donors materials were synthesized and investigated specifically
for the preparation of perchlorate-free pyrotechnic formulations with low-smoke output.  The novel
compounds, 2-chloromethyl-2-methyl-5,5-dinitro-1,3-dioxane (1-CDN), 2,2-di-(chloromethyl)-5,5-
dinitro-1,3-dioxane (13-CDN), and 2-(dichloromethyl)-2-methyl-5,5-dinitro-1,3-dioxane (11-CDN), were
formulated with a variety of fuels and oxidizers.  The preparation and characterization of these energetic
chlorine donors are described herein.  Additionally the spectroscopic characterization of the resulting
formulation colored flames were analyzed for color quality.

INTRODUCTION

At the Los Alamos National Laboratory, we have previously reported the reduction of smoke and
metal content of pyrotechnic formulations based on high-nitrogen fuels [1,2].  These fuels are of interest
for both military and non-military applications as they can alleviate the exposure of crew, audiences and
the environment to harmful combustion products.  While these fuels have been shown to be inherently
more clean-burning than traditional carbonaceous fuels, their pyrotechnic formulations continue to rely on
the use of perchlorate oxidants.  These oxidants, namely ammonium and potassium perchlorates, have
been recently identified as serious environmental contaminants in both soil and water [3].  Although the
environmental impact by perchlorate and its resulting effect on human health is undoubtedly contentious
and controversial [4], the energetic materials industries that utilize these ingredients, such as propellant,
air-bag and firework manufacturers, are seeking for alternatives.  One leading example is the effort by the
Department of Defense to reevaluate the pyrotechnic formulations of military colored flares [5]. In the
effort to provide such solutions, Los Alamos has developed several novel energetic chlorine donors for
use in advanced pyrotechnic applications. The rational is that energetic chlorine donors will combust
more readily and provide chlorine to the combustion flame more efficiently.  This in turn will reduce the
need for metal colorants (such as copper, strontium and barium heavy metals), oxidants and chlorine for a
more environmentally friendly pyrotechnic formulation.

Traditional pyrotechnic formulations typically use chlorinated rubbers or plastics, such as Parlon
or polyvinyl chloride (PVC), as the chlorine donors for the production of colors.  Needless to day, such
materials have extremely poor burning characteristics and have been identified as sources for the
production of a variety of toxic fallout.  Organic residues from entertainment pyrotechnics that contain
chlorinated compounds have been analyzed and reported [6,7]. These studies show that the amounts of
post-burn products are variable and include many kinds of dioxins and furans as well as chlorinated
aromatics.  None of the dioxins identified, however, were considered to be highly toxic or mutagenic,
such as the extremely toxic 2,3,7,8-tetrachloro-dibenzo-p-dioxin (2,3,7,8-TCDD). One study has shown
evidence that the addition of copper salts to formulations containing chlorinated polymers enhances the
production of dioxins [6].   Hexachlorobenzene is used as a chlorine donor in some commercial and
military formulations and is a known carcinogen and reproductive toxin.  Fortunately, the use of this
material is declining in popularity.
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We have synthesized several target chlorinated compounds that are intrinsically energetic.  They
are: 2-chloromethyl-2-methyl-5,5-dinitro-1,3-dioxane (1-CDN), 2-(dichloromethyl)-2-methyl-5,5-dinitro-
1,3-dioxane (11-CDN) and 2,2-di-(chloromethyl)-5,5-dinitro-1,3-dioxane (13-CDN).  These candidates
were selected based on a number of parameters. To be competitive, it is essential that the chlorine donors
can be easily synthesized on an industrial scale with inexpensive reagents.  They must also be stable to
both heat and chemical reactivity.  And while the chlorine donors should be relatively energetic, they
should not be so overly sensitive that they can be initiated by spark, friction or impact stimuli.  The three
candidates, all based on the 1,3-dioxane ring system, may satisfy these requirements.  In addition to the
synthesis studies, simple pyrotechnic formulations containing the experimental chlorine donors were
prepared and their spectra analyzed for color purity.

EXPERIMENTAL

Synthesis

2-Chloromethyl-2-methyl-5,5-dinitro-1,3-dioxane (1-CDN). To 100 mL of acetonitrile was added 18.0 g
of tris-(hydroxymethyl)nitromethane (0.119 mol) and stirred until the mixture became homogeneous.
Compound 1a (10.0 g, 0.108 mol) was added to the solution followed by 30 mL (0.24 mol) of BF3-
etherate complex.  Upon addition of the complex, the temperature increased from 20 to 35oC.  After
stirring for 90 minutes at room temperature, the solution was carefully poured into 2 L beaker containing
60 g of sodium bicarbonate and 600 mL water.  The heterogeneous mixture was allowed to stir for one
hour before it was transferred to a separatory funnel.  To this was added 100 mL of t-butylmethyl ether
and shaken.  The aqueous layer was removed and the organic layer washed with two 50 mL portions of
saturated brine.  The organic layer was collected and dried over magnesium sulfate, filtered and the
solvent stripped by rotary evaporation.  To the resulting residue was added a solution composed of NaOH
(8.8 g, 0.22 mol) and 400 mL water and stirred until the mixture became homogeneous.  The solution was
transferred to a 2L beaker.  A mixture composed of NaNO2 (30 g, 0.43 mol) and potassium ferricyanide
(3.5 g, 0.01 mol) and 65 mL water was added with vigorous stirring.  In one portion, solid sodium
persulfate (27 g, 0.11 mol) was added to the solution and allowed to stir for 2 hours.  The resulting
precipitate was collected by filtration, washed  copiously with water and air dried (17.1 g or 66% yield),
m.p. 54oC. 1H NMR (300 MHz, CDCl3): = 1.55 (s, 3H), 3.58 (s, 2H), 4.69 (d, J = 13.5 Hz, 2H), 4.79 (d,
J =13.5, 2H); 13C (300 MHz, CDCl3): = 18.51, 45.74, 62.28, 100.59, 111.14. CHN, theory 29.95% C,
3.77% H, 11.64% N; found 30.14% C, 3.95% H, 11.34% N.  By differential scanning calorimetry (DSC),
the onset of decomposition with some exothermicity is 235oC.

2-(Dichloromethyl)-2-methyl-5,5-dinitro-1,3-dioxane (11-CDN). In a 100 mL flask, a mixture of BF3-
etherate (37 mL or 0.29 mol), tris(hydroxymethyl)-nitromethane (17.8 g, 0.118 mol) and 1b (12.5 g,
0.098 mol) was vigorously stirred for 12 hours at room temperature.  Afterwards, the reaction mixture
was slowly poured into a 2L beaker containing 74 g of sodium bicarbonate and 750 mL water.  After
stirring for 1 hour, 200 mL of t-butyl methyl ether was added and the mixture transferred to a separatory
funnel.  The organic layer was saved and washed twice with 100 mL portions of saturated brine; it was
then dried over magnesium sulfate, filtered and its solvent stripped by rotary evaporation.  The resulting
residue was treated with an aqueous solution composed of 10 grams of NaOH and 360 mL of water.
Vigorous stirring and breaking up of the residue with a spatula was required to facilitate its dissolution.
After several hours of stirring, the mixture was filtered to remove insoluble impurities.  To the clear
filtrate was added a mixture composed of sodium nitrite (27 g, 0.39 mol) and potassium ferrocyanide (3.2
g, 0.01 mol) in 60 mL of water.  With continued stirring solid sodium persulfate (24.5 g, 0.10 mol) was
added in one portion.  After 4 hours, the product was filtered onto a Buchner funnel and washed copiously
with water and air dried (19.3 g, 70% yield), m.p. 48oC. 1H NMR (300 MHz, CDCl3): = 1.71 (s, 3H),
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4.71 (d, J = 13.6 Hz, 2H), 4.89 (d, J=13.6 Hz, 2H), 5.71 (s, 1H); 13C (300 MHz, CDCl3): = 15.74, 63.32,
72.89, 102.65, 111.53. CHN, theory 26.20% C, 2.93 % H, 10.18% N; found 26.35% C, 3.06% H, 9.96%
N.  DSC analysis shows that the onset of decomposition with some exothermicity is 239oC.

2,2-Di-(chloromethyl)-5,5-dinitro-1,3-dioxane (13-CDN). Using the identical procedure as
described for 11-CDN, 13-CDN was obtained from 1c in 44% yield; mp 78oC. 1H NMR (300 MHz,
CDCl3): = 3.78 (s, 4H), 4.78 (s, 4H); 13C (300 MHz, CDCl3): = 40.75, 62.55, 100.40, 111.22. CHN,
theory 26.20% C, 2.93 % H, 10.18% N; found 26.52% C, 3.11% H, 9.76% N.  The onset of
decomposition by DSC is 219oC.

RESULTS AND DISCUSSION

All three compounds are derived from the cyclic condensation of their respective mono and di-
chloroacetone precursors (1a, 1b, 1c) with tris(hydroxymethyl)nitromethane.  The reaction, catalyzed by
boron trifluoride-etherate, produces in high yield the chlorinated 5-hydroxymethyl-2,2-dimethyl-5-nitro-
1,3-dioxane intermediates (2a, 2b, 2c). Oxidative nitration of the intermediates generates the final
chloromethyl derivatives of 5,5-dinitro-1,3-dioxane (1-CDN, 11-CDN and 13-CDN).  The oxidative
nitration procedure for the production of gem-dinitro compounds has been thoroughly investigated in
several applications, largely because the yields are high, the reagents are inexpensive, and the generated
waste is easily disposable [8].

OH
OH

OH

NO2O
Cl O O

O2N
OH

Cl
O O

O2N

Cl

NO2

OxidativeBF3.etherate

CH3CN Nitration

R1      R2

1a, 2a,  1-CDN:      H        H
1b, 2b, 11-CDN:    Cl        H
1c, 2c,  13-CDN:    H        Cl

R1 R2

R1 R1 R2R2

1 2 CDN

Scheme 1.  Synthesis routes for the substituted 1,3-dioxane energetic chlorine donors.

The reagent, tris(hydroxymethyl)nitromethane, is easily produced by the reaction of three equivalents of
formaldehyde and nitromethane in the presence of a catalytic amount of sodium hydroxide (Scheme 2).  It
is also a commercially available product.

CH3NO2 CH2O
OH

OH
OH

NO2
NaOH

H2O
3+

Scheme 2.  Synthesis route for the reagent tris(hydroxymethyl)nitromethane.

Flame Color
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The flame colors of test formulations were measured using an Ocean Optics S2000 Series Fiber Optic
Spectrophotometer coupled to a SAD500 interface.  The techniques of collecting and processing the
spectrophotometric data into CIE color values have been previously described [1].  All of the
experimental mixtures containing energetic chlorine donors were formulated and burned as loose
powders.  The sources and purities of the ingredients are given elsewhere [9].  Tables 1, 2 and 3 list the
color values for red, green and blue pyrotechnic formulations using 1-CDN, 11-CDN and 13-CDN
chlorine donors.  Table 4 lists the color values of red, green and blue formulations based on traditional
ingredients [1].  These traditional formulations were selected from a large collection of known
pyrotechnic formulations and tested for best color purity.  While they may not represent the best color
purity of all published formulations, which there are many, they are nevertheless useful for comparison
with the experimental formulations.

As listed in Tables 1-3, the experimental formulations are mostly composed of nitrocellulose and
nitroguanidine. The principal benefits of these two materials as low-smoke pyrotechnic ingredients have
been previously demonstrated by Hiskey and Naud [10].  Nitrocellulose, with nitrogen content of about
13.5% nitrogen, is sufficiently oxygen balanced that no additional oxidant is required to complete its
combustion.  Nitrocellulose is also clean-burning, producing only carbon dioxide, nitrogen and water.
Nitroguanidine is used to control the burn rate of the mixture as well as to improve the flame color.  This
is especially so for the green and blue formulations.

The 1931 CIE color values from Tables 1 through 4 are shown graphically in Figure 1.  The triangle in
the center of the diagram is constructed from the three color values from Table 4.  This area represents the
approximate region of possible colors when different ratios of the primary colors (red, green and blue) are
mixed in a traditional-style formulation and burned.  As can been seen graphically, most of the
experimental formulations utilizing the CDN-based chlorine donors have color values outside of the
triangle, demonstrating their excellent color purity.

In addition to the color purity data, the following observations were made from the flame combustion
analyses. Formulations that contained either 11-CDN or 13-CDN had better color purity and intensity
than those containing 1-CDN.  This is attributed to the straightforward fact that 11-CDN and 13-CDN
contain two chlorine atoms per molecule versus one for 1-CDN, and therefore makes them inherently
more effective chlorine donors.  The addition of a small amount of magnesium (5%) greatly improved the
color intensity and burn rate of the red and green formulations.  Furthermore, the blue and green
formulations containing nitroguanidine burned smoothly (i.e. without sputtering) and with remarkably
better color purity than those without nitroguanidine.  The red formulations, with or without
nitroguanidine, were nearly identical in color purity.  However, like the blue and green mixtures, the red
formulations with nitroguanidine burned more smoothly.  Because nitrate salts require relatively higher
temperatures to initiate their decomposition, it is speculated that the addition of nitroguanidine and a
small amount of magnesium help to moderately increase the combustion temperature.   Blue formulations
that contained no magnesium but some amount of nitroguanidine burned smoothly and with remarkably
good color purity.  The addition of small amounts of magnesium greatly degraded the color purity of blue
formulations, however.

Ingredient
Red Formulations

1-CDN 11-CDN 13-CDN

Strontium Nitrate 25 25 20 20 20 20
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NC 40 50 45 55 45 55
NQ 10 - 10 - 10 -
Chlorine Donor 20 20 20 20 20 20
Magnesium 5 5 5 5 5 5

X/Y Color Value 0.672/
0.308

0.638/
0.321

0.667/
0.308

0.663/
0.307

0.661/
0.312

0.657/
0.311

Table 1.  Red color formulations and their corresponding 1931 C.I.E. values.

An altogether different set of pyrotechnic formulations utilizing bitetrazole amine monohydrate (BTAw)
was formulated and tested for color purity.  The utility of BTAw as a low-smoke high-nitrogen
pyrotechnic fuel has been extensively detailed [1]. The formulations and color results are listed in Table
5.  Because BTAw contains no oxygen within the molecule, the red, green and blue formulations required
relatively higher amounts of their respective oxidants than those given in Tables 1-3.  Nitrocellulose was
added to improve burning characteristics as well as to simulate the addition of a binder.  For all three
formulations, the color purities are better than those obtained using traditional ingredients specified in
Table 4.

Ingredient
Green Formulations

1-CDN 11-CDN 13-CDN

Barium Nitrate 20 20 20 20 20 20
NC 35 45 45 55 45 55
NQ 10 - 10 - 10 -
Chlorine Donor 30 30 20 20 20 20
Magnesium 5 5 5 5 5 5

X/Y Color Value 0.366/
0.528

0.402/
0.526

0.312/
0.555

0.376/
0.539

0.323/
0.559

0.382/
0.548

Table 2.  Green color formulations and their corresponding 1931 C.I.E. values.

Ingredient
Blue Formulations

1-CDN 11-CDN 13-CDN

Basic Cu Nitrate 20.0 22.2 22.2 22.2 22.2 22.2
NC 30.0 55.6 33.4 55.6 33.4 55.6
NQ 20.0 - 22.2 - 22.2 -
Chlorine Donor 30.0 22.2 22.2 22.2 22.2 22.2
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X/Y Color Value 0.223/
0.201

0.259/
0.236

0.196/
0.151

0.235/
0.196

0.203/
0.152

0.240/
0.196

Table 3.  Blue color formulations and their corresponding 1931 C.I.E. values.

While the energetic chlorine donors may provide an alternative to perchlorate-based formulations,
additional studies are needed in order to fully evaluate their performance.  It does appear from this
preliminary work that the CDN compounds may not be universally applicable in all formulations
requiring a chlorine donor.  This is attributed to their comparatively lower ignition temperatures and
melting points.  In other words, a CDN compound will vaporize and combust to release chlorine at lower
temperatures than a thermally stable chlorine-containing polymer such as PVC.  This may partly explain
why in our preliminary burn experiments the CDN donors were found to be quite effective when
incorporated with nitrocellulose, which is easily ignitable and cooler burning.  And the utility
nitrocellulose as a pyrotechnic ingredient has other advantages, specifically: (1) NC is inexpensive and
commercially available; (2) the addition of small amounts of nitroguanidine to a nitrocellulose-based
formulation enhances the color purity; (3) NC already is intrinsically oxygen rich, which reduces the need
for oxidants; and (4) NC burns cleanly with little or no residue, appropriate for low-smoke pyrotechnic
applications.  So, for all of these reasons combined, the CDN/NC/NQ matrix appears to be the most
promising as a perchlorate-free, low-smoke pyrotechnic formulation.

Ingredient Red Green Blue

Strontium Nitrate 60
Barium Nitrate 56
Cupric Oxide 17
Potassium Perchlorate 6 61
Magnalium Alloy 20 10
Polyvinyl Chloride 10 18 10
Hexamine 5 6
Red Gum 10 5 3
Dextrin 3

X/Y Color Value 0.653/0.315 0.366/0.522 0.218/0.185

Table 4. Red, green and blue formulations and their respective color values (C.I.E. 1931).  These
formulations using traditional ingredients were found to burn with best color purity.

Ingredient Red Green Blue
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Strontium Nitrate 29
Barium Nitrate 30
Basic Copper Nitrate 25
Bitetrazole Amine
Monohydrate (BTAw)

42 32 33

Nitrocellulose 8 13 20
Magnesium 4 5
11-CDN 17 20 22

X/Y Color Value 0.675/0.311 0.330/0.531 0.213/0.165

Table 5.  Red, green and blue formulations and their respective color values (C.I.E. 1931) utilizing
bitetrazole amine monohydrate (BTAw) as a low-smoke pyrotechnic fuel and 11-CDN as the chlorine
donor.

Because of their solubility in organic solvents, the CDN compounds might be best incorporated and
processed with raw, fibrous NC using a solvent system that would partially dissolve or swell the
nitrocellulose fibers.  This method will not fully dissolve and destroy the fibrous nature of the
nitrocellulose, and therefore retain its good ignitability and high burn speed characteristics, but still allow
for the matrix to be pressed or extruded into strongly bound shapes.  The CDN materials in this
processing method could act as plasticizers, and if necessary, additional co-plasticizers (such as 1,2,4-
butanetriol trinitrate, BTTN, or trimethylolethane trinitrate, TMETN) could also be added to improve the
oxygen balance and processing behavior.  Because non-aqueous solvents are employed, magnesium or
magnesium-aluminum alloys could be safely processed into the formulation.  At the moment, the simplest
and most effective coloring agents are the oxidants strontium and barium nitrates.  To improve reactivity,
the particle size of the nitrates should be as small as possible.
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Figure 1.  Color coordinate values taken from Tables 1 through 4 are shown on a C.I.E. 1931 Chromaticity Diagram.
The central triangular region approximately represents the possible colors that can be obtained using traditional fuels
and barium, copper and strontium metal colorants (Table 4).

SUMMARY AND CONCLUSIONS

Three novel compounds based on the 1,3-dioxane system were synthesized and investigated as
possible chlorine donors in perchlorate-free, low-smoke formulations.  Simple pyrotechnic test mixtures
utilizing these compounds along with a variety of fuels and nitrates were burned and their resulting flames
analyzed for color quality.  The resulting color values (C.I.E. 1931) for some of the mixtures were equal
or better than those obtained by traditional means.
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ABSTRACT

This poster describes the work done within the Category B joint research project under the
European Defence Agency (EDA) on Future Flare Compositions [1]. Contributing members were
Finland, Germany, United Kingdom and the Netherlands. The program was aimed to identify the
technology gaps that apply to countermeasures against future IR/EO threats to flying platforms. The focus
has been on new advanced flare compositions against the above mentioned threats. Also rapid design and
analysis tools for spectral countermeasures for new threats were developed.

Work defined were a literature study of the current state of the art, a workshop on spectral
countermeasures with the focus on modeling and rapid design, next generations countermeasures by a
selection of concepts and the manufacture of test flares, and full scale trials to test for suitability and
correlate modeling results.

Introduction

The objective of this FFC Joint Programme is to improve the collective knowledge on flares. The
results will lead to improved flares for the protection of aircraft, and other assets subject to similar threats,
but the panel will also be aware of potential areas of overlap for other applications. To gain an improved
knowledge base on flare compositions with respect to ignition, combustion mechanisms, emission,
output, environmental aspects and hazard properties. A long term goal will be to develop advanced
pyrotechnic decoys.

The project was divided into four work packages: (1) a literature  survey, describing the state of
the art flare compositions, current and future threats and modeling capabilities; (2) spectral
countermeasures including a workshop on spectral flare modeling; (3) next generation countermeasures in
which new compositions were manufactured and tested; and (4) a field trial at which several new types of
flares were tested and evaluated. The poster illustrates some of the achievements within the project and
gives a suggestion for a follow up outline description.

Figure 1. Flares released by aircraft (from Google).
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Experimental/Background

Recent developments in decoy flares for aircraft protection take into account that more and more
infrared guided missiles are equipped with seekers that use at least a two color detector (α- band 1.8-2.5
μm and β- band 3.5-4.8 μm) differentiating between a jet plume and a pyrotechnic flare. In addition to
spectral discrimination, missile-seeker head counter-countermeasures include kinematical discrimination,
rise-time discrimination, UV/VIS discrimination and area temperature matching [2].

To counteract IR guided missiles pyrotechnic infrared decoys have been developed. The emitted
spectral signature of decoy flares should be similar to the natural signature of the target that needs to be
protected. The most applied flare compositions are still based on MTV (magnesium/ Teflon™/ Viton™),
although the flare composition has the spectral distribution of the heat radiation with very low β/α-band
ratio and a significant UV-line signature. Therefore the development of spectrally adapted flare
compositions with an increased colour ratio β/α has become an ongoing challenge to the countermeasure
community. Increasing the safety during processing and developing environmentally acceptable flare
formulations are also important questions for future researchers [3, 4] .

The last years also image seekers and seekers that operate in the UV/ VIS range have emerged.
These treads cannot be defeated by the currently available pyrotechnic decoys and places the pyrotechnic
world for a new challenge. Even more energy density will be needed to be contained in the pyrotechnics
to create an array of flares that possible can defeated image seekers. Also this high energy will be needed
to defeat manpads as described in the SPIE paper [5] written under this project.

Results

From the literature study a database of relevant literature is build and will continue to be updated.
The focus is directed to five main topics; state of art, threat definition, models and databases, ignition and
combustion properties. Conclusions are drawn on requirements for future flares to meet future threats.

There are several different models and databases available within the participating nations to
simulate and model the different aspects when developing and studying flares. Thermodynamic modeling
can be used to study trend lines in various mix ratios. To calculate theoretical performance of IR decoy
flares it is possible to use thermodynamic models. Depending on the type of composition which is being
studied, there can be significant problems to converge the models to useful output, especially if a lot of
solids are being formed.

The modeling workshop covered different topics from ignition and burning models to spectral
output modeling. Different approaches and modeling tools were demonstrated and discussed. As output a
priority list of gaps and problems to work on was compiled including existing solutions and possible ways
to address the gaps. The end result of the workshop was a priority list for steps to be taken on:

 General modeling and predicting chemical reaction and physics (e.g. reaction of particulate
systems, modeling of special particle distributions as input for calculations, formation of soot
particles)

 Modeling and simulation of technical operation (e.g. combustion products in different operating
environments, ignition of a flare,  geometry of ignition system of a flare, burning of a flare with
respect of volumetric effects, missing of validation data in many areas)

 New Concepts

Within the work package next generation countermeasure two new concepts were developed and
manufactured for testing: strobing flares and masking flares. Strobing flares which have a frequency that
is tuneable to frequencies most irritating to humans were developed on laboratory scale. These flares will
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irritate “the manpad operator” but we also hope to jam for example Electro-Optic systems like LLTV and
Auto Gain Control (AGC) systems. The experimental flares will be tested in a field trial. A strobing flare
with a frequency of at least 5 Herz was manufactured. This is based on an experimental flare composition,
optimized within this project for performance and ignitability.

Figure 2. Raw data of the strobing flare frequencies.

Masking flares which will cover a larger area in the sky were also developed. Four different
versions of a payload of the same type were manufactured for testing, all spinning and ejecting IR
radiating material. The masking flares will eject a cardboard tube that spins in all directions. After burn
out there is a cardboard tube left of about 8 grams. No metal parts are used to make these flares. This
poses minimal (if not neglectable) risks of significant fragments down range.

Figure 3. Masking flare.

Discussion

Selected concepts have been tested and optimized for the trial through an iterative process. Final
test flares (strobe and masking flares) have been manufactured and will be tested during trials at the
COTEC range (UK) in July. After that a final report will be written. .

As the current EDA Programme will end 2014, a new Outline Description has been proposed for
future work. The tile will be “Over the horizon expendable IRCM’s”. The aim will be to understand how
novel concepts of self-protection (expendables) work against future threats, to protect airborne platforms
including drones and make suggestions to come towards a more harmonized assessment of their
performance in trail and qualification. The outcome of project will be a detailed understanding of the
existing synthetic approaches that are available leading to an improved ability in Europe for research on
novel Energetics for future advanced applications.

Summary
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With regards to threats, it can be concluded that modern threats have at least the capability to
measure the relative intensity in two color bands. Modern threats can be assumed to look in at least two
IR bands: α (1.8-2.5 μm) and β (3.5-4.8 μm), as referred to by Koch [6]. Modern seekers are likely to use
additional scanning techniques and various Counter-Countermeasure (CCM) techniques. At some point in
time threats will have "imaging capability" to distinguish two-dimensional patterns, (FPA, Focal Plane
Array) and there doesn’t seem to be a decoy flare available yet to respond to that.

Modern decoys must therefore meet a number of criteria. The most important ones are: burn with
a realistic emission spectrum; realistic color ratio; sufficient radiant intensity; ignite fast at high altitude.
Flare compositions must have a very high energy density (kJ/m-3) and have a very high burn rate (mm/s)
so to ensure a high combustion energy output. At the same time the highest possible amounts of CO2, CO
and H2O gasses should be produced at the highest temperatures possible, provided that the flare will not
emit as a black body. Fuels and binders that are potentially useful for spectrally balanced flares should
produce a lot of gasses, allow a very high linear burn rate, and not be extinguished at high wind-speeds.
Especially the high energy content that will be needed to counter the image seekers of the future will be a
significant challenge.

By using experimental results the models for flares have been improved so that now, based on
ingredients and shape, a good approximation of the plume shape and spectral output in the plume can be
calculated.
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ABSTRACT

The replacement of noxious perchlorate-containing oxidizers in pyrotechnical formulations by non-
hazardous materials is desired and the object of current research. The investigation of two compounds –
copper(II) iodate and tris(2,2,2-trinitroethyl)borate (TNEB) – as oxidizers in pyrotechnical compositions
is reported here. Several formulations using Cu(IO3)2 and TNEB, respectively, have been tested with
respect to the flame color, color properties and energetic and thermal properties.

Introduction

Green-burning pyrotechnic formulations, whether in civilian or military applications traditionally use
barium compounds as green-light-emitting species.[1] Often these formulations additionally contain
perchlorates and chlorine-sources such as PVC to generate metastable BaCl, which is responsible for the
green color.[1] But due to health and environmental issues the replacement of barium compounds by less
hazardous materials is desired and currently investigated.[2] The use of green-burning boron-containing
compounds as substituents for barium nitrate is described in literature.[3] Sabatini et al reported the
investigation of formulations based on amorphous boron and boron carbide. While formulations
containing amorphous boron, potassium nitrate and binder are reported to burn too rapidly for practical
use, the formulations using boron carbide, potassium nitrate and binder show an intensive green flame
color, suitable combustion properties and an acceptable performance.[3] Replacing potassium nitrate by
metal-free oxidizer could improve the color properties. Therefore the use of a metal-free and boron-
containing oxidizer is of interest. Tris(2,2,2-trinitroethyl)borate (TNEB) is considered to be one potential
compound[4], which combines a boron centre and energetic ligands in one molecule. Tris(2,2,2-
trinitroethyl)borate (TNEB) has been synthesized and characterized by Klapötke et al.[4] The facile
reaction of boron oxide and trinitroethanol in acetonitrile led to the formation of TNEB in high yield and
purity. A good oxygen performance is reported, which makes it a suitable oxidizing compound.

The generation of blue flame colors in pyrotechnics is very challenging and requires an eligible tuning of
different parameters such as a specific ratio of the ingredients, molecular behavior and combustion
temperature for instance.[5] Blue flame colors are obtained by using copper or copper-containing
compounds, which produce during the combustion in the presence of a chlorine-source the blue-emitting
species CuCl, which is the best emitter in the blue region of the visible spectrum ranking from 435 nm to
480 nm. A series of bands in the region from 428 nm to 452 nm with additional peaks between 476 nm
and 488 nm are obtained from this molecular species.[5, 6] But when the temperature rises above 1200 °C,
which occurs in an oxygen-rich flame, CuCl decomposes resulting in the formation of CuO and CuOH.
While CuOH emits in the green region from 525 nm to 555 nm, CuO emits bands in the red region, which
is often observable at the top of blue flames.[7] As the chlorine-source potassium perchlorate is often used
serving as the oxidizer at the same time. But also chlorinated organic compounds such as polyvinyl
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chloride, parlon or dechlorane for example are employed as chlorine donors.[5] In literature there are
contradictory opinions concerning the extent of toxicity of the during the combustion emerging
polychlorinated dibenzo-p-dioxins (PCDD) and dibenzofurans (PCDF). While Fleischer et al[8] stated a
too low concentration of PCDD and PCDF to be harmful, Dyke and Coleman[9] found a significantly
higher concentration. However, toxicity and environmental aspects should be considered and potential
hazards should be avoided when possible. Therefore blue colorants, which do not base on CuCl as the
blue-light-emitting species but on CuI, which emits in the blue region at 460 nm[10] as well and hence do
not need any chlorine donors, would be alternatives. Such a compound is copper iodate, which is easy to
prepare from potassium iodate and copper nitrate[11] and insensitive towards ignition stimuli. It possesses
a high decomposition temperature and oxidizing character and therefore suitable as blue colorant and
oxidizer at the same time. In literature only blue-burning formulations based on CuCl as blue-light-
emitter are reported so far.[12] In this work blue-burning formulations based on copper iodate serving as
the oxidizer and colorant at the same time are investigated. Formulations mixing copper iodate with a
series of fuels have been prepared and investigated regarding their color performance and combustion
behavior as well as their energetic and thermal properties.

Results and Discussion

1. Formulations based on tris(2,2,2-trinitroethyl)borate

The green-burning formulation containing potassium nitrate and boron carbide was reported by Sabatini
et al and is reinvestigated with the herein used equipment. Although formulation 1 (Table 1.1) using
potassium nitrate and boron carbide burns with a green flame color the spectral purity is reported to be
lower than 70 %. In Table 1.2 the color properties like dominant wavelength (Dw), spectral purity (Sp),
luminous intensity (LI) and luminous efficiency (LE) of formulation 1 are summarized. Formulation 1 is
impact and friction insensitive and decomposes above 400°C.[3]

Table 1.1. Formulation 1.

KNO3 [wt%] B4C  [wt%] Epon 828/Epikure 3140 [wt%]

1 83 10 7

Table 1.2. Color properties of formulation 1.

burn time [s] Dw [nm] Sp [%] LI [cd] LE [cdsg-1]

1 6 560 69 25 250

Increased spectral purities can be obtained by replacing potassium nitrate by metal-free oxidizers.
Therefore several formulations using ammonium nitrate, ammonium dinitramide (ADN) and tris(2,2,2-
trinitroethyl)borate (TNEB) have been investigated.
Two formulations using NH4NO3 were prepared (Table 1.3). Formulation 2 consisting of 83 %
ammonium nitrate, 10 % boron carbide and 7 % binder was not ignitable and formulation 3 employing 75
% ammonium nitrate, 10 % boron carbide, 8 % magnesium and 7 % binder also was not ignitable,
although magnesium was added to enhance the burning temperature.
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Table 1.3. Formulations 2 and 3.

NH4NO3 [wt%] B4C  [wt%] Mg  [wt%] Epon 828/Epikure 3140 [wt%]

2 83 10 - 7

3 75 10 8 7

In the next two formulations (Table 1.4) ammonium nitrate was replaced by ammonium dinitramide,
which produces higher burning temperatures. The other components were employed in the same ratio like
formulations 2 and 3. Both formulations 4 and 5 did not burn with a green flame color.

Table 1.4. Formulations 4 and 5.

ADN [wt%] B4C  [wt%] Mg  [wt%] Epon 828/Epikure 3140 [wt%]

4 80 10 - 7

5 75 10 8 7

Tris(2,2,2-trinitroethyl)borate (TNEB) possesses oxidizing character and contains a boron centre. Due to
this combination TNEB is considered to be a suitable green-burning oxidizer and was investigated in
pyrotechnic formulations.
As summarized in Table 1.5 three formulations were prepared replacing stepwise potassium nitrate by
TNEB. Formulation 6 contains 63 % KNO3 and 20 % TNEB, while in formulation 7 KNO3 and TNEB
are used in a 1:1 ratio. Formulation 8 contains only TNEB as oxidizer. While formulations 6 and 7 did not
burn with a green flame color, formulation 8 did not burn at all and only soaked through.

Table 1.5. Formulations 6, 7 and 8.

TNEB [wt%] KNO3 [wt%] B4C  [wt%] Binder [wt%]

6 20 63 10 7

7 41.5 41.5 10 7

8 83 - 10 7

As binders VAAR and Epon 828/Epikure 3140 were investigated and revealed no difference concerning
the combustion behaviour.
All other following formulations were also prepared once using VAAR binder and once again using Epon
828/Epikure 3140 and showed the same burning behaviour as well as no difference concerning the color
performance, the sensitivity and the thermal properties. But all formulations whether using VAAR or
Epon 828/Epikure 3140 have in common that after several days the decomposition of TNEB could be
observed. It is believed that the boron ester is attacked by the ethylacetate containing in the VAAR binder
and the epoxy moieties containing in the Epon 828/Epikure 3140 binder system. Additionally, all
formulations were prepared without a binder and were investigated with regard to their stability exposed
to air moisture. Like the formulations using a binder they also started to decompose after several days. To
avoid the decomposition of TNEB and hence to ensure the stability of TNEB-containing formulations
paraffin was added to the formulations instead of binder. By mixing all solid formulation components
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with warm liquid paraffin the particle surface is assumed to be sealed and therefore TNEB is protected
from air-moisture.

In Table 1.6 the content of two formulations using only TNEB as oxidizer, boron carbide, magnesium and
paraffin are summarized. To increase the combustion temperature formulations 9 and 10 were prepared
using magnesium besides TNEB, B4C and paraffin. The content of both formulations 9 and 10 is shown
in Table 1.6. Both mixtures burned smokeless with an intensive green flame color.

Table 1.6. Formulations 9 and 10.

TNEB [wt%] B4C  [wt%] Mg [wt%] Paraffin [wt%]

9 75 10 8 7

10 79 10 4 7

The performances of both mixtures as well as the energetic and thermal properties are summarized in
Table 7. Formulations 9 and 10 reveal spectral purities of 85% and 86%, which exceed the spectral purity
of formulation 1 due to the absence of potassium nitrate. The luminous intensity of composition 9, which
shows a burn time of 4 seconds is 89 cd and higher than the luminous intensity of composition 10 with 50
cd and a burn time of 7 seconds. The comparison with formulation 1 showing a luminous intensity of 25
cd reveals that both formulations 9 and 10 possess higher luminous intensities, most likely due to the
presence of magnesium.

Figure 1.1: Burn down of formulations 9 (left) and 10 (right).

Table 1.7. Color performances and energetic and thermal properties of formulations 9 and 10.

burn time
[s]

Dw

[nm]

Sp

[%]

LI

[cd]

LE

[cdsg-1]
Impact

[J]
Friction

[N]
grain size

[μm]
Tdec

[°C]

9 4 562 85 89 593 > 40 > 360 < 100 168

10 7 561 86 50 583 > 40 > 360 < 100 170

The impact and friction sensitivities of both formulations were determined. Both compositions revealing
an impact sensitivity higher than 40 J and a friction sensitivity higher than 360 N, therefore can be
classified as not sensitive. The decomposition temperatures are found to be at 168°C and 170°C.
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In the following two formulations 11 and 12 amorphous boron was employed as fuel. In composition 11
(Table 1.8) only boron is used, whereas formulation 12 (Table 1.9) contains boron and boron carbide. The
ratios of oxidizer to fuel and binder are according to formulation 1.

Table 1.8. Formulation 11.

TNEB [wt%] B  [wt%] Paraffin [wt%]

11 83 10 7

Table 1.9. Formulation 12.

TNEB [wt%] B4C  [wt%] B  [wt%] Paraffin [wt%]

12 83 5 5 7

Formulation 11 shows a spectral purtiy of 80% and a luminous intensity of 13 cd (Table 1.10). Compared
to formulation 1 a higher spectra purity but a lower luminous intensity could be obtained. But both
performance values are below that of formulations 9 and 10 using boron carbide and magnesium as fuels.
Additionally an impact sensitivity of 10 J was determined.

Table 1.10. Color performance and energetic and thermal properties of formulation 11.

burn time
[s]

Dw

[nm]

Sp

[%]

LI

[cd]

LE

[cdsg-1]
Impact

[J]
Friction

[N]
grain size

[μm]
Tdec

[°C]

11 4 565 80 13 87 10 > 360 < 100 171

When using boron and boron carbide as fuels in combination with TNEB a long burn time of 8 seconds, a
low spectral purity of 45% and a lower luminous intensity of 10 cd were achieved (Table 1.11).
Compared to formulation 1 and formulations 9 and 10, mixture 12 shows a lower performance.

Table 1.11. Color performance and energetic and thermal properties of formulation 12.

burn time
[s]

Dw

[nm]

Sp

[%]

LI

[cd]

LE

[cdsg-1]
Impact

[J]
Friction

[N]
grain size

[μm]
Tdec

[°C]

12 8 563 45 10 133 40 > 360 < 100 178

2. Formulations based on copper iodate

In order to investigate blue-burning formulations using copper iodate as the oxidizer and colorant without
any additional chlorine-containing compound, an established blue-burning formulation was prepared and
compared with the new formulations.
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Shimizu´s blue formulation[12a] consisting of 68% potassium perchlorate, 15% copper, 17% polyvinyl
chloride and 5% starch (Table 2.1) was chosen and reinvestigated with the herein used equipment.

Table 2.1. Formulation A - Shimizu´s blue formulation.

KClO4 [wt%] Cu  [wt%] PVC  [wt%] Starch  [wt%]

A 68 15 17 5

The performance of formulation A is summarized in Table 2.2. The burn time, the dominant wavelength
(Dw), the spectral purity (Sp), the luminous intensity (LI) and the luminous efficiency (LE) have been
determined. The sensitivity towards impact and friction as well as the decomposition temperature (Tdec)
were measured. Although formulation A burned with an intensive blue flame color two dominant
wavelength values were measured appearing at 475 nm in the blue region and at 552 nm in the green
region, which can be attributed to the formation of CuOH during the combustion. A spectral purity of
61% and a luminous intensity of 54 cd were measured. Formulation A revealed an impact sensitivity of 8
J, a friction sensitivity of 324 N and a decomposition temperature of 307°C (Table 2.2).

Table 2.2. Performance and sensitivity of formulation A.

burn time
[s]

Dw
[nm]

Sp
[%]

LI
[cd]

LE
[cdsg-1]

Impact
[J]

Friction
[N]

Tdec

[°C]

A 4 475 (552) 61 54 8 324 307

In Table 2.3 the content of formulations using copper iodate and several different fuels is shown. In all
formulations the binder system Epon 828/Epikure 3140 is employed. Formulations 1 and 2 contain beside
the binder copper iodate and 5-aminotetrazole in different ratios. Both formulations did not burn but only
glowed down. Formulation 4 containing copper iodate and nitroguanidine as fuel and formulation 5
containing copper iodate, copper and starch did not burn as well and both only glowed down. In contrast
formulation 3 using copper iodate and the very reactive fuel amorphous boron self-ignited by grinding the
mixture in the mortar.

Table 2.3. Formulations 1, 2, 3, 4 and 5.

Cu(IO3)2

[wt%]
5-At

[wt%]
B

[wt%]
Nitroguanidine

[wt%]
Cu

[wt%]
starch
[wt%]

Epon 828/Epikure 3140
[wt%]

1 60 33 - - - - 7

2 80 15 - - - - 5

3 75 - 20 - - - 5

4 75 - - 20 - - 5

5 70 - - - 20 5 5
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While the use of boron makes a formulation to reactive, 5-aminotetrazole as the only fuel does not
produce the energy, which is required for the combustion reaction. To enhance the reaction temperature
formulations were prepared using copper iodate, 5-aminotetrazole and magnesium. The content of these
formulations is summarized in Table 2.4. Formulation 6, containing only 53% of copper iodate did not
burn but only glowed down. Formulations 7 and 8 burned with a blue flame color and some smoke and
residues could be observed. Formulation 9 burned also with a blue flame color, but some slightly red
smoke was observable and residues remained.

Table 2.4. Formulations 6, 7, 8 and 9.

Cu(IO3)2

[wt%]
5-At

[wt%]
Mg

[wt%]
Epon 828/Epikure 3140

[wt%]

6 53 35 5 7

7 65 15 15 5

8 75 5 15 5

9 75 12 8 5

Figure 2.1: Burn down of formulations 7, 8 and 9.

In Table 2.5 the performance data, the impact and friction sensitivities as well as the decomposition
temperatures of formulations 7, 8 and 9 are summarized. While formulations 7 and 8 revealed burn times
of 5 seconds, formulation 9 showed a burn time of 6 seconds. The spectral purities of all three
formulations are below 60% and therefore lower than that of formulation A. The dominant wavelength
values indicate, that beside the main blue emitter also green-light-emitting species occur, which are
responsible for the dominant wavelength values in the green region of the visible spectrum. Among these
three formulations mixture 7 shows the highest spectral purity of 58% and mixture 9 achieved the highest
luminous intensity of 80 cd. All three formulations are friction insensitive but very sensitive towards
impact and the decomposition temperatures are in the range from 164°C to 170°C (Table 2.5).

Table 2.5. Performance and sensitivity of formulations 7, 8 and 9.

burn time
[s]

Dw
[nm]

Sp
[%]

LI
[cd]

LE
[cdsg-1]

Impact
[J]

Friction
[N]

grain size
[μm]

Tdec

[°C]

7 5
468

(546)
58 45 375 10 > 360 < 100 164

8 5 480 51 76 633 10 > 360 < 100 167
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(555)

9 6
465

(532)
56 80 800 8 > 360 < 100 170

The next four investigated formulations 10, 11, 12 and 13 contain besides copper iodate, 5-aminotetrazole
and magnesium also copper iodide, which was used as an additional colorant. Formulation 12 contains
urea in addition. Formulation 13 consists of copper iodate, magnesium, copper iodide and copper instead
of 5-aminotetrazole. The content of these formulations is summarized in Table 2.6.

Table 2.6. Formulations 10, 11, 12 and 13.

Cu(IO3)2

[wt%]
5-At

[wt%]
Mg

[wt%]
CuI

[wt%]
Urea

[wt%]
Cu

[wt%]
Epon 828/Epikure 3140

[wt%]

10 65 7 15 8 - - 5

11 65 7 5 18 - - 5

12 65 7 5 10 4 - 5

13 65 - 13 10 - 7 5

Formulations 10 and 11 burned with a blue flame color and produced some smoke and residues.
Formulations 12 and 13 also showed blue flame colors and a slightly reddish smoke and residues
remained.

Figure 2.2: Burn down of formulations 10, 11, 12 and 13.

The burn times and the performance as well as the impact and friction sensitivities and the decomposition
temperatures of formulations 10, 11, 12 and 13 are summarized in Table 2.7.

Table 2.7. Performance and sensitivity of formulations 10, 11, 12 and 13.

burn time
[s]

Dw
[nm]

Sp
[%]

LI
[cd]

LE
[cdsg-1]

Impact
[J]

Friction
[N]

grain size
[μm]

Tdec

[°C]

10 4
470

(555)
59 67 447 10 > 360 < 100 173

11 4 473 65 42 280 5 > 360 < 100 161
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(555)

12 3
480

(527)
56 32 160 5 > 360 < 100 167

13 4
470

(551)
60 41 273 5 > 360 < 100 170

Formulations 10, 11 and 13 show burn times of 4 seconds and formulation 12 shows a burn time of 3
seconds. The spectral purities are found to be between 56% and 65%. While formulation 13 shows the
same spectral purity of 60% like formulation A, composition 11 possesses a spectral purity of 65%, which
exceeds that of formulation A. Among these four formulations, composition 10 reveals the highest
luminous intensity of 67 cd, which is higher than that of formulation A. Comparing these formulations
with formulations 7, 8 and 9, it can be assumed, that the addition of CuI improves the spectral purity. All
formulations show very high impact sensitivities but are not friction sensitive (Table 2.7). The
decomposition temperatures are from 161°C to 173°C.

J. Jennings-White reported a blue-burning formulation, which consists of 50% guanidine nitrate, 20%
parlon, 15% copper and 15% magnesium.[13] According to this formulation compositions containing
copper iodate and guanidine nitrate were prepared and investigated (Table 2.8). Formulations 14, 15 and
16 contain copper iodate, guanidine nitrate and magnesium. Formulation 17 contains no guanidine nitrate.
Except formulation 15, the other formulations contain 21% urea. Formulation 15 contains copper instead
of urea. The highest amount of copper iodate was used in formulation 17, the lowest in formulation 14.
While formulation 14 could not be ignited, formulations 15, 16 and 17 burned with an intensive blue
flame color. No smoke and no residues were observable for all three formulations.

Table 2.8. Formulations 14, 15, 16 and 17.

Cu(IO3)2

[wt%]
Guanidine nitrate

[wt%]
Mg

[wt%]
Urea

[wt%]
Cu

[wt%]
Epon 828/Epikure 3140

[wt%]

14 15 50 9 21 - 5

15 20 50 10 - 15 5

16 30 35 9 21 - 5

17 65 - 9 21 - 5

Figure 2.3: Burn down of formulations 15, 16 and 17.
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In Table 2.9 the performance data of formulations 15, 16 and 17 is shown. Also the impact and friction
sensitivities as well as the decomposition temperatures are summarized. Formulation 15 reveals a rather
long burn time of 8 seconds. Formulations 16 and 17 show both a burn time of 6 seconds. The spectral
purity of composition 16 is measured to be 63%. Like in the case of all previous discussed formulations,
compositions 15, 16 and 17 exhibit dominant wavelengths in the blue and green region of the visible
spectrum (Table 2.9). Formulations 15 and 17 show a slightly higher spectral purity of 64% (Table 2.9).
But compared to formulation A all three formulations possess an increased spectral purity. Although
formulation 15 exhibits the highest burn time, the highest luminous intensity of 80 cd was obtained as
well. Compositions 16 and 17 reveal luminous intensities of 78 cd and 74 cd, respectively. Formulations
15 and 16 containing a low quantity of copper iodate are impact insensitive, while formulation 17 with
65% of copper iodate is very impact sensitive. But all three formulations are friction insensitive. Among
these three formulations the decomposition temperatures decrease with increasing amount of copper
iodate. Formulation 15 shows the highest decomposition temperature of 198°C (Table 2.9).

Table 2.9. Performance and sensitivity of formulations 15, 16 and 17.

burn time
[s]

Dw
[nm]

Sp
[%]

LI
[cd]

LE
[cdsg-1]

Impact
[J]

Friction
[N]

grain size
[μm]

Tdec

[°C]

15 8
477

(555)
64 80 1067 > 40 > 360 < 100 198

16 6
476

(525)
63 78 780 > 40 > 360 < 100 180

17 6
475

(553)
64 74 740 5 > 360 < 100 151

Summary and Conclusions

The replacement of potassium nitrate by TNEB in pyrotechnic formulation leads to a significant increase
of the spectral purity and luminous intensity, when combining TNEB with boron carbide and magnesium.
These formulations are determined not to be impact and friction sensitive. Formulations using TNEB
combined with or without potassium nitrate and only boron carbide did not yield green flame colors. The
combination of TNEB and amorphous boron only shows a higher spectral purity than formulations using
potassium nitrate but also an increased impact sensitivity. The addition of paraffin instead of an epoxy or
VAAR binder protects from hydrolysis by air moisture.

Several blue-burning formulations using copper iodate as the oxidizer and colorant have been
investigated. Formulations combining copper iodate with a series of fuels such as 5-aminotetrazole,
magnesium, boron, nitroguanidine and copper and other additives such as copper iodide, urea and
guanidine nitrate were prepared and examined. Only formulations containing magnesium in addition did
burn. Different component ratios have been tested and investigated with respect to the combustion
behaviour. While low amounts of copper iodate impede the combustion, the use of higher quantities of
copper iodate seems to cause smoke during the combustion and high impact sensitivities. Best results
have been achieved when using copper iodate between 20% and 30% together with magnesium,
guanidine nitrate and urea or copper (Formulations 15 and 16). These two formulations show the highest
spectral purities of 64% and 63% as well as the highest luminous intensities of 80 cd and 78 cd revealing
also the longest burn times of 8 and 6 seconds at the same time. Furthermore, both formulations are
neither impact nor friction sensitive and possess the highest decomposition temperatures of 198°C and
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180°C as well. From the comparison with the performance of formulation A (Shimizu´s blue) it can be
concluded that for the generation of blue-flame colors not only the combination of copper or copper
compounds with a chlorine donor resulting in the formation of blue-emitting CuCl is necessary. Copper
iodate forming very likely CuI during the combustion also produces brilliant blue flame colors when
combining with magnesium and guanidine nitrate in a proper tuned formulation.

Experimental

TNEB was synthesized according to literature procedure.[4] Boron carbide, copper iodate, amorphous
boron, potassium nitrate, ammonium nitrate, potassium perchlorate copper, 5-aminotetrazole, magnesium,
urea and paraffin were purchased from Aldrich, Fluka and Acros and were used as received. ADN was
supplied by EURENCO, Karlskoga, Sweden. The pyrotechnical compositions were prepared by grinding
all substances in a mortar. Then the mixture was introduced to the Epon 828/Epikure 3140 binder system,
mixed by hand with a plastic spatula for 15 minutes and grinded in a mortar again. In the case of the
TNEB-formulations the mixtures were introduced slowly to warm liquid paraffin after grinding. After
cooling to room temperature the mixtures were grinded again. Pellets of 0.6 g each were pressed using a
consolidation dead load of 2000kg. The pellets were dried over night at ambient temperature. The
controlled burn down was filmed with a digital video camera recorder (SONY, DCR-HC37E). The
performance of each composition has been evaluated with respect to color emission, smoke generation
and the amount of solid residues. Spectrometric measurements were performed using a HR2000+ES
spectrometer with an ILX511B linear silicon CCD-array detector and included software from Ocean
Optics with a detector-sample distance of 1 meter. The dominant wavelength (Dw) and spectral purity
(Sp) were measured based on the 1931 CIE method using illuminant C as the white reference point.
Luminous intensities (LI) and luminous efficiencies (LE) were determined using pellets of 0.6g each. Five
samples were measured for each formulation and all given values are averaged based on the full burn of
the mixture. Decomposition points were measured with a Linseis PT10 DSC using heating rates of 5 °C
min-1.[14] The impact and friction sensitivity was determined using a BAM drophammer and a BAM
friction tester.[15-19] The sensitivities of the compounds are indicated according to the UN
Recommendations on the Transport of Dangerous Goods (+):[20] impact: insensitive >40 J, less sensitive
>35 J, sensitive >4 J, very sensitive 4< J; friction: insensitive >360 N, less sensitive = 360 N, sensitive
<360 N>80 N, very sensitive <80 N, extreme sensitive <10 N.

Acknowledgement

Financial support of this work by the Ludwig-Maximilian University of Munich (LMU), the U.S. Army
Research Laboratory (ARL) under grant no. W911NF-09-2-0018, the Armament Research, Development
and Engineering Center (ARDEC) under grant no. W911NF-12-1-0467, and the Office of Naval Research
(ONR) under grant nos. ONR.N00014-10-1-0535 and ONR.N00014-12-1-0538 is gratefully
acknowledged.  The authors acknowledge collaborations with Dr. Mila Krupka (OZM Research, Czech
Republic) in the development of new testing and evaluation methods for energetic materials and with Dr.
Muhamed Suceska (Brodarski Institute, Croatia) in the development of new computational codes to
predict the detonation and propulsion parameters of novel explosives. We are indebted to and thank Drs.
Betsy M. Rice and Brad Forch (ARL, Aberdeen, Proving Ground, MD) for many inspired discussions.
The Cusanuswerk is gratefully acknowledged for the award of a PhD scholarship (M. Rusan).

References

25



[1]  a) G. Steinhauser, T. M. Klapötke, Angew. Chem. Int. Ed. 2008, 47, 3330; b) J. A. Conkling,
Chemistry of Pyrotechnics: Basic Principles and Theory, Taylor & Francis Group, New York, 1985, 156;
c) G. Steinhauser, T. M. Klapötke, J. Chem. Educ. 2010, 87, 150.

[2]  a) J. J. Sabatini, A. V. Nagori, E. A. Latalladi, J. C. Poret, G. Chen, R. Damavarapu, T. M.  Klapötke,
Propellants Explos. Pyrotech. 2011, 36, 373; b) J. J. Sabatini, A. V. Nagori, G. Chen, P. Chu, R.
Damavarapu, T. M. Klapötke, Chem. Eur. J. 2012, 18, 628; c) J. J. Sabatini, J. M. Raab, R.  K. Hann Jr.,
C. T. Freeman, Z. Anorg. Allg. Chem. 2013, 639, 25.

[3]  J. J. Sabatini, J. C. Poret, R. N. Broad, Angew. Chem. Int. Ed. 2011, 50, 4624.

[4]  T. M. Klapötke, B. Krumm, R. Moll, Chem. Eur. J. 2013, 19, 12113.

[5] J. A. Conkling, C. J. Mocella, Chemistry of Pyrotechnics: Basic Principles and Theory, 2nd Ed, 2011,
Boca Raton, FL: Taylor and Francis Group.

[6] a) B. E. Douda, RDTN 71, Crane, IN: U.S. Naval Ammunition Depot, 1964; b) K. L. Kosanke, B. J.
Kosanke, Pyrotechnic Chemistry, Journal of Pyrotechnics, Whitewater, CO, 2004, chap. 9.

[7] T. Shimizu, Fireworks: The art, science and technique, Tokyo: T. Shimizu, 1981.

[8] O. Fleischer, H. Wichmann, W. Lorenz, Chemosphere 1999, 39, 925.

[9] D. Dyke, P. Coleman, Organohalogen Compounds 1995, 24, 213.

[10] A. P. Hardt, Pyrotechnics, 2001, Post Falls, ID: Pyrotechnica Publications.

[11] K. Nassau, A. S. Cooper, J. W. Shiever, B. E. Prescott, J. Solid State Chem. 1973, 8, 260.

[12] a) T. Shimizu, Pyrotechnica 1980, 6, 5; b), C. Jennings-White, Pyro. Guild Int. Bull. 1988, 59, 31; c)
T. Shimizu, Pyrotechnica Publications, Austin , Texas 1983, Vol. II, trans. A. Schuman, p.81.

[13] C. Jennings-White, Pyrotechnica XV, Austin, TX: Pyrotechnica Publications, 1993.

[14] http://www.linseis.com.

[15] NATO standardization agreement (STANAG) on explosives, impact sensitivity tests, no. 4489, 1st

ed., Sept. 17, 1999.

[16] WIWEB-Standardarbeitsanweisung 4–5.1.02, Ermittlung der Explosionsgefährlichkeit, hier der
Schlagempfindlichkeit mit dem Fallhammer, Nov. 8, 2002.

[17] http://www.bam.de.

[18] NATO standardization agreement (STANAG) on explosive, friction sensitivity tests, no. 4487, 1st
ed., Aug. 22, 2002.

[19] WIWEB-Standardarbeitsanweisung 4–5.1.03, Ermittlung der Explosionsgefährlichkeit or der
Reibeempfindlichkeit mit dem Reibeapparat, Nov. 8, 2002.

26



[20] UN Recommendations on the Transport of Dangerous Goods, Model Regulations, 15th ed., United
Nations, New York a. Geneva, 2007.

27



DBX-1 in M100 Electric Detonator 

N. Mehta, G. Cheng, K. D. Oyler, K. Yee  US ARMY RDECOM-ARDEC, Picatinny Arsenal, NJ, 
USA 

S. Marino, P. Tran  Action Manufacturing Co., Philadelphia, PA, USA 
J. Fronabarger, M. Williams, Pacific Scientific Energetic Materials Co, Chandler, AZ, USA 

 
 

ABSTRACT 
 

DBX-1, copper (I) 5-nitrotetrazolate, has been considered as one of the only lead-free, environmentally 
friendly primary explosive to replace lead azide.  ARDEC has recently found DBX-1 to be not only a lead 
azide replacement, but also a good candidate to replace lead styphnate and mercury 5-nitrotetrazolate 
(DXN-1) in many applications as well.  Action Manufacturing Co., PSEMC (Pacific Scientific Energetic 
Material & Company) and ARDEC are collaborating to test DBX-1 in M100 electric detonator to replace 
lead azide/lead styphnate.  Testing is performed on a standard M100 with the standard nickel chrome 
bridgewire.  Further testing will include using DBX-1 as a replacement for the lead styphnate spot charge 
using alternative bridge wire configurations.  Results will be presented for all testing that has been 
completed and future planned testing to improve/meet the current specification.   
 
 

INTRODUCTION 
 

Detonators are tiny compact devices that are used to initiate larger explosive charges, such as 
leads or boosters (secondary explosives). There are two types of detonators  stab and electric.  Stab 
detonators (Figure 1) are initiated by mechanical force and electric detonators (Figure 2) are initiated by 
means of electrical energy.  A common type of stab detonator for Army is the M55 and for the electric 
detonators, (which are typically small in scale and sometimes called microdet  electric detonator), a 
typical example is the M100 (Figure 3). 

 
 

 
Figure 1: Stab detonator, reproduced from (1) 

 

Stab Mix 
Output Mix 
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Figure 2: Microdet electric detonator, reproduced from (1) 

 
Electric detonators, such as the M100, are similar to hot wire initiators, where a nickel chrome 

bridgewire is embedded in a lead styphnate spot charge.  An electrical current heats the bridgewire by 
voltage that is applied via a firing circuit which ignites the spot charge, lead styphnate, to initiate the 
ignition material (lead azide) which in turn initiates the output charge, HMX.   This detonator is used in 
all mortar fuzes such as M734, M759, etc. to further set off the lead to the booster to the main charge 
explosives. The M100 is 

ned before it is commonly used in 
many programs. 

 

 
Figure 3: M100 Electric Detonator 

 
For this study, DBX-1 is used to replace the intermediate charge, lead azide, and the spot charge, 

lead styphnate.  The substitutions were tested together as well as individually. Although lead azide and 
lead styphnate have been heavily employed for decades, both are very toxic materials, and lead azide 
further reacts with copper, zinc or alloys containing such metals, forming other azides that can be highly 
sensitive and dangerous to handle. Further, lead-based materials are well established to cause 
environmental and health related problems (2).  Lead-based materials are cataloged on the EPA Toxic 
Chemical List (EPA List of 17 Toxic Chemicals); they are additionally regulated under the Clean Air Act 
as Title II Hazardous Air Pollutants, as well as classified as toxic pollutants under the Clean Water Act, 
and are on the Superfund list of hazardous substances (3). Recently, under the Clean Air Act, USEPA 
(U.S. Environmental Protection Agency) revised the National Ambient Air Quality Standard (NAAQS) to 
0.15 μg/m3, which is ten times more stringent than the previous standard (4). Lead is both an acute and 
chronic toxin, and the human body has difficulty in removing it once it has been absorbed and dissolved 
in the blood. Consequently, a chief concern is the absorption of lead by humans from exposure to 
initiating mix constituents, as well as the combustion by-products of lead based compositions. The health 
effects of lead are well documented; however, recent studies have shown that there are no safe exposure 
levels for lead, in particular for children. There is a direct correlation between lead exposure and 
developmental impacts, including IQ loss (even at the revised lead NAAQS, exposure levels are 
consistent with an IQ loss of over 2 points), behavioral issues and even hearing loss (5).Their use during 
training and testing deposits heavy metals on ranges and can impact sustainable use of these ranges. 
Manufacturing of any lead-based primary explosives, such as lead azide or lead styphnate, results in the 
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production of significant quantities of highly toxic hazardous waste. Handling and storage of these 
compounds is also a concern.  

EXPERIMENTAL 
 

Two varieties of new DBX-1 material were produced by PSEMC for this study: the standard, 100 
gram batch scale DBX-1 as well as smaller particle-size milled DBX-1. These materials were tested as 
replacements for lead azide and lead styphnate in various configurations for the M100.  Sample weights 
were recorded for reference, as well as column heights.  The total explosive column height in the M100 

 in a steel witness plate.  Typically, the dents for the standard, lead-based 
-  
The initial parts loaded, in groups of 25, were tested for function and output.  If the parts tested 

successfully, additional parts were loaded for further testing.  If the parts tested unsuccessfully, the 
loading parameters were adjusted in order to yield better results.  All of the parts were loaded to column 
height (volume), not weight.  In addition, more tests were done using various bridge wire materials 
beyond the standard nickel-chrome wire. 

 
 

RESULTS & DISCUSSION 
 

Previous testing of DBX-1 in the M100 was carried out by Action in 2012 and yielded mixed 
results with a high percentage of low-order functioning detonators.  Various attempts at the time were 
made in order to generate higher percentage of normally functioning detonators, but were not successful. 
Separately, ARDEC performed in-depth optimization studies on the similarly-sized M55 stab detonator 
using DBX-1 in place of lead azide. Using these optimized loading parameters developed as a basis, 
Action carried out this follow-up study on a new lot of DBX-1 material from PSEMC. 

To improve upon the low-order failures observed in the 2012 DBX-1 M100 investigation, one 
series of test groups involved studies of alternative spot charge materials in place of the standard single-
spot lead styphnate charge.   When using colloidal lead azide as a spot charge, the nickel-chrome bridge 
wire was not sufficient to function properly at the normal firing parameters of 1.6 V charged onto a 100 
μf capacitor.  During testing, the voltage was ramped up, after no success at 1.6V, only to have the bridge 
wire open up. After several parts were tested and failed, no further testing using colloidal lead azide was 
done.  Another test group contained a double spot charge of lead styphnate.  A third group was loaded 
using a smaller-particle size, milled DBX-1 material Pacific Scientific had provided.  Although the results 
of the milled DBX-1 as an intermediate charge did not work well, it showed promise as a spot charge.   

Neyer sensitivity testing of the milled DBX-1 spot charge was done with M100 headers that 
contained the standard nickel-chrome bridge wire.  The results for the Neyer all-fire sensitivity testing 
done on the standard M100 headers were good.  All of the units fired with  less than the required 1.6 V 
charged onto a 100 μf capacitor and the all-fire levels would support being able to use the standard Mil-
Spec all-fire requirement. 

Additional Neyer testing of the milled DBX-1 was carried out on headers that were prepared with 
several alternate bridgewire materials, including M84 platinum bridge wire, tungsten, and platinum-
irridium.  The M84 Platinum bridge wire tested well, functioning below the required all-fire level. The 

, suggesting that this configuration may be useful 
in certain applications where a lower firing energy is required. 

For the headers that had a tungsten bridge wire ( ), the all-fire level was 
1.25V.  Action suggested to ARDEC that no further tested would need to be done on the tungsten wire, 
since the M84 Platinum bridge wire tested lower. 

The last trial with headers with a different bridge wire material was with a platinum-iridium wire 
were much lower, with an average of 

-fire level, at 2.37V, was much higher than the standard M100 header and 
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bridge wire.  Now that Action knows that a heavier bridge wire is not needed, this was eliminated from 
further testing. 

The final groups tested contained a milled DBX-1 spot charge, standard particle-size DBX-1 
intermediate charge (Figure 4).  Each group that contained both materials, tested successfully.  Once 
again, the heights of the powders were varied in order to establish loading parameters that would work in 
a production setting and to establish the minimum HMX charge would still yield a high order output dent.  
For the final groups loaded and tested in 2013, a decreased consolidating pressure on the DBX-1 
increment combined with a reduction in quantity of the HMX charge was found to be the most effective 
in terms of detonator performance; it is suspected this configuration was successful as it maximizes the 
column length of DBX-1 in the detonator. 

 
Figure 4: DBX-1/HMX loaded M100 cups 

 
Overall, using the milled DBX-1, as a spot charge and standard DBX-1, as an intermediate 

charge, opened up the margins much better than the results with the lead styphnate spot charge.  We 
theorize that the milled DBX-1 spot charge detonates high order, it in turn helps the regular DBX-1 
increment to ramp up to a high order detonation faster, and allowing a smaller column length. Lead 
Styphnate, on the other hand, deflagrates and therefore ignites the regular DBX-1 increment at a slower 
rate.  
 Once the flow properties of DBX-1 have been optimized, Action will attempt automated loading 
processes.  This would require a machine station capable of loading at a low consolidating pressure.  
ARDEC engineers are currently working on improving the flowability of DBX-1. 
 
 

SUMMARY 
 

To date, experimental studies show great promise for DBX-1 to replace lead azide in the M100 
detonator applications. Loading parameters, including both loading pressures and column heights, had to 
be adjusted significantly for the M100 units using the normal lead styphnate spot charge, to initiate the 
DBX-1 intermediate charge, compared to when the standard lead azide charge was used.  We were 
approaching a point where the amount of HMX output charge had to be reduced, well below the drawing 
tolerance to allow more room for the DBX-1 intermediate charge column length. The consolidation 
pressure on the DBX -1 had to be reduced, below the standard loading pressure for Lead azide. At this 
point we were able to reach 100% high order functioning with test group sizes over 100.  

Milled DBX-1 was then introduced as a spot charge composition to replace the Lead styphnate 
spot charge.  This material flowed well onto the header face and formed a nicely shaped spot. The DBX-1 
when test fired on the header had a much louder report than the Lead styphnate. When these new DBX-1 
spot charged headers were loaded into the M100 charge cups, the detonators functioned high order with 
good output dents on the steel witness blocks.  
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Further testing where the explosive column heights were adjusted to both increase and decrease 
the lengths of the HMX and the DBX-1 showed that the new spot charge improved the functional range of 
the detonator loading. Decreased column lengths of DBX-1 that would not initiate the HMX high order 
when using the styphnate, spot charge now functioned the detonator high order with the milled DBX-1 
spot charge. 

It will be necessary to re evaluate our testing matrix and repeat our margin testing using the new 
DBX-1 spot charge, to establish if we can load the M100 to normal drawing column lengths with HMX 
and still have highly reliable functioning.  In addition, loading pressures on the DBX-1 intermediate 
charge should be tested again at loading pressures closer to the normal range for Lead azide. This will be 
important as we attempt to transition to production loading on automatic equipment. 
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ABSTRACT

This study documents a series of tests considering the electrical as well as the explosive behavior
of a commonly used gold exploding bridgewire (EBW) detonator. Typical firing conditions for
this detonator are approximately 3,000V. Other studies have documented both electrical and
function time behaviors for EBWs fired at hard-fire conditions. What makes this test series
different is we explore these behaviors with marginal inputs in an attempt to provide insight into
the initiation mechanism. The firing system was chosen to be energy challenged with respect to
the bridgewire dimensions. Analysis of the electrical data can be used to better understand the
bridge material heating and electrical energy deposited, or action to burst.

1.0. INTRODUCTION

Almost as soon as the exploding bridgewire (EBW) detonator was invented during the
Manhattan Project, experiments have measured the function time of the detonator as well as the
electrical inputs, i.e. current and voltage. Historically, these types of efforts have focused on the
performance end of the problem, namely, designing a detonator system, bridgewire – powder,
that balances the function time with the electrical margins of the firing system. The result is a
“hard-fire” configuration that has excess electrical energy driving the bridgewire to burst creating
a post-burst plasma arc and a relatively prompt build-up to detonation within the explosive.
These detonator-fireset systems typically have a bursting bridge as defined by the maximum
voltage on the leading portion of the current trace. The current pulse has a demonstrated dip
followed by a recovery before proceeding to the maximum current and the subsequent R-L-C
decay.

A standard picture for the bridgewire behavior has emerged from these types of tests. The
wire is heated until it undergoes the phase transitions from solid to liquid to vapor with the
remaining current driving a plasma arc between the header pins. The bursting bridgewire delivers
its energy/ power into the explosive bed, starting the chemical reaction. As the reaction proceeds,
there is a build-up to detonation at some distance above the wire/header. The distance above the
wire varies according to the amount of energy/power delivered by the wire. It has been
demonstrated that the EBW initiation mechanism is truly deflagration-to-detonation (DDT)
transition with a build-up of pressure transitioning to a detonation.1 This “bursting” phenomenon
is a very complex one that has been studied for many decades. For a given voltage, electrical
discharge, and bridgewire design, we must consider not only the simple heating of the wire, but
also thermal flow, and voltage breakdown in the surrounding air, gases, and HE powder.
Theoretically, there should be no minimum voltage level at which the wire would not burst. In
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fact, 1-volt and lots of amperes of current should heat the wire until after many minutes of time, it
would burst. Of course, in that parameter space, we can only speculate if the explosive would
detonate.

Inspired by work done at Los Alamos National Laboratory in the early 1960’s, we have
started considering lower firing voltages/energies and the effects these less than optimal inputs
may have on the performance of the EBW.2,3 These efforts demonstrated very low firing voltages
(<100V) for electrical systems with large capacitors and very high inductances. That
configuration has bridgewires that heat and explode very slowly providing a very different input
into the explosive assembly. To further explore this type of behavior, we designed a firing system
that is “under-sized”, meaning the capacitor was chosen to be small with respect to the bridgewire
dimensions creating a shift in the normal firing conditions and resulting in a bridgewire that
bursts on the backside, or descending, portion of the current trace.

A series of tests measuring the electrical parameters and the total function time of this
detonator-fireset combination were conducted. The desire for these tests was to consider a known
detonator and provide it marginal inputs to study the function time behavior. These tests
measured the electrical parameters, e.g. current and voltage, plus the burst and function times.
Analysis of the electrical data can be used to better understand the bridge material heating and
electrical action to burst. Data will be presented that shows the differences in the electrical and
explosive behavior for a detonator fired with marginal inputs. This data hints at the existence of
different initiation modes of the explosive powder in terms of its build-up from deflagration into a
detonation.

2.0. EXPERIMENTAL SETUP

The detonator used for these studies is an EBW detonator originally designed in the
1960’s, and was chosen mainly due to its availability.  It has a 1.5-mil diameter and 20-mil long
gold bridgewire. The explosive powder is pentaerythritol tetranitrate (PETN) with a 8,000cm2/g
surface area loaded in two pellets, an initial pressing with a density of 0.9g/cm3 and an output
pellet that is 1.65g/cm3.

The tester used for this series is known as the DODO, or Direct Observation of Detonator
Output. This unit uses photodiodes to measure the first light output from the end of the detonator.
This breakout phenomenon is further enhanced by painting an aluminum silica fluoride solution
diluted with water on the surface of the output cup. This material fluoresces when it undergoes a
shock such as that from the detonation wave. The DODO tester has algorithms programmed into
it to detect the initial jump in the optical signal as well as the start of current from the fireset. The
actual measure of the function time is simply the difference between these two numbers. The
current from the fireset is measured by determining the voltage drop across a known value of a
thin-foil resistor located within the firing unit, commonly referred to as a current viewing resistor
(CVR). The voltage across the detonator bridgewire is measured using a custom fabricated
voltage probe which measures the current flow through a known resistance using a Tektronix
current probe model CT-1, which has a 350ps rise-time and 1GHz bandwidth. This voltage probe
is attached across the inputs to the EBW header using a small PC-board with 2 parallel traces that
connects the coaxial firing cable to the EBW.

Coupled to the DODO tester is a TSD-115 firing system, which has a 0.2uF capacitor and
an n-MCT (MOS-Controlled Thyristor) switch array capable of firing at voltages up to 3,500V.
The detonator is connected to the fireset via a 30-inch “L-cable”, which is a coaxial cable of
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roughly 200nH of inductance. In order to minimize destruction of costly cable assemblies, we
opted for an intermediate extension board between the coaxial cable and the detonator. R-L-C
analysis of this circuit shows the complete assembly has an inductance of 215nH, and an average
resistance of 290mohms. This fireset is not the standard size for firing this detonator. The
capacitance value was chosen to be smaller than our standard firing units that have capacitors
ranging from 1.0 – 3.0uF. This difference between these firesets was intentional and will affect
the bridgewire heating and produce the marginal firing conditions discussed later.

The first phase of testing was a simple threshold test series followed by shots at varying
voltages both above and below the measured threshold voltage level. In tests above threshold
voltage we measured the function time of the device and conducted several shots for each
stimulus level. The tests fired below the threshold voltage did not detonate, but still provided
measurements of the current and voltage histories.

3.0. RESULTS

Following the test plan the first set of shots were focused on finding the threshold firing
voltage (Vth), which was determined to be 979V for the EBW coupled with this fireset. Due to the
fact there were no “crossover” results, there was no estimate of standard deviation from this
analysis. A crossover is a test conducted below Vth that fires, or likewise, a higher-voltage shot
that fails to fire.

The function time measurement is simply the difference in the start of the optical signal
from detonator breakout to the start of current from the fireset. DODO is an instrument that is
designed to make this type of measurement and has built-in algorithms to automatically
determine the inflection points. The function time versus the fireset voltage for all of the tests is
plotted in Figure 1. We quickly observe that the function time increases as the voltage is lowered,
which is an indicator of the EBW initiation process. It should be noted that the function time is an
accumulation of the total time required for the bridgewire to heat until it bursts, the deflagration
process, and the run of detonation through the remainder of the explosive train. Thus, when the
initial capacitor voltage is lower, the amount of time required for the bridgewire to burst, and the
deflagration process to build to a detonation will increase; likewise, as we observe the function
times will grow. This time increase continues until the initiation process driven by lower and
lower electrical inputs (voltages) can no longer grow into a detonation resulting in test fire
failures. The threshold voltage value is clearly indicated by the steep upward turn in the curve.
This asymptote is the indicator of the system getting close to failure. As we saw from the
threshold tests, this happens at a voltage of 979V. Theoretically at high firing voltages, the
function time curve should also asymptote to a final function time value, i.e. a minimum value of
tfct. In other words, an energy input level (capacitor voltage) is reached beyond which further
voltage (an infinite amount of energy) will not create a faster detonation process. This minimum
time should correspond to the time required for a full-detonation starting at the bridgewire header
surface to run through the explosive train. For the EBW used in this study, this minimum time is
calculated to be 632ns.

In an attempt to separate the electrical heating and bursting from the total function time
we plot what is commonly referred to as the excess transit time, or “Lost Time”.  It is a plot of the
difference between the function time and the burst time versus the firing voltage. In addition, the
minimum transit time of 632ns is subtracted from the time value to provide the unaccounted for
time, or excess transit time. What is left is shown in Figure 2, which is just the time the explosive
train requires to build-up to and completely detonate. Considering this time difference, we are
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attempting to separate the fireset parameters from the rest of the explosive times. We see from the
plot that it has the same basic shapes as the function time plot with the two extremes
asymptotically expanding to a constant value.  For the shot fired at 3,300V, the difference
between function and burst time is approximately 300ns.  As before, for the lower input energies,
the amount of time the explosive requires to DDT increases. For example, consider one of the
shots above threshold at 1,000V, its excess time is 617ns, over twice that of the shot at 3,300V.
Likewise, we observe a lost time of 954ns for the lowest functioning shot at 980V. Examination
of the current-voltage trace for this shot reveals this time is way beyond any amount of time the
electrical energy is even being driven into the explosive. This observation questions whether the
post-burst electrical energy affects the initiation process. A final speculation from the lost time
plot is there appear to be two distinct regions, which hints at different initiation (DDT) modes: (i)
higher voltages with a fast energy input driven deflagration and (ii) a lower voltage almost purely
combustion driven DDT. These modes are more evident when considering the electrical
parameters as discussed below.

In addition to the timing measurements, both the current and voltage were measured to
quantify the electrical input into the detonator. Figure 3 shows the current, voltage, and resistance
curves for a shot at 1,900V. The current profile follows the standard R-L-C sinusoidal discharge,
but the resistance change in the detonator slightly alters the current pulse just after the peak, the
current attempts to recover, but there is insufficient charge left in the system. From the voltage
trace, we see the voltage drop across the detonator header starts out at less than approximately
100V, but at about 180ns into this event, it rises dramatically to a peak of almost 1,600V. The
resistance is the plot adjacent to the I–V trace. The peak value correlates to the voltage maximum
and reaches a value of 1.6ohms. Historically, the peak value of voltage does agree with the peak
resistance and power and is associated with the bursting of the bridgewire. Therefore, at this
voltage level we would say, the wire heats, bursts and creates a plasma arc with a decaying
resistance as the plasma heats, and expands. Likewise, the function time for this voltage level is
trending toward the minimum and we would easily describe this shot as “well-behaved”.

The early-time constant voltage drop is similar to that observed in other tests with the
EBWs, and is a result of the additional inductive term (L dI/dt) due to the location of the voltage
probe. Ideally the voltage probe is placed across the bridgewire, but for a loaded explosive
assembly, this is not practical. Therefore, the probe is located as close as possible to the bridge. If
we consider the early time voltage drop of approximately 100V, and ignore the small resistance
of the bridgewire, then using the measured change in current (dI/dt), the inferred inductance of
the header assembly is 25 – 30nH.

Where the electrical parameters of this fireset-detonator combination become interesting
and challenge us for an explanation is when we consider shots fired closer to threshold, and on
the “backside” or decreasing quadrant of the current trace. Figure 4 shows the I–V, and resistance
traces for a shot at 1,000V.  From the I–V traces, we see the peak voltage showing the non-linear
increase due to the wire heating and the maximum voltage at 512ns. The interesting trace is the
different shape of the inferred resistance curve, which is considerably different from the hard-fire
discharge. Yet we must remind the reader, for this shot, the detonator did indeed fire. The voltage
peak occurs only partially up the resistance curve with the resistance continuing to increase well
after the voltage peak. Obviously, the combination of an undersized system with firing on the
“backside” of the current peak is creating an interesting wire heating – bursting – post-burst
plasma transition.  A decreasing current and voltage causes the wire to heat differently and should
cause a burst that is considerably different, resulting in a longer “lost time”, or build-up to
detonation.

Recognizing for our test configuration we have an unusual region between the threshold
voltage (979V) and ~1,300V in which some interesting electrical-explosive physics happens, we
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wish to next consider the shots fired near threshold. Figure 5 is an overlay of both the current and
voltage for 2 shots fired at 975V (No-Go), and 2 shots fired at 980V (Go). We observe the current
traces for all four shots are almost perfectly overlaid. There clearly is nothing in the currents to
indicate that two of the four profiles would not fire the explosive. Of course that is the true
meaning of the 50/50 threshold voltage. The resistance plots for these four tests at threshold have
similar features to the 1,000V trace. Further tests at even lower voltages (<975V) did not function
the explosives and also show these resistance features. It is clear this represents a regime of EBW
performance that has not been discussed previously and causes us to question long-held beliefs
regarding bridgewire burst. In fact, we have no clear idea of when the wire actually bursts, or how
the wire-bursting and post-burst plasma affect the ignition of the explosive powder. There is even
a question as to whether a post-burst plasma is ever formed. This highlights a clear area in need
of further work of modeling coupled with experiments.

Other electrical parameters of interest include the action4 and the electrical energy input
into the detonator. While neither of these parameters is constant up to bridgewire burst, Figure 6
is the computed total energy input into the bridgewire up to the point of burst versus the initial
capacitor voltage. We observe two distinct regions with an inflection point around 1,100V.
Possible explanations for the presence of these distinct regions include (i) different initiation
mechanisms within the explosive, e.g. a shift from a fast DDT to a slower more combustion-
driven process, (ii) a change in the distribution of electrical energy within the wire either prior to
burst, or the post-burst arc, which may affect the energy transfer to the explosive powder, or (iii)
a combination of the two. If instead of energy we plotted the action, we would get a similar
looking plot.

Perhaps a different means of visualizing this process is a power plot that was introduced
by Reithel and Blackburn.5 It is a plot of current versus voltage which forms a one-shot Lissajous
pattern as seen in Figure 7 for a series of shots spanning the input voltage range from no-fire
through threshold to hard fire. Even though it is devoid of the time scale, this type of plot serves
to expand the timeline for the burst region, which is the area of interest. Such a plot also allows
for the immediate calculation of both the power and resistance. Considering all of the shots, we
see the shape of the Lissajous pattern changes as the voltage input changes. Also, the direction
around the curve varies depending on whether we are firing on the leading edge or descending
portion of the current trace. The peak power is almost always at the tip corresponding to the
maximum voltage except for the lowest trace which was a no-fire. It should also be noted that
when comparing time from the I-V traces, most of the time occurs moving up the vertical line
toward maximum current. Overlaid on this figure are hyperbolas that correlate to constant power
bands.

One additional advantage of these types of power plots is that they capture and accentuate
small temporal shifts in the voltage and current plots with respect to one another. Typically we
focus on the magnitude and shape of the current and voltage plots with respect to time. Power
plots are a tool which captures these subtle shifts and further magnifies them. To illustrate this
point, consider the shots fired at threshold conditions (Figure 5). Differences in current and
voltage magnitudes are almost indistinguishable, however, the power plots shown in Figure 8
discriminate the differences in the power.  We observe the peak power decreases by greater than a
factor of 2, while the charge voltage decreases by less than 10% (85V). Also, unlike the power
plots from hard-fire, the peak power point on the plot from threshold voltage conditions is
moving away from the maximum voltage. The overall shape of the power plot and the extent to
which peak power does not occur at peak voltage may offer some insight into the threshold
behavior.
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4.0. SUMMARY

This report documents a series of tests using an EBW detonator with an undersized firing
system. The desire was to consider a known detonator and provide it marginal inputs to study the
function time behavior at threshold firing conditions. By measuring the electrical parameters, e.g.
current and voltage, plus the burst and function times, we are able to infer something about the
nature of the DDT initiation mechanism. By under-driving the system and firing the EBW on the
backside of the current peak, we also demonstrated an interesting bridgewire heating regime
where the peak voltage across the bridgewire does not coincide with the peak of resistance. This
illustrates the need for further efforts to explore and understand this mode of EBW initiation. We
have also demonstrated the value of a simple power plot for providing insight into the burst
phenomenon.
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Figure 1.  Function time versus voltage.

Figure 2.  Excess transit time versus voltage.

40



Figure 3.  Combined current, voltage, and resistance histories for a shot fired at 1,900V.

Figure 4.  Combined current, voltage, and resistance histories for a shot fired at 1,000V.
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Figure 5.  Current – Voltage traces for GO (980V) and NO-GO (975V) tests at threshold.

Figure 6.  Electrical energy up to the bridgewire burst as a function of voltage.
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Figure 7. Reithel power plot of tests ranging from no-fires to hard-fires.

Figure 8. Reithel power plot near threshold with peak power calculation.
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ABSTRACT

Explosive bolts are widely used for many applications as a reliable pyrotechnic release device. Among the
many different types of explosive bolts, ridge-cut types are fairly prevalent because they produce minimal
fragments, undergo little swelling and are associated with clean breaks. However, the pyroshock
generated by an explosive event can induce failures in electronic components. Therefore, a pyroshock
reduction process is essential for explosive bolts to be used in sensitive systems such as launch vehicles
and missiles. In this study, low-shock ridge-cut explosive bolts are designed based on a separation
behavior analysis to minimize the cost and time necessary for explosion tests. The separation behavior in
relation to the ridge-cut mechanism is analyzed using AUTODYN, one of hydrocodes. As a reference
ridge-cut explosive bolt, the author’s heritage model is utilized. To reduce or impede the propagation of
pyroshock from explosive bolts to surrounding structures, shock reflectors on a bolt body or fixture are
suggested. Shock reflectors appear as groove patterns on the surface of the bolt body or fixture. Due to
these shock reflectors of metal structures, shock waves are reflected back into explosive bolts instead of
propagating to the outside. Furthermore, a fixture created using a low-impedance material can be utilized
for pyroshock reduction purposes. At the interface of different impedance materials, stress waves are not
completely transmitted. Based on these ideas, three new designs are proposed and separation behavior
analyses to estimate the pyroshock in terms of the shock response spectrum are performed.

Introduction

Explosive bolts are widely used for many applications, including spacecraft, missile and aircraft
application for stage separation, launcher operations, thrust termination and the release of external tanks
as a reliable pyrotechnic release device1. An explosive bolt is composed of a bolt body and a cavity
containing an explosive charge and/or a removable explosive cartridge. Due to its simplicity, an explosive
bolt separates reliably and robustly under impact and in vibration environments. Explosive bolts are
generally categorized into pressure types and high-explosive types according to the separation mechanism.
The high-explosive type of explosive bolt utilizes the shock wave due to detonation to break the bolt body.
Among high-explosive types of bolts, ridge-cut types are prevalent because they produce a minimal
number of fragments, little swelling, and clean breaks2. However, the pyroshock, also known as a
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pyrotechnic shock, generated by an explosive event can induce failures in electronic components3.
Therefore, a strategy for pyroshock reduction is essential for explosive bolts to be used in sensitive
systems such as launch vehicles and missiles. The shock response spectrum (SRS) is the most widely
used technique for quantifying pyroshock.

For dozens of years, diverse explosive bolts have been developed and manufactured. However,
design processes still rely on heritage designs involving expensive experiments. To provide more
systematic design processes, a separation behavior analysis of explosive bolts is essential. A designer can
estimate the separation success rate from the separation behavior analysis, and suggest improved designs
without experiments. Furthermore, complex separation phenomena not clearly understandable from
theories can be studied by means of a separation behavior analysis. A separation behavior analysis of
ridge-cut explosive bolts is performed using ANSYS AUTODYN, one of hydrocodes. ANSYS
AUTODYN is an explicit code for highly non-linear dynamic problems. It can handle Euler-Lagrange
coupling with complex material models.

In this study, a methodology used for the separation behavior analysis of ridge-cut explosive bolts
is developed. The proposed analysis method is verified by separation experiments on ridge-cut explosive
bolts. From the separation behavior analysis, the pyroshock is estimated in terms of the shock response
spectrum. Three new designs of low-shock ridge-cut explosive bolts are designed based on a separation
behavior analysis to minimize the cost and time incurred for explosion tests.

Separation Mechanism of Ridge-Cut Explosive Bolts

As a reference ridge-cut explosive bolt, the author’s heritage model is utilized. A cross-sectional
diagram of the reference model is given in Figure 1. The material of the bolt body and the fixtures are 17-
4PH stainless steel, a precipitation-hardening martensitic stainless steel. A removable initiator with lead
azide (a priming material) is utilized to detonate the high explosives. PETN (pentaerythritol tetranitrate)
and RDX (cyclonite) are utilized as the high explosives. Intensive separation experiments are conducted
with the reference model, and the separation reliability is verified. The separation plane, explainable by
the ridge-cut mechanism, is observed in the separation experiments, as shown in Figure 1.

The separation mechanism of ridge-cut explosive bolts is known as a ridge-cut mechanism, as
depicted in Figure 2. The ridge-cut mechanism explains the fracture or separation of a ridge-shape steel
body due to the detonation of high explosives at the other side of a sharp ridge4. Shock waves, induced by
the detonation of the high explosives, propagate to the steel body. At the free surface of the ridge-shape
steel body, the shock waves reflect back as release waves. At the separation plane, the release waves
superpose and induce high tensile stress. If the induced tensile stress exceeds the critical value of the
normal tensile stress, fracture or failure will occur. Therefore, the ridge-cut mechanism is intrinsically
identical to spalling5.
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Figure 1 Cross-Sectional Diagram of Ridge-Cut Explosive Bolts and the Separation Plane (dotted)

Figure 2 Separation Mechanism of Ridge-Cut Explosive Bolts: Ridge-Cut Mechanism

Separation Behavior Analysis Methodology

In this study, a separation behavior analysis of the ridge-cut explosive bolts is performed using
ANSYS AUTODYN in 2-D axisymmetric. To facilitate structural geometric modeling and meshing as
shown in Figure 3, ANSYS Workbench Explicit Dynamics is utilized. The connections between the bolt
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body and the fixtures are modeled as mesh connections, allowing the joining of the meshes of
topologically disconnected bodies. In ANSYS AUTODYN, the mesh connections are recognized as
bonded connections. The structural mesh is constructed via a quadrilateral dominant method with
Lagrange elements 0.2 mm in size.

The remaining modeling steps are performed in ANSYS AUTODYN. For all materials, the
relationships among the stress, the deformation and the internal energy are required. The stress tensor can
be divided into the hydrostatic pressure and the stress deviatoric tensor. An equation of state (E.O.S.)
defines the relationships among the hydrostatic pressure, the specific volume, and the specific energy. For
solid materials, the shear modulus and the yield stress should be defined as a material-strength model. For
the modeling of the failure of solid materials, appropriate failure criteria are required. For Lagrange
elements, to prevent large distortions of certain elements, leading to a numerical calculation failure, an
erosion model should be utilized.

For the material properties of 17-4PH stainless steel, an E.O.S., a material-strength model, a
failure criteria and an erosion model are necessary. The shock E.O.S., a type of Mie-Gruneisen E.O.S.5

which defines a shock Hugoniot as a reference, is widely used for the modeling of shock propagation in
solid materials.

( )H HP P E E
V

γ
(1)

This E.O.S. indicates that the pressure P and the specific internal energy E are related to the
pressure and the specific internal energy of the shock Hugoniot H at the same specific volume V . The
shock Hugoniot is the locus of all shocked states, and γ is the Gruneisen constant. The shock Hugoniot
can be calculated by solving the mass, momentum, energy conservation equations and the relationship
between the velocity of the shock front sU and the particle velocity behind the shock front pU for each

specific material. This relationship for steels without phase transitions is known to be linear5.

0 1s pU C S U (2)

For the shock E.O.S. of 17-4PH stainless steel, the density, the specific heat, the Gruneisen constant and
the relationship between sU and pU are necessary. Only the density and the specific heat are known6.

The Gruneisen constant are estimated theoretically from the thermal expansion, the specific heat and the
bulk modulus5. Because the relationship between sU and pU of 17-4PH stainless steel is unknown, the

relationship pertaining to PH13-8MO stainless steel7, which is the material most similar in terms of this
relationship, is utilized. PH13-8MO stainless steel is also a precipitation-hardening martensitic stainless
steel, like 17-4PH stainless steel.

As a material-strength model for 17-4PH stainless steel, the Johnson-Cook strength model is used.
The Johnson-Cook strength model is an empirical constitutive equation to determine the yield stress of
metals with respect to the strains, strain rates and temperatures5.

*
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T T
Y B C
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Here, Y is the yield stress, ε is the equivalent plastic strain, * 1(1.0 )sε ε is the dimensionless

plastic strain rate, T is the temperature, mT is the melting point and rT is the reference temperature. The

material constants 0σ , B , C , n and m can be evaluated by several expensive experiments. However,

only 0σ , which is identical to the static yield stress, is known6. Other material constants are estimated by
averaging those of 4340 steel and S-7 tool steel5. The density and the specific heat of these steels are
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nearly identical to those of 17-4PH stainless steel. Moreover, the static yield stress of 17-4PH stainless
steel is similar to the average of these steels.

To model the spalling or ridge-cut mechanism, the principal stress failure criteria are applied. If
the maximum principal tensile stress exceeds the critical value of the normal tensile stress, Lagrange
elements fail instantaneously. The critical value of normal tensile stress will be determined later by
comparing the results of the separation behavior analysis with the separation experiments for good
agreement. Finally, the critical value is determined to be 2.8×106 kPa. To prevent the large distortion of
the 17-4PH stainless steel elements, the geometric strain erosion model with an erosion strain level of 1.5
is used. The material properties of 17-4PH stainless steel are given in Table 1.

As material properties of high explosives, only an E.O.S. is necessary. The Jones-Wilkins-Lee
(JWL) E.O.S., which can estimate the adiabatic expansion of detonation products involving a large degree
of expansion8, is widely utilized.

1 2

1 2

(1 ) (1 )R V R V E
P A e B e

RV R V V

ω ω ω
(4)

The experimentally determined parameters A , B , 1R , 2R and ω can be estimated from the
expansion behavior in the detonation experiments. For the reference state of the JWL E.O.S., the
Chapman–Jouguet (C-J) point8, at which the detonation reaction is complete, is used. In this study, the
material properties of COMP A-3 and PETN 1.50, supplied by ANSYS AUTODYN, are utilized for
RDX and PETN, respectively.

To model the surrounding air, the ideal gas E.O.S. is utilized. In this study, a removable initiator
with lead azide (as a priming material) is not modeled because the shock wave generated by such an
initiator is quite small compared to the shock wave generated by high explosives. The mesh for air and
high explosives is constructed as a structured rectilinear mesh with Euler elements 0.1 mm in size, half
the size of Lagrange elements. The Euler parts, including the air, RDX and PETN, are developed as
shown in Fig. 4. A flow-out boundary condition is applied to the boundary of the Euler parts excluding
the axisymmetric axis. The flow-out boundary condition prevents the accumulation of detonation
products due to the limited region of the Euler parts.

Interactions between Lagrange elements are developed by means of trajectory contact detection
with penalty formulation. Interactions between Euler and Lagrange elements are defined as automatic
(polygon-free). If a collision between bodies or a body itself occurs, the friction between the bodies is
considered to be frictionless. The initiation of detonation is defined as point detonation at the right-hand
point axisymmetric of the PETN. The time steps are determined based on the Courant-Friedrichs-Lewy
(CFL) condition9 with a time step safety factor of 0.6. An analysis of the separation behavior is performed
up to 50 μs.

To estimate the pyroshock in terms of SRS during the separation behavior analysis, an analysis of
shock acceleration is necessary. To calculate the shock acceleration accurately, a transmit boundary
condition is utilized, as shown in Figure 5. The transmit boundary condition ensures that stress waves
which reach the boundary condition transmit out without reflection. The transmit boundary condition is
modeled as infinite structures which are attached at the boundary condition with a specific impedance
value (the density multiplied by the sound velocity). In this study, X and Y accelerations are calculated at
six gauge points (Figure 5) located on the transmit boundary conditions. X and Y maximax acceleration
SRS10 values are calculated independently using open-source MATLAB codes11. By averaging all of the
X and Y maximax acceleration SRS values at six gauge points, the pyroshock generated by the separation
of the ridge-cut explosive bolts in terms of the SRS is estimated.
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Figure 3 Structure Geometric Modeling and Meshing by Explicit Dynamics

Figure 4 Euler Parts including air, RDX, PETN and Flow-out Boundary Conditions

Figure 5 Transmit Boundary Condition and Six Gauge Points for the SRS Estimation
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Table 1 Material Properties of 17-4PH Stainless Steel for the Separation Behavior Analysis

Parameters Parameter Values Parameters Material Properties

Density 7.81 g/cm3 B 493.5 MPa

Gruneisen constant γ 1.36 C 0.22

0C 4550 m/s n 0.013

1S 1.41 m 1.015

Reference Temperature rT 300 K Melting Temperature mT 1778 K

Specific Heat 460 J/kgK Principal Tensile Failure
Stress

2800 MPa

Shear Modulus 77.437 GPa

Static Yield Stress 0σ 1172 MPa Erosion Strain 1.5

Separation Behavior Analysis Results

The separation mechanism of ridge-cut explosive bolts, including the reflection and superposition
of release waves, can be observed clearly without any failure criteria. The detonation of high explosives
finished around 1.7 μs after the initiation of detonation (Figure 6 (a)). The shock waves generated by
detonation of the high explosives propagate into the explosive bolt body and reach the free surface of the
ridge around 2.2 μs after initiation of detonation (Figure 6 (b)). Shock waves which encounter the free
surface reflect back as release waves. Release waves superpose at the separation plane around 2.5 μs after
detonation initiation (Figure 6 (c)) and induce high tensile stress. If the failure criteria are applied and the
induced tensile stress exceeds the failure criteria, the Lagrange elements will fail.

To determine the failure criteria precisely, separation behavior analyses with different failure
criteria ranging from 2400 MPa to 3200 MPa are performed. The material statuses at 5.0 μs after
detonation initiation are given, as shown in Figure 7. For cases of low failure criteria, as shown in Figures
7 (a) and (b), broad failures are observed, unlike the separation experiments. In the experiments, clean
ridge breaks were observed. For cases of high failure criteria, as shown in Figures 7 (d) and (e), local
failures which imply no separation of the explosive bolts are observed. Therefore, the principal tensile
stress failure criteria of 2800 MPa are utilized.
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(a) 1.7 μs after detonation initiation

(b) 2.2 μs after detonation initiation

(c) 2.5 μs after detonation initiation

Figure 6 Pressure Contours without Failure Criteria

(a) Principal tensile failure stress = 2400 MPa
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(b) Principal tensile failure stress = 2600 MPa

(c) Principal tensile failure stress = 2800 MPa

(d) Principal tensile failure stress = 3000 MPa

(e) Principal tensile failure stress = 3200 MPa

Figure 7 Material Statuses at 5.0 μs after Detonation Initiation with Different Failure Criteria
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Design of Low-Shock Ridge-Cut Explosive Bolts

In order to prevent severe damage or failure by the pyroshock, shock isolators are generally
utilized3. To reduce the pyroshock itself generated by the separation of the explosive bolts, minimization
of explosive weights by means of design optimization is commonly considered. In this study, to reduce or
impede the propagation of the pyroshock from the explosive bolts to the surrounding structures, shock
reflectors on the bolt body or fixture are suggested. Shock reflectors appear as groove patterns on the
surface of the bolt body or the fixture. Due to these shock reflectors or free surfaces of metal structures,
shock waves or stress waves are reflected back into the explosive bolts rather than propagating to the
surrounding structures. Although the energy generated by detonation is unchanged, this energy will be
propagated to the surrounding structures slowly if shock reflectors are applied.

Furthermore, fixture created using a material with lower impedance, such as aluminum, can be
utilized to reduce the pyroshock. At the interface between different impedance materials, stress waves are
not completely transmitted. At the interface between different impedance materials, the transmitted stress

Tσ and the reflected stress Rσ are related to the incident stress Iσ , as follows5:
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Here, ρ is the density, C is the wave velocity, and the stress amounts are transmitted from
material A to material B. For example, when stress waves are transmitted from 17-4PH stainless steel to
aluminum alloy 2024, the magnitude of the transmitted stress waves is decreased to approximately 61%
of the original value. Based on these ideas, three new designs are proposed from the reference explosive
bolt shown in Figures 8, 9, and 10, after which the separation behavior analyses to estimate the pyroshock
are performed.

To verify the separation success rates of the three new designs, material statuses at 5.0 μs after
detonation initiation are utilized. Because the shock reflectors and the fixture, consisting of a material of
lower impedance, do not influence the ridge-cut mechanism, the separation success rates are maintained.

The X and Y accelerations at six gauge points (Figure 5) are calculated for the reference model
and the three new designs. The X accelerations at gauge 1 (the closest one to the axisymmetric axis) are
given in Figure 11. The X and Y maximax acceleration SRS values for each gauge are calculated
independently; their averages are given in Figure 12 for a comparison with the pyroshock propagating
from the explosive bolts. It clearly shows that the pyroshock propagating from explosive bolts are reduced
for a wide natural frequency range, including the frequency range of interest for a pyroshock. At this
frequency range of interest for pyroshock, the magnitude of the SRS is decreased by around 40%, 60%,
and 68% compared to the reference model.
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Figure 8 Low-Shock Ridge-Cut Explosive Bolts Design 1: Shock Reflectors on the Bolt Body

Figure 9 Low-Shock Ridge-Cut Explosive Bolts Design 2: Shock Reflectors on Fixture 1

Figure 10 Low-Shock Ridge-Cut Explosive Bolts Design 3: Fixture with a Low-Impedance Material
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Figure 11 X Accelerations at Gauge 1 for the Reference Model and the Three New Designs

Figure 12 Average of X and Y maximax acceleration SRS at Six Gauge Points for the Reference
Model and the Three New Designs
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Conclusion

In this study, a methodology for separation behavior analysis including pyroshock estimations of
ridge-cut explosive bolts is developed. Utilizing this analysis scheme, three new designs of low-shock
ridge-cut explosive bolts are designed. The designed low-shock ridge-cut explosive bolts reduce or
impede propagation of the pyroshock from explosive bolts to surrounding structures by shock reflectors
on the bolt body or fixture and the fixture made of a low-impedance material. From the separation
behavior analysis, the designed low-shock ridge-cut explosive bolts reduce pyroshock by up to 68% in
terms of the magnitude of the SRS.
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ABSTRACT

Safe initiators are particularly important in munitions applications, where inadvertent activation of an
explosive charge can be devastating. Insensitive munitions are often equipped with Exploding Foil Initiators
due to their intrinsic safety. Generally, EFIs are operated by a very specific electrical pulse, which makes the
system insensitive to accidental initiation. The necessity of a specific electrical pulse, on the other hand,
makes the miniature of weapon systems extremely difficult. Therefore, lowering the initiation energy is one
of the most significant issues that need to be addressed. An EFI that has integrated all high voltage
components of the fireset was designed to considerably increase the energy efficiency. A ceramic barrel was
introduced. The electrical circuit was printed onto the said rectangle ceramic barrel board. Subsequently, two
0.15μF capacitors, a high voltage switch, a Kapton flyer and an exploding foil were welded on the circuit to
form an assembly. The electrical performance of the assembly was tested. Results show that when charged to
1.25kV, the peak current can reach up to 3.95kA. Furthermore, a >2.3km/s mean flyer velocity was obtained
using an optical method. Three EFIs integrated with CDU were fired, all of which were successfully
initiated, and the lowest initiation voltage is 1.1 kV.
KEYWORDS: slapper detonator, CDU, energy efficiency, flyer velocity, low voltage EFI

1. INTRODUCTION

Safe initiators are particularly important in munitions applications, where inadvertent activation of an
explosive charge can be devastating. Insensitive munitions are often equipped with Exploding Foil Initiators
(EFIs) or Slapper Detonators due to their intrinsic safety. Generally, EFIs contain less sensitive secondary
explosives and are operated by a very specific electrical pulse, which makes the system insensitive to
accidental initiation by static electricity discharge and EMI etc. and eliminates the need for any moving
components, thereby making the system inherently more reliable[1]. EFIs were first invented by John Stroud
of Lawrence Livermore National Laboratory (LLNL) in 1965[2], while they were first equipped at 1980s in
China.
The necessity of a specific electrical pulse (often very large in current peaks) on the other hand causes the
fireset to be very large, which makes it impossible for the minimization of weapon systems. Therefore,
extensive studies has been carried out so far to decrease the initiation energy mostly by optimizing the
parameters of slapper components (e.g. bridge, flyer and barrel, etc.). Earlier, we have investigated the
influence of bridge thickness on flyer velocity[3]. Slappers with five different foil thicknesses were
tested(1.31, 2.54, 3.67, 4.15, 4.73μm), the average flyer velocities ranges from 1959 m/s to 2307 m/s. The
maximum increase in flyer velocity is 15%. Yang[4] explored the relations between bridge width and
initiation energy, 1.60 g/cm3 PETN was used as the primary charge. The average initiation energy was in the
range of 1.23 and 1.31 for four different bridge widths (0.44mm, 0.42mm, 0.36mm, and 0.34mm), the
reduction in initiation energy is well below 10%. Davies[5] matched the bridge sizes with barrel length, yet no
obvious relationships have been obtained. To eliminate the edge effect of rectangular bridges for
conventional EFIs, a more efficient circular bridge with a cavity in the center was designed[6]. Nevertheless,
the increase in energy efficiency (generally less than 20%) is very limited by matching the bridge size, flyer
thickness and barrel length, etc, compared to the massive energy loss in the fireset circuit, which could reach
up to 70% (Our studies show that only 30% or less of the energy provide by fireset is deposited on the bridge
foil).
In the present study, we attempted to increase the energy efficiency by settling all high voltage components
inside the EFI, as close to the bridge foil as possible.
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2. DESIGN OF THE NOVEL EXPLODING FOIL INITIATOR

Experience shows that the excitation of an exploding foil by a fireset can be acurately represented by a RLC
circuit, and the peak current of a RLC circuit related greatly on the inductance of the circuit, as shown in the
following equation.

2

2

1
                     (1)

4
c

peak

R
i V L

L C L
Where ipeak is the peak current, V represents the charging voltage, L represents inductance and R is the
resistance of the circuit. A preferred way to increase the energy efficiency is reducing the inductance L of the
circuit. Therefore, all the high voltage circuit (including high voltage capacitor and high voltage switch) was
designed on a ceramic board which at the same time is the barrel, while the exploding foil and Kapton flyer
is flip chip joined onto the ceramic board. Fig.1 is a pictorial diagram of a high energy efficient EFI(CDU
Slapper).

Fig. 1 Schematic of exploding foil initiator integrated with a CDU

As shown in Fig. 1, CDU Slapper consists of three major components: bridge foil chip, barrel and high
voltage circuit assembly(CDU assembly), and HNS pellet. A special Kapton flyer was adhered onto bridge
foil by heat treatment to form a bridge foil chip, as shown in Fig. 2.

Fig. 2 A Kapton flyer was adhered onto the bridge foil to form a bridge foil chip

A thin layer of silver (~5μm) with pre-specified pattern was printed on the ceramic barrel, the high voltage
components of a fireset were placed on this very board: two high voltage ceramic capacitors with 0.15μF
capacitance each and a solid-state switch were welded onto the board, in this study, Therefore, the switch
was placed adjacent to the ceramic barrel. The bridge foil chip was joined on the barrel with the bridge
situated in the center using a Finetech welder.

Fig. 3 The ceramic barrel assembled with HV capacitors, HV switch and a bridge foil chip

58



3 CHARACTERIZATION OF THE NOVEL EXPLODING FOIL INITIATOR

3.1 THE CHARACTERIZATION OF ELECTRICAL PERFORMANCE

For CDU slappers, the high voltage discharge circuit was placed inside the EFIs, and the energy that CDU
assembly generated will be deposited directly into the bridge foil, causing the foil to explode ; resultingly,
the high pressure plasma would drive Kapton flyer to accelerate in the barrel. Therefore, it is of great
importance to understand the electrical performance of CDU assembly.
Previoursly, Rogwiski Current Rings was utilized to detect the current waveform of an initiation circuit.
Nevertheless, there is inadequate space for a Rogowski Coil to be placed in CDU assemblies. Accordingly,
PEM CWT30 (Fig.4) current probe was used to record the current waveform.

Fig. 4 Diagram of a flexible current probe

The accuracy of such flexible current probe was tested by comparing its test results with those obtained by a
standard Rogowski Coil. Fig. 5 illustratd the current waveforms obtained using a Rogwiski and flexible
current probe.

Fig. 5 Accuracy verification of test results obtained using flexible current probe

As shown in Fig. 5, the waveforms obtained by two different detectors are almost identical, meaning that the
results provided by flexible current probe is accurate and reliable.

3.1.1 Influence of HV switches on electrical performance of CDU assemblies

Three different HV switches were used in this study, incluing NMCT solid-state switch, small-scale cold
cathode triggers and electromagnetic relay. Fig. 6 is a diagram of the three kind of HV switches.
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Fig. 6 Various HV switches(Left: NMCT, cold cathode trigger, electromagnetic relay)

The infuence of aforementioned HV switches on the electrical performance of CDU assemblies was
investigated. The test setups for current recording was shown in Fig. 7, the length of ectrical wires and the
locations of HV capacitors were identical for each test.

Fig. 7 Setups for electric performance measurements of CDU assemblies

Tab. 1 listed the electrical performance of CDU assemblies incorporating various HV switches.

Tab. 1 Performance of CDU assemblies incorporating various HV switches

As illustrated in Table 1, the peak currents of CDU assemblies incorporating solid-state switches are
generally ~200A higher than those using cold cathode triggers, while there’s no significant divergence
respecting to the period of the current pulse. When CDU assemblies incorporating solid-state switches are
charged to 1.25kV, the peak current is up to 3.95kA. Furthermore, electromagnetic relay would intoduce
relatively high inductance into the circuit, resultingly, the peak current of the CDU assembly is far below
(~700A) compared to those using solid-state switches, while the period is ~150ns longer. Therfore, cost
effective electromagnetic relay is only used as a replacement switch in preliminary experimental study. we
haven’t seen much engineering significance of such switches right now.

3.1.2 Influence of circuit length on electrical performance of CDU assemblies
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The influence of circuit length on electrical performance of CDU assemblies was investigated by tailoring
the length of a wire joined on the CDU assembly, test results were listed in Table 2.

Tab. 2 Performance of CDU assemblies with various wire length

As shown in Table 2, the wire length is a predominant factor that affects the circuit performance. while
extruding the length by 50mm, the peak current would drop by ~800A, and the period would increase by
~150ns. Currently, the fireset we use generates a high current pulse whose period is in the range of 1300ns,
by placing CDU as close to the exploding foil as possible, the energy loss consumed by the circuit could be
eliminated. According to Table 2, the peak current can almost be doubled by simplely shorten the circuit
length. Therefore, undoutably, incorporating CDU with EFI will significantly increase the energy efficiency
of EFIs, thus, lower initiation voltage is needed.

3.2 THE CHARACTERIZATION OF FLYER VELOCITY

The flyer velocity driven by an exploding foil is extensively investigated so as to better understand the
design of exploding foil initiators. Herein, an optical method was utilized to analyze the mean velocity of the
Kapton flyer. A test setup schematic is shown in Fig. 8. A fiber-photoelectric magnifier-oscilloscope system
was used to infer the flyer acceleration. When the bridge foil explodes at the discharge of energy stored in
the capacitor, the flyer starts to move towards the fiber. The emitted lights that penetrated through the
transparent Kapton flyer were received by fiber, causing a steep change in electrical signal. However, when
the flyer impacted on the fiber, the transient crashing of the fiber head significantly influenced the light
transmittance of the fiber, therefore, another steep change will be observed. By comparing the
aforementioned two steep changes in recording signal, the flying duration Δt can be obtained, while the
barrel length Δs is already known as a constant, hence, the mean velocity of the flyer can be calculated using
Δs/Δt.

Fig. 8 Schematic diagram of the test setup for flyer velocity measurement

The capacitors were charged to 1250V, and cold cathod trigger was switched on by applying a high voltage
on it. Afterwards, the bridge exploded and the generated plasma accelerated Kapton flyer to move towards
the fiber, the light emission was recorded and transformed into electric signal, which was recorded by an
oscilloscope, Fig. 9 illustrated the electrical profile that represents the change in light emission intensity.
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Fig. 9 Photoelectrical transformed light emission intensity profiles

As shown in Fig. 9, it took the flyer 168.8ns to reach the end of the barrel, while the barrel length is
0.395mm, yielding 2340 m/s mean velocity. Another foil was fired at the identical experimental parameters,
the flying time Δt was determined as 173.6ns while the barrel length Δs is 0.404mm, therefore, the mean
velocity is 2327 m/s.The copper bridge foil after electro-explosion was illustrated in Fig. 10.

Fig. 10 Schematic of an exploding foil bridge after short-pulse energy excitation

As shown in Fig. 10, a Φ0.6mm circular area in the center of the foil were exploded, meaning that not only
the bridge foil was fully exploded at the current pulse generated by the CDU, a fairly large part of the bowtie
area were exploded (approximately twice the size of the copper bridge). Therefore, it can be deduced that a
great amount of energy has been deposited on the foil.

3.3 INITIATION TEST

Since the firing test of an EFI is destructive which could damage the integrated high voltage capacitor and
switch, therefore, cost-effective electromagnetic relays were utilized as the replacements of cold cathode
triggers or solid-state switches. Fig. 11 illustrated a schematic of CDU slapper, though the upper lid was not
shown in the diagram.

Fig. 11 Schematic of a CDU slapper, an electromagnetic relay was utilized as the HV switch

Three CDU slappers were fired, the density of HNS pellet is 1.60 g/cm3. The firing voltages and firing
results were listed in Table. 1.
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Tab. 3 Firing experiments of CDU slappers

*: represents that the exploding foil initiator successfully exploded.

Three CDU slappers were fired, all of which were successfully exploded, and the lowest initiation voltage is
1.1 kV. Hence, the EFIs incorporated with CDU is highly energy efficient compared with previous designs
that consider the fireset and EFIs as two separate products which are connected by flat cables.

4 SUMMARY

We have designed a novel EFI that have integrated all high voltage components of a fireset in the internal
structure of a slapper. Such EFI can be potentially utilized for multi-point adaptive initiation and lower
energy initiation applications. Test results showed the peak current reaches up to 3.95kA when the capacitors
in said EFI are charged to 1.25kV, meanwhile, the period of the current pulse is 696ns. Comparing with our
traditionally EFI designs, the peak current almost doubled while the period is only a half at identical
charging voltages. Flyer velocities of CDU slappers were measured using an optical method, results show
that the mean flyer velocity can reach up to 2300m/s by charging the detonator to 1.25kV. Since the firing
tests of CDU slappers are destructive, firing tests were carried out using cost-effective electromagnetic relays
as HV switches. Till now, CDU slappers can successfully initiate at 1.1kV.
What we have presented in this paper is a very preliminary work; further investigation shall be carried out to
systematically study EFIs that have incorporated high voltage components of the fireset or even the whole
fireset. Nevertheless, present work have proved that the energy efficiency can be greatly increased by
integrating CDU components with EFIs. Additionally, the bridge foil should match extremely short current
pulses so as to maxmize the energy consumption. Fig. 12 shows one of the bridge foil designes we fabricated
so as to investigate its energy efficiency with a very short current pulse(508ns period).

Fig. 12 Shaped bridge foil

The energy efficiency of shaped bridge foil was compared with conventional square bridges using a 700ns
period fireset, results are shown in Table 4.

Tab. 4 Test results of various bridge foils fired by short period current pulse

It is straightforward that for the shaped bridge, 85% of the energy stored in the capacitor was deposited onto
the bridge, far more efficienct than square bridge. Therefore, by varying the bridge shapes and scales, the
energy efficiency of CDU EFI could be further increased. To obtain the best foil design completely by
experimental studies is time consuming and costly, numerical simulation may be of assistance in finding the
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optimal design. Fig. 13 shows a 2D thermal-elctric analysis result of the shaped bridge foil and compared the
temperature distribution across the bridge with the post-fire bridge.

Fig. 13 Post-fire shaped bridge and thermal-electric simulation result

Simulation results showed that the copper didn’t reach the melt temperature at 6 inner corners, which means
the copper at these places might not explode at the input current pulse. Expectively, experimental results
testfied our simulation results. Therefore, we will continue on constructing numerical models that could
accurately simulate the exploding behavior of bridge foils so as to design the bridge foils.
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ABSTRACT
A new method on preparation and properties of advanced nitroguanidine crystallization was introduced in

this paper, in which, the effect of ultrasound on reactive crystallization in water was studied and high-bulk

and good flow ability spherical form nitroguanidine crystallization was obtained by controlling the crystal

habit. The particle size distribution, SEM photos, Vibration density of NQ was determined and

investigation of its explosive properties was carried out. The Sensitivity to friction and impact were

inspected and compared with the crystallization obtained in various solvents such as NMP and DMF. The

experimental results show that the nitroguanidine crystallization obtained by the new method is better

than the nitroguanidine crystallization obtained by traditional methods. The high bulk density

nitroguanidine particle of the present project is a spherical particle with bulk density 0.96g.cm-3 which is

six times to seven times of the industrial nitroguanidine. The explosive mixture containing NQ can stand

more loads by enhancing greatly its bulk density and apparent density.

Key words: nitroguanidine, crystallization, explosive mixture, high-bulk;

1 Introduction

As the high techniques are largely adopted in weapons and battlefield environment is becoming worse

day by day, the safety and vulnerability of weapon systems are becoming more and more important.

Therefore, the research and development of insensitive high explosives has turned into an important

aspect of region of explosive. Nitroguanidine (NQ) is white crystalline substance, it exists in at least two

crystalline forms: α(thin needles), β(elongated plates) [1, 2].

Table 1 sensitive of NQ compared with other explosives

Explosive ρ/g·cm-3 PC-J/GPa G50/mm H50/ mm

NQ 1.704 26.8 5.0 >320

HMX 1.89 39.5 65 26

RDX 1.767 33.7 43.6

PETN 1.67 30.0

TATB 1.80 25.9 21.9 >320

TNT 1.637 18.9 28.3 171
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Among the low-sensitive homogeneous explosive materials with lower mechanical and energy levels,

NQ are the cheapest and the easiest to obtain. As can be seen from table 1 NQ has a higher detonation

pressure together with the higher energy, so that it’s better to be a component of low sensitive explosives.

However, an important hindrance in use of these explosive on a larger scale, in mixtures with other HE,

is the improper crystalline form of the long needles crystallization of nitroguanidine obtained from water.

Only by gaining the spherical form of crystals that leads to much higher density than in previously

obtained specimens have caused rise of interest in their application [3, 4, 5]. The use of NQ instead of wax or

phlegmatizing polymers has this advantage than mass density of these explosives is similar to density of

base HE and by adding them, even in large quantities, no decrease of detonative properties of resultant

mixtures happened[6,7,8].

2 Experimental

Since NQ belong to orthorhombic cell with parameters(a:b:c)=(1.758:2.484:0.358)nm. it’s easy to form

needle-like crystals under the natural cooling conditions. The spatial distribution of the molecular

structure is shown in Figure 1.

Fig .1 spatial distribution of NQ molecular structure Fig .2 needle-like crystals Bulk Density 0.16g.cm-3

To gain crystal of NQ various solvents were used: water, methocel, ethylene glycol, diethylene glycol,

form amide, dimethyl formamide (DMF), dimethyl sulfoxide, N-methylopyrrolide(NMP) and mixtures of

some of the above [9, 10, 11]. The purpose of these experiments was to find out a suitable solvent and

nonsolvent to match the conditions of crystallization by which a spherical form of product with high

density will be obtained. We have tried three different methods by which High Bulk Density

Nitroguanidine was proceeded.

2.1 Water-solvent method

Considering the influence of solvent and crystalline controlling agent based on the study of other

researcher [12] we accommodate the crystal habit of NQ by crystalline controlling agent just like

methocel cellulose et. First of all , forming an aqueous nitroguanidine solution at a temperature about 100

with 2.0 weight percent of methyl cellulose and cooling the aqueous nitroguanidine solution under

continuous agitation at a certain cooling rate until the temperature of the solution is below 20 , and

isolating the product spherical nitroguanidine with bulk density 0.8g·cm-3 0.9g·cm-3. In the Fig.3 and

Fig.4, photos of crystals of NQ acquired with Water-solvent method are shown.
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2.2. Organic solvent method

The mixture consisting of nitroguanidine and ethylene glycol or N, N-dimethyl foramide in weight

ratio 1:3 to 1:22 was put into reactor and then the mixture was gradually heated to 85 till the crystals

were melted. After that, the mixture was stirred at about 1000rpm. Then the solution was gradually cooled

to 5 (cooling rate differentiating from 1 /min to 5 /min has been choose). Next, the solution was

stirred for two hours and left for twenty four hours (without stirring). Finally, the obtained nitroguanidine

crystals were filtered and washed with acetone. In Fig.5 and Fig.6, photos of spherical crystals of NQ are

shown. But, as we can see, the satisfactory crystalline form of product was not obtained in every case.

2.3. Ultrasound method

We studied the effects of ultrasound on the crystal morphology of nitroguanidine. The results indicated

that ultrasound could control the crystal habit of NQ very well without any crystalline controlling agent,

and the high bulk density nitroguanidine particle of the present project is a spherical particle with bulk

density 0.96g.cm-3 which is six times to seven times of the industrial nitroguanidine.

3 Result and Discussion

3.1 Nitroguanidine crystallization
In Fig.3 to Fig.7, photos of spherical crystals of NQ obtained by various methods of crystallization are

shown.

Fig .3 Needle-shaped NQ (567times enlarged) Fig .4 Recrystallized NQ particles (200times enlarged)

Fig.3 shows the form of needle nitroguanidine whose bulk density ranges generally between 0.2 and

0.3 g/cm3. Fig.4 shows the form of elongated plate recrystallized nitroguanidine from water.

Fig .5 Spherical-shaped NQ (100times enlarged)              Fig .6 Spherical-shaped NQ (200times enlarged)
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Fig.5 and Fig.6 show the forms of Spherical nitroguanidine which was obtained by the methods of

organic solvent. As the Fig.4 shows that most of the particle size is above 100μm with the bulk density

between 0.76 to 0.89g/cm3.

Fig .7 Recrystallized NQ particles by ultrasound

Fig.7 show the forms of Spherical nitroguanidine which could be obtained by the methods of

ultrasound with the bulk density is between 0.95 to 1.02 g·cm-3.

3.2 Particle size distribution

Grain size distribution of NQ crystals obtained by various crystallization procedures was determined

and shown in table 2.

Table 2 Particle size distribution of high bulk density NQ

ID
Particl Size

450μm 300μm 200μm 150μm 125μm ≤125μm

2003-04-05-01 1.4 13.7 55.2 12.8 16.9

2003-04-06-01 4.5 5.7 65.4 17.4 7

2009-01-07-01 0.7 4.1 82.2 3.6 4.6 4.8

2009-01-07-02 0.9 3.5 76.5 4.4 5.1 9.6

2009-01-08-01 0.8 4.2 83.4 5.1 3.5 3.0

2009-01-08-02 1.6 6.4 73.8 6.9 5.8 5.5

3.3 Bulk density

A variety of bulk density of nitroguanidine crystal density and bulk density obtained by ultrasound

method has been obtained based on different size of nitroguanidine materials.
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As can been seen from Fig .8 and Fig .9 the average of crystal density of nitroguanidine is

1.760-1.764g·cm-3 which are equivalent with the theory density of nitroguanidine 1.77g.cm-3 , and the

bulk density of nitroguanidine is between 0.95 to 1.02 g·cm-3 which is six times to seven times of the

industrial nitroguanidine(0.14-0.16 g·cm-3.

3.4 Parameters of SNQ

(1) The crystal structure of spherical-shaped nitroguanidine was refined using X-ray single-crystal

diffraction methods. Relevant parameters of the analysis are list in Table 3

Table 3 Relevant parameters of the analysis
Measurement parameters Global parameters

Divergence slit/ ° 1.000

Number of phases 1
Scan-range, step size (2Theta)/ º 10.010 - 79.990, 0.020
Scan time per step/ s 1.00
Radiation Cu K���

(2) Bulk Density: 1.01g.cm-3,

(3) Melting Point: 231.6�,
(4) Sensitive: impact and fraction sensitivity 0%, H50 above 100cm.

Compared Ultrasound method and Water-solvent method with Organic solvent method, we can

conclude that the ultrasound method are the best way to obtain the high bulk nitroguanidine for its’ simple

arts and crafts, environmental protection and feasible to industrialization

4 Final conclusions

We studied the effect of ultrasound on reactive crystallization in water, a high-bulk and good flow

ability spherical form nitroguanidine crystallization was obtained by controlling the crystal habit. The

particle size distribution, SEM photos, Vibration density of spherical-shaped NQ was determined and

investigation of its explosive properties was carried out. The Sensitivity to friction and impact were

inspected and compared with the crystallization obtained in various solvents such as Water, NMP and

DMF. The experimental results show that the new method is better than the nitroguanidine crystallization

obtained by traditional methods, such as Water-solvent method and Organic solvent method. The high

bulk density nitroguanidine particle of the present project is a spherical particle with bulk density

0.96g.cm-3 which is six times to seven times of the industrial nitroguanidine. The explosive mixture

contained NQ can stand more loads by enhancing greatly its bulk density and apparent density.
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Cavitation Free Acoustic Environment

J. Lucon, P. Lucon

Resodyn Corporation, Butte, Montana USA

ABSTRACT

An evaluation of the potential hazardous operation potential for Resonant Acoustic Mixing is
performed for the specific hazard of acoustic induced bubble cavitation.  This work was
undertaken as a result of the user’s community concern that the energy input to a mixture via the
60 Hz frequency acoustic environment created by Resonant Acoustic Mixing, cause bubble
collapse, or other high energy hotspot events to occur in the mixture. Theoretical considerations
are reviewed and sonochemical experiments are performed to address this concern.  The analysis
demonstrated that  no cavitation should be expected from the Resonant Acoustic Mixing
operating conditions. Moreover no indication of cavitation was measured using very sensitive
detection procedures.
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ABSTRACT

Last minute paper substitution. No abstract or paper available.
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ABSTRACT

For decades, European launchers pyrotechnic chains have relied on middle-energy electric initiation to
ensure ignition, cutting, jettisoning functions. Initiation and especially pyrotechnic distribution constitute the
main source of cost savings and testability improvements for next generation launcher. The CNES launcher
directorate has been working for several years, in association with LAAS-CNRS and Dassault Aviation, on
improving testability of pyrotechnic chains. One of the promising technologies is the use of multilayers
nano-thermites. The main idea is to combine miniaturized functions (energy storage, energy conversion,
mechanical barrier) within an initiator device. The associated idea is to build a communicating network
interfacing the initiators through a digital bus.

Introduction

Pyrotechnic is a key element on space launchers, enabling several functions like ignition, separation,
distancing or destruction if required. For all these functions, common devices such as detonators, safe and
arm devices, detonating cords constitute non-negligible overall mass and cost.
Nanothermites developments, especially multilayers nano-thermites, not only enable to enhance ignition
devices safety through multilayers nano-thermites insensitivity, but also to comply with European
environmental constraints (REACH). The French Space Agency (CNES) works in association with LAAS-
CNRS laboratory, specialized on multilayers nano-thermites and their electronic integration, and with
Dassault-Aviation in order to study the feasibility of a whole pyrotechnic chain using nanothermites as a first
stage.

The work described here details advances accomplished last 3 years of collaboration between CNES,
Dassault Aviation and LAAS-CNRS. This publication first introduces the work carried out in order to ensure
the digital management of Integrated Functions Initiators (IFI). Then, the collaborative developments of
Dassault-Aviation and LAAS-CNRS on multilayers nano-thermites integration within an IFI device are
detailed. Finally, the main results obtained by LAAS-CNRS about Al-CuO multilayers nano-thermites are
described.

Integrated Functions Initiators monitoring through a digital bus
Detonators, SAD, detonating cords, multi-ways relays, pyrotechnic delays, constitute the typical launcher

pyrotechnic chain as presented on Figure 1. Underlying technologies of current pyrotechnic are robust, but
also heavy, and implying safety constraints for storage, transport and launcher assembly.

Figure 1. Typical pyrotechnic architecture
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The proposed architecture in this development is based on a CAN (Controller Area Network) bus and has
been designed and patented in 2010 by Dassault-Aviation [1]. Applying CAN bus to space applications has
been already detailed by the past [2, 3] and in ESA framework for a few years [4, 5, 6], in order to replace or
to communicate with MIL-1553 bus or On-board Data handling system. This technology, widely adopted in
automotive industry, offers several advantages: higher data rates, reliability, EMC friendly, low cost, multi
master configuration. In a launcher case, the “pyrotechnic” CAN bus would have to communicate with the
“master” bus, for instance MIL-1553.

Actually, the digital bus would replace detonating cords for order communication and multi-ways relays
for order distribution. Digital messages are transmitted through classical electric wires from the bus to the
IFI, designed to receive, interpret the message and replying on the bus. In this architecture, as shown on
Figure 2 the initiators are directly mounted on pyrotechnic terminal functions.

Figure 2. Digital bus architecture

The IFI includes a local energy storage dedicated to electro-pyrotechnic conversion. Considering all the
initiators of the launcher, these local capacitors could be charged before the launch following a dedicated
sequence in order to reduce electrical budget and consumption. The electrical system would work for a
longer time at low energy instead of providing middle energy level in a very short time.

In order to prevent any unexpected functioning, a safety barrier (Mechanical SAD) is settled between the
electro-pyrotechnic conversion and the terminal function (in addition to electrical protections). The first
stage of the electro-pyrotechnic conversion is constituted by on-chip igniters based on Al/CuO multilayers
nano-thermites.

Experimental

Recent advances on digital pyro bus
An electronic breadboard has been designed in order to simulate IFI functions and IFI communication

thanks to micro-controller. A key point here is to validate the monitoring and to identify digital security
breaches within the network. The digital pyro bus has to be interfaced with the system bus whose
characteristics would determine an optimized data rate on the dedicated bus to pyrotechnic functions.

Figure 3. Digital bus breadboard
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IFI integration
This development work is the result of LAAS-CNRS and Dassault-Aviation collaboration. The main axes

of integration are multilayers nano-thermites fixation on silicium board and the motor shaft improvement and
electronics miniaturization.

Currently, multilayers nano-thermites chips are glued and wire bonded on PCB (Printed circuit board). As
shown on Figure 4, the plate receiving the multilayers nano-thermites is actuated by the motor shaft and
rotates in order to enable multilayers nano-thermites to be faced with the holes of the safety barrier.

Figure 4. Integrated Function initiator

LAAS-CNRS works on multilayers nano-thermites
LAAS-CNRS has been developing multilayers nano-thermites for 6 years, benefiting from MEMS

advances [7], from nanomaterials studies [8]. Recently, thesis works [7,8] enabled to develop the integrated
prototype while enhancing knowledge on Al/CuO multilayers nano-thermites. Al and CuO have been chosen
for years by LAAS-CNRS for their theoretical reaction heat of 3,9 kJ/g [11] These multilayers nano-
thermites are based on Physical Vapor Deposition whose principles have been largely detailed [11,12] and
enable to build multilayers nano-thermites with layers thickness accuracy about 5nm.

Multilayers nano-thermites produced by LAAS-CNRS typically show alternative thickness of 100 nm and
200 nm for Al and CuO in order to produce stoichiometric ratio.
The structure of the device is successively constituted by the following materials, as shown on Figure 5:
- Silicone substrate
- SU-8/PET membrane
- Titane filament and golden pads
- Al/CuO multilayers nano-thermites.

(a)

(b)
Figure 5. Micro-chip initiator - (a) Détailed view - (b) Scanning Electron Microscope view [11]

Manometric bomb set-up
Pyromecanisms often needs propellant powder in order to convert a pyrotechnic energy into a mechanical

energy. So, the nanothermites are required to be initiated first but also to generate a sufficient amount of
energy to another pyrotechnic material.

Multilayers nano-thermites chips
Electrical connexions

Motor shaft

Safety barrier

Al/CuO
Filament and
golden pads

SU-8/PET
Substrate
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To perform these trials a manometric bomb has been used, as shown in Figure 6.

Figure 6. Manometric bomb from [11]

Results and discussion

Electro-pyrotechnic conversion depending on substrate material
The first objective is to characterize the initiation of the nanothermites. As the filament is interfaced

between the multilayers nano-thermites and the substrate, thermal properties of the substrate are of main
importance. Three kinds of structures were experimented: titanium filament deposited directly on bulk
silicon or pyrex and titanium filament deposited on SU-8/PET membrane. A constant current from 0.1 A to 4
A is applied during 40 ms through the golden pads.

None of silicon based initiators reacted under a maximum 4 A current. Pyrex and PET membrane are
compared in Figure 7 where ignition time is plotted against current. Current is measured with a Hall Effect
probe and ignition time is detected by a sharp change in filament electrical resistance. A photosensor based
on photodiode is placed in front of the on-chip igniters to record the light flash emitted during nanothermites
reaction. Figure 7 clearly shows an important decrease of ignition time when switching from pyrex to PET
membrane initiators.

Figure 7. Ignition time vs current for different substrates [11]

For a 0.5 A current, an ignition time of 70 μs can be expected with PET whereas pyrex based initiator
reacts after 6 ms. The advantage of PET decreases with increase of current. Nevertheless, the PET structure
is better than Pyrex, roughly 2 orders of magnitude at low current.

Ignition of a propellant powder
Propellant pellet consists in 20mg of double based propellant doped with 17mg of free foils multilayers

nano-thermites. The gap between on-chip igniter and pellet is about 1cm.
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Figure 8. Pressure and current vs time in manometric bomb [11]

A 0.35 A current is provided to the on-chip igniters at t=5ms (blue peak) and pressure rises at t+2ms after
ignition. The first pressure increase (18 bar) is due to multilayers nano-thermites reaction. The second
increase is provoked by hot gas generated by propellant pellet combustion. These experiments confirm the
ability of multilayers nano-thermites to ignite propellant powder.

Climatic aggressions
Climatic tests are performed to estimate the on-chip igniters ability to undergo typical atmospheres in a

product life. The different conditions are detailed hereafter:
Conditions Description
Dry heat 10h at 100°C

Dry cold 10h at -100°C

Wet heat 40 cycles : 1h at 22°C
alternatively with 1h at 33°C
with 93%RH

Thermal
shock

3 cycles : 5h at 20°C and 5
min at 70°C

Table 1. Description of climatic tests

After these climatic tests, each batch of multilayers nano-thermites is ignited with a 350 mA-40V power
and then compared to the reference. The Figure 9 shows the decrease of the percentage energy delivered by
chips as a function of the aggression.

Figure 9. Energy release as a function of climatic test [11]

After aggressions, ignition success is still 100%. Igniters performances decrease slightly with aggression
but the phenomenon and the influence of the aggression type are not fully understood.

Summary and Conclusion

The works accomplished in both digital data transfers through CAN bus and multilayers nano-thermites
enable to draw new architectures for launcher. On the first hand, the bus CAN is a simple and affordable
manner to command and monitor smart initiators. On the other hand, miniaturization of initiator and
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integration of prominent functions can facilitate the installation of this technology on aerospace vehicle.
Obtained results are interesting: low power ignition, propellant powder ignition, and miniaturization of
functions.
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ABSTRACT

The 3D printing technique called fused deposition modeling (FDM) is an additive manufacturing
technology that creates three dimensional objects through sequential layering. In FDM the layering is
done using a plastic filament that is passed through a heated nozzle. FDM could be suitable for the
manufacture of pyrotechnic time delays provided suitable thermoplastic compositions can be found.
Thermoplastic based pyrotechnic compositions can be formulated by filling conventional polymer
matrices with oxidants such as potassium nitrate. More interesting are fluoropolymer matrices as these
strong oxidants enable the design of non-gassing systems with suitable fuels. A key property of the FDM
filament material is its melt viscosity. The presence of fillers dramatically increases the melt viscosity.
The viscosity approaches infinity as the volume fraction filler approaches 0.64 for monodisperse
suspensions and 0.85 for bidisperse suspensions. Thermodynamic modeling results showed that
fluoropolymer-based pyrotechnic compositions reach maximum exothermicity at oxidant filler volume
fractions well below these critical levels.

INTRODUCTION

Pyrotechnic time delay elements are required to ensure the controlled detonation of charges in
blasting operations.1 Chemical delay elements comprising of compressed fuel and oxide powders in
columns of varying length are used to give reproducible and programmable delay interval.2

Fused deposition modeling (FDM) is a manufacturing technique where a thermoplastic heated
beyond its glass transition or melting point and extruded to form small beads. These beads are placed in a
controlled manner, allowing for the manufacture of larger objects through sequential layering. FDM may
enable the production of thermoplastic based pyrotechnic delay elements comprising of:

 A traditional polymer filled with a suitable oxidizer, or
 A suitable fluoropolymer filled with an appropriate fuel.

The viscosity of the polymer melt increases with the addition of filler particles.3 It diverges as the
filler content approaches the maximum packing volume fraction, e.g. ϕf = 0.64 for random packing of
monodisperse spherical particles. The Krieger-Dougherty equation (equation 1) can be used to estimate
the apparent viscosity increase in a Newtonian fluid:

(1)

where ηr, η and η0 are the relative, filled and unfilled viscosities respectively; ϕf and ϕm are the volume
fraction and maximum volume fractions; and [η] is the intrinsic viscosity. The latter parameter describes
the thickening power of filler particles and for spherical particles it equals 2.5. The implications of the
Krieger-Doherty model are illustrated in Figure 1. Pyrotechnic formulations based on a filled
thermoplastic polymer will only be flow if the volume fraction filler required for reaction is sufficiently
low.
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Figure 1: Predictions of the Kroger model for the relative viscosity as a function of the volume fraction
filler spherical filler particles for ϕm values of 0.63 and 0.85.

The formation of water in the traditional polymer-based pyrotechnic system is a concern as it acts
as an energy sink. Therefore only polymers with high carbon to hydrogen (C:H) ratios were considered.
Polystyrene (PS) and polybutadiene (PB), with C:H ratios of 1:1 and 2:3 respectively, were selected.
Furthermore, these polymers have glass transition temperatures below 100 °C, allowing for FDM
techniques to be used.

FDM with fluoropolymer based systems involves its own challenges as the most common
perfluorinated polymer, polytetrafluoroethylene (PTFE), cannot be melt processed. Fluorinated ethylene
propylene (FEP), a co-polymer made of tetrafluoroethylene and hexafluoropropylene offers a solution as
it is less crystalline, allowing for the use of melt processing. Furthermore, the melting point of such
copolymers is 260 °C or lower enabling the use of FDM techniques. Gasless formulations are possible
when fluoropolymer oxidizers are paired with appropriate fuels. Table 1 lists the boiling points of the
major fluorine reaction products when FEP is allowed to react with magnesium and calcium carbide
(CaC2).

Table 1. Melting and boiling points of selected fluorine-containing reaction products

Compound Melting Point (°C) Boiling Point (°C)
MgF2 1263 2260
CaF2 1418 2533

EXPERIMENTAL

EKVI thermodynamics software was used to simulate the combustion of pyrotechnic
compositions comprising filled thermoplastics. The adiabatic flame temperatures and the product
spectrum were determined as a function of the filler content. It was assumed that the initial temperature is
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25 C. Thermodynamic data for polystyrene (PS) was not available and its performance was estimated
using ethylbenzene as proxy with a correction for the enthalpy of polymerization.

RESULTS AND DISCUSSION

The results for the polystyrene - KNO3 system are shown in

Figure 2 and Figure 3. Three distinct reaction regions are evident, each favoring the formation of
particular set of products. Region I may be taken as the region where the CO concentration increases with
filler content, i.e. below about 62 vol. % potassium nitrate. In this region oxygen is the limiting reagent.
Potassium carbonate (K2CO3) is the predominant solid product and carbon monoxide (CO) is favored
above carbon dioxide as the gaseous reaction product. Above 48 vol. % KNO3, potassium cyanide (KCN)
is formed in the condensed phase and it reaches a maximum concentration of ca. 12.5 wt. % at the edge of
Region II. Region II extends to about 80 vol. % KNO3, the composition where the adiabatic reaction
temperature reaches its maximum of 1459 C. At this composition the CO2 content in the gas also reaches
a maximum, i.e. 55 mol %. Above a filler content of 65 vol. %, potassium hydroxide (KOH) formation is
favored above KCN and virtually none of the latter is present at the composition yielding the maximum
reaction temperature. However, K2CO3 remained the main condensed phase product.

Simulation results for the reaction between polybutadiene and potassium nitrate are shown in
Figure 4 and

Figure 5. The substitution of polystyrene with polybutadiene gave similar results. However,
potassium cyanide formation occurred at a lower volume fraction filler than with PS. Furthermore,
formulations using PB showed higher reaction temperatures than PS at low filler content, with less
variation over the lower range. The maximum adiabatic reaction temperature (1425 °C) once again
coincided with the maximum in KOH formation. The maximum temperature however occurred at a lower
filler content for formulations based on PB than those based on PS.

Table 2. Maximum adiabatic reaction temperatures and the volume fraction filler at which it occurs for
selected formulations

Oxidizer Fuel Tmax (°C) ϕ at Tmax

KNO3 Polystyrene 1458 80
KNO3 Polybutadiene 1425 71.5
FEP Magnesium 2887 41
FEP Calcium carbide 2800 54

Simulation results of the reaction between FEP and magnesium are shown in

Figure 6 and

Figure 7. Adiabatic reaction temperatures are dramatically higher than those generated in the
traditional thermoplastic formulations, reaching a maximum adiabatic temperature of 2887 °C. More
importantly, the maximum adiabatic temperature occurred at a relatively low filler content compared to
the conventional thermoplastic formulations.
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Figure 8 and

Figure 9 show the simulated results of the reaction of calcium carbide with FEP. The temperature
profile is similar to that shown by the reaction between magnesium and FEP. The initial reaction
temperature increase with filler content is however more gradual for CaF2 compared to Mg. Furthermore,
the maximum adiabatic temperature occurred at a higher filler content.

Figure 2: Condensed phase products as a function of potassium nitrate filler volume fraction for the
reaction between polystyrene and KNO3.
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Figure 3: Gaseous products as a function of potassium nitrate filler volume fraction for the reaction
between polystyrene and KNO3

Figure 4: Condensed phase products as a function of potassium nitrate filler volume fraction for the
reaction between polybutadiene and KNO3
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Figure 5: Gaseous products as a function of potassium nitrate filler volume fraction for the reaction
between polybutadiene and KNO3
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Figure 6: Condensed phase products as a function of magnesium filler volume fraction for the reaction
between Mg and FEP

Figure 7: Gaseous product percentages as a function of magnesium filler volume fraction for the reaction
between Mg and FEP

Figure 8: Condensed phase product percentages as a function of calcium carbide filler volume fraction
for the reaction between CaC2 and FEP
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Figure 9: Gaseous product percentages as a function of calcium carbide filler volume fraction for the
reaction between CaC2 and FEP

SUMMARY

The possibility of using FDM techniques in the manufacture of pyrotechnic delay elements has
been demonstrated theoretically. The PS and PB systems both showed maximum reaction temperatures at
filler loadings above 60 vol. %. The viscosity of the polymer melt may therefore be excessive if
monodisperse particles are used. Lower filler content formulations could be used that would operate at
lower temperatures. The fluoropolymer based formulations were shown to be viable at low filler content,
showing that rheological effects would not limit the use of FDM techniques. Formulations using CaC2

was shown to be less sensitive than formulations using Mg for low filler content.
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ABSTRACT

A thermite lance for underwater mine clearance has been developed by the Swedish Defence
Research Agency (FOI). There is a growing international demand for a tool which is able to clear
underwater mines situated close to populated areas or critical infrastructure without causing a
detonation. A device capable of this is a thermite lance. The device consists of blocks of thermite
inside a casing. During the thermite reaction liquid iron and solid aluminum oxide are formed and
cause a pressure build-up, which is utilized in the thermite lance to obtain a directed effect through a
nozzle. After penetrating the shell of an underwater mine, the hot liquid products are ejected from the
thermite lance which enable the explosives to combust. A new manufacturing method for the thermite
charges has been developed inducing less stress and making the charge stronger and less prone to
crack during handling, transportation, storage and use. In order to ignite and ensure proper function at
different depths, the thermite lance has been equipped with a designed rupture disc. The paper will
cover the progress of the project with focus on testing under water against different explosive charges.
More studies have to be done before the thermite lance is fully operational. A method has to be
developed in order to fix the position of the thermite lance as it is operating. Also, testing on larger
objects containing explosives is required.

1 INTRODUCTION

There is a large international demand for a device which is able to clear underwater mines situated
close to populated areas or critical infrastructure without causing a detonation. A so-called thermite
lance has the potential to be such a tool. This device would be a complement to existing conventional
mine clearing methods. Only in the Baltic Sea, approximately 50 000 underwater mines remain of the
estimated 175 000 that were deployed during the First and Second World War (1).

A thermite lance consists of a number of thermite charges which are placed in a casing. During the
thermite reaction liquid metal and solid metal oxides are formed and ejected through a nozzle. The
reaction causes a pressure build-up, which is used in the thermite lance to achieve a directed effect
through the mine casing. The explosive inside the underwater mine is then combusted or pyrolyzed as
a result of the high temperatures generated by the thermite. Safety for the mine clearance diver would
also be improved using a thermite lance, since the thermite lance is mounted at a standoff distance
from the mine, which means that the diver never has to get in direct contact with the target.

Thermite is a pyrotechnic composition consisting of a metal oxide and a metal powder fuel. The
thermite reaction was invented in 1893 and patented by Goldschmidt (2). As the thermite is ignited, an
oxidation-reduction process starts which generates a substantial amount of heat, Eq. (1).

Fe2O3 (s) + 2 Al (s) 2 Fe (l) + Al2O3 (s) (1)

Thermite has had several different applications throughout history, both civilian and military. The
most widely known uses are thermic welding, disabling of artillery and as the main ingredient in
incendiary bombs.

Previous work at FOI using a thermite lance for the neutralization of unexploded ammunition and
land based mines has shown promising results (3). The method has also been successful when the
thermite lance has been partly submerged in water. A modern underwater explosive in a steel casing
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was completely destructed. The metal casing had a thickness of 2 mm and the distance between the
thermite lance and the object was 100 mm (4).

The task of a recent project regarding thermite lances at FOI was to develop a thermite lance which
can destruct underwater mines without causing the explosive to detonate. In order to have the device
operational in mine clearance missions there are a number of demands that has to be fulfilled. Such a
tool should be non-magnetic, be able to operate from a certain standoff distance, have a safe ignition
system, be environmentally friendly to aquatic life and be able to work at depths down to 80 meters. In
the years 2011-2012 a new thermite lance was developed and tested at FOI (5). The development
included a new manufacturing method for the thermite charges, a new non-electric ignition system and
performance tests under water. Requirements of a functional pressure relief system and methods of
fixing the thermite lance have been identified.

This paper will focus on the proceeding work with the thermite lance, especially development of
the pressure relief system and testing on explosive objects under water.

2 EXPERIMENTAL

2.1 THERMITE CHARGE

75 wt.-% iron oxide (Fe2O3), 24 wt.-% atomized aluminium powder (d50= 40μm) and 1 wt.-%
energetic binder were homogenized manually. The atomized aluminium powder (A100) was
purchased from Carlfors Bruk (6). A 50/50 wt.-% mixture of acetone and ethanol was added to the dry
ingredients. The wet mixture was then granulated through a 3 mm sieve. The granules were pressed
into a cylinder using a uniaxial press with a 5 ton pressure applied. The formed cylinders had a
diameter of 100 mm and a height of 95 mm. Centered in the pressing tool was a 20 mm rod resulting
in a hole in the cylinder with the same dimension. Figure 1 shows several pressed thermite cylinders.
After pressing, the cylinders were dried at room temperature. No change in weight was observed after
72 hours, indicating total evaporation of the solvents. The centered hole in the cylinder was rugged,
making the surface larger in order to improve ignition properties. The final thermite charge in a
thermite lance consisted of three cylinders glued together. With each cylinder weighing 1.5-1.6 kg, the
total weight of a thermite lance was around 4.7 kg.

Figure 1: Pressed thermite cylinders.

2.2 IGNITER

The igniter is a deflagrating pyrotechnic device which consists of several parts. A Nonel-tubing
was connected to a delay element which was mounted inside an igniter cap. At the connection point a
small volume of a heat-sensitive pyrotechnic mixture was applied. The deflagrating charge which
ignites the thermite charge was placed at the other end of the delay element. It consisted of
magnesium, strips of ammonium perchlorate propellant and thermite powder of the same composition
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as the pressed thermite charge. The whole igniter package together with Nonel-tubing and lead-
through was kept separate from the thermite lance until testing. It was then inserted into the cylindrical
hole in the thermite charge.

2.3 RUPTURE DISC

Since the thermite lance had to have some kind of pressure relief system, both for ensuring proper
ignition and for decreasing the forces on the system while operating, it was equipped with a rupture
disc with a defined bursting pressure. Figure 2 shows the rupture disc unattached and attached to the
thermite lance. Prior to testing the thermite lance against explosives, the rupture disc was glued to an
empty casing and pressurized with air until bursting pressure. This was to ensure that the bursting
pressure provided by the manufacturer was correct and that the glue line between rupture disc and
thermite lance was intact during the whole procedure.

Figure 2: Rupture disc (left). Rupture disc attached to the thermite lance (right).

2.4 ASSEMBLY

Three pressed thermite cylinders were inserted and glued to a phenolic sheet casing. The nozzle
plate and the back plate were also glued to the casing. These parts were made of phenolic sheet as
well. Then the rupture disc was glued to the nozzle plate. Figure 3 describes how the different parts
were arranged. The diameter of the thermite lance was 124 mm and the total length was 395 mm.

Figure 3: Half-section side view of the assembled thermite lance.

2.5 EXPERIMENTAL SETUP

A vessel with the volume 2 m3 was used for the underwater tests. Testing was performed at a water
depth of 0.5 m. A 2 m long test rig with a moveable cradle was used for the underwater tests. The
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thermite lance was attached to the moveable cradle. A force transducer with a maximum load of 100
kg was attached at the back plate of the thermite lance. The test objects (inert or explosive) were
placed behind a 2 mm thick 300x300 mm SS-1311 (S235JR) steel sheet at a 50 mm standoff distance
from the thermite lance. A cast block of stearic acid represented the inert object. TNT and Comp B
(TNT+RDX) were chosen as explosive objects. The steel plate was supposed to represent a casing of
an underwater mine. If the test object was an explosive, it was mounted inside a stainless steel cylinder
with an open back end. In an attempt to avoid excessive slag which could decrease contact between
the thermite reaction products and the object, the steel sheet and the object was mounted in a 25° angle
as shown in Figure 4. Ignition of the thermite lance was performed with a non-electric system and the
tests were monitored and recorded with a video camera.

Figure 4: View of the experimental setup from above. The thermite lance is aiming at a TNT charge in a
steel cylinder mounted behind a steel plate. The charge is placed in a 25° angle.

3 RESULTS

Nine thermite lances with a 4.7 kg termite charge were manufactured for testing. The nozzle
diameter was 7 mm. A rupture disc with a certain burst pressure was attached to each thermite lance.
A total number of six tests were performed on different objects (inert and explosive) under water. A
summary of these tests is shown in Table 1.

The first test object was a large cast block of stearic acid. Initiation of the thermite lance was
successful. Evidently, the rupture disc functioned properly. Based on footage from the video
surveillance, it took around 4 seconds for the thermite lance to penetrate the steel sheet. The stearic
acid block was inspected after testing. A large hole had been formed in the block. Approximately 50%
of the block had been pyrolyzed. A force transducer recorded the load from the burning thermite lance
along its length-axis. A maximum load of 60 kg was recorded as the rupture disc burst. This high
initial load, shown as a narrow peak in the load-time diagram, lasted only for 10 ms. After bursting the
rupture disc the recorded load was 0-15 kg during the rest of the test, with the exception of a few
peaks up to 30 kg.

The second test object was a 1.2 kg Comp B charge. The thermite lance reacted without
complications, but after inspection it was clear that the test had failed due to insufficient fixing of the
explosive object; the charge had been knocked out of its position and was therefore unaffected by the
thermite lance.

Another test with Comp B as target was set up. The conditions were the same as the previous test
although this time the object was attached to the steel sheet using another method. During the test,
large flames could be seen coming from the position where the charge was placed. No residuals from
the Comp B charge could be found which leads us to the conclusion that the explosive was completely
destructed. The steel cylinder where the Comp B charge was mounted can be seen in Figure 5. The
bright spot in the middle was where the hot liquid reaction products from the thermite lance penetrated
the sheet.
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Figure 5: Steel cylinder after testing. No residuals from the Comp B charge were found. The material
inside the cylinder is slag; reaction products from the thermite lance.

After the successful destruction of Comp B, a 1.1 kg TNT charge followed. Flames with
accompanying thick black smoke evolved from the test vessel. The black smoke probably derived
from decomposing TNT. After inspection, the steel cylinder in which the charge was mounted proved
to be almost empty. A small piece of TNT, around 10 wt.-% of the original charge, was still present.
Figure 6 shows the steel cylinder before and after testing.

Test number 5 and 6 were part of a demonstration for the Swedish Armed Forces. The test setups
were basically the same as test number 1 and 4 (stearic acid, TNT). However, results from the TNT–
test were better than previous test. This time no TNT remained in the casing.

Figure 6: TNT charge mounted in a steel cylinder (left). Steel cylinder after testing. A small residual
piece of TNT is visible (right).
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Table 1: Summary of tests.

Test number
Standoff
distancea

(mm)
Test objectb Weight (kg) Results

1 50 Stearic acid 11.0 Partially destructed

2 50 Comp B 1.2 Fail

3 50 Comp B 1.2 Destructed

4 50c TNT 1.1 Partially destructed

5d 50c Stearic acid 10.5 Partially destructed

6d 50c TNT 1.1 Destructed

a) distance between thermite lance and steel sheet
b) all test objects were placed behind a 2 mm thick steel sheet
c) to avoid sludge, the targets were set in a 25° angle compared to the thermite lance. See Figure 4.
d) demonstration for the Swedish Armed Forces

4 CONCLUSIONS

Several thermite lances were manufactured and tested under water against inert and explosive
materials. A rupture disc, acting as a pressure relief system, was developed and attached to the
thermite lance. The bursting pressure of the rupture disc could be optimized according to the water
depth where the thermite lance is operational. The study has shown that it is possible to destruct
explosive charges such as TNT and Comp B under water, using a thermite lance. This was done
without causing the explosives to detonate. The fact that these explosives have a negative oxygen
balance and therefore are difficult to destruct under water did not constitute an obstacle. A
demonstration with promising results has been carried out for the Swedish Armed Forces. The
important task of finding methods to fix the position of the thermite lance in different environments
still remains. Tests on even larger explosive objects (≥10 kg) should also be performed.
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ABSTRACT 

 

Thermite reactions produce high energy densities resulting in high temperatures. One of the highest 
energy densities can be achieved with an Al/MoO3 thermite. For some applications higher energy densities 
are required, e.g. igniters or detonators. Using thermite mixtures for that purpose additional energy has to 
be injected in the reaction zone of the burning thermite mixture. One idea is to use a high-voltage impulse 
to ignite the thermite and use the excess energy as additional input energy to increase the energy density in 
the reaction zone. Different micrometer-sized thermite mixtures (μm-Al(24 ma%)+μm-CuO(76 ma%), 
μm-Al(27.3 ma%)+μm-MoO3(72.7 ma%), μm-Al(22.24 ma%)+μm-Fe2O3(77.76 ma%)) were 
compounded with nitrocellulose (12.6 %). A small amount of the sample mixtures (approx. 20 mg) was 
deposited between two electrodes on a printed circuit board. The samples were ignited with a high-voltage 
impulse generator (C = 1 μF and R = 1 ) inside a pressure autoclave under inert atmosphere. The input 
voltage was varied between 1 kV and 5 kV. A high-speed camera observed the reaction progress and the 
emitted light was detected by a fast high-resolution emission spectrometer. Voltage and current were 
recorded by an oscillograph. The reaction period was determined by the high-speed video and the UI-
characteristic. The time-resolved spectra provided information about the transient formation of reacting 
species. Therefore, the integral line intensities of the elements and the integral band intensities of the 
diatomic molecules were analyzed. From rotationally resolved spectra of the formed diatomic molecules 
the gas-phase temperature was determined by fitting calculated spectra to the experimental spectra. The 
gas-phase temperatures determined from experiment are about 2000 K higher than the adiabatic 
temperatures of the specific thermite mixtures calculated by a thermodynamic code. This clearly indicates 
the coupling of chemical and electrical energy. 

Introduction 

Thermite reactions are used to achieve high energy densities resulting in high temperatures [1][2]. They 
are of widespread interest with many applications [3]. For example the thermite welding process is used 
for welding of railroad tracks [4] or to purify ores of some metals. Due to the large heat release and its 
self-sustaining nature, thermites have been used in warheads as incendiary devices [5]. Hence, especially 
in this field of applications, sometimes higher energy densities are required, e.g. igniters or detonators [6]. 

Electrical energy in form of a hot wire bridge is mostly used to ignite thermite mixtures for applications 
like igniters, matches or in microelectromechanical systems (MEMS) [7][8]. The test of electrostatic 
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discharge with an electrical spark on thermite mixtures is another purpose [9]. In all cases mostly 
thermites with nanometer-sized particles are applied [10]. 

Using electrical energy to inject additional energy in the reaction zone of the burning thermite mixture is 
far less common. For this study the idea was to use a high-voltage impulse to ignite the thermite and use 
the excess energy as additional input energy to increase the energy density in the reaction zone. 

In this work three different micrometer-sized thermite mixtures were compounded with nitrocellulose 
(12.6 %). A small amount of the sample mixture (approx. 20 mg) was deposited between two electrodes 
on a printed circuit board (PCB). The samples were ignited with a high-voltage impulse generator 
(C = 1 μF and R = 1 ) inside a pressure autoclave under inert atmosphere. A high-speed camera 
observed the reaction progress and the emitted light was detected by a fast high-resolution emission 
spectrometer. Voltage and current were recorded by an oscillograph. 

Samples 

Three different micrometer-sized thermite mixtures (μm-Al(24 ma%)+μm-CuO(76 ma%), μm-
Al(27.3 ma%)+μm-MoO3(72.7 ma%), μm-Al(22.24 ma%)+μm-Fe2O3(77.76 ma%)) were compounded 
with nitrocellulose (12.6 %) in a ratio 95:5 (Table 1). The particle size was determined using a laser 
diffraction device (Malvern Instruments Mastersizer 2000) reaching from 0.4 μm to 30 μm for all types of 
particles in the different mixtures. The mean diameters are (d50) of 6 μm (Al), 9 μm (CuO), 0.4 μm 
(Fe2O3) and 3.36 μm (MoO3). A small amount of the sample mixture (approx. 20 mg) was deposited 
between two electrodes on a particular circuit board (Figure 1). 

Sample Composition Binder Characteristics 
#1 Al/CuO μm-Al(24ma%)+ 

μm-CuO(76ma%) 
5% NC(12.6%)-
Aceton-solvent 

high temperature, 
gas phase 

#2 Al/MoO
3
 μm-Al(27,3ma%)+ 

μm-MoO
3
(72,7ma%) 

high temperature 

#3 Al/Fe
2
O

3
 μm-Al(22,24ma%)+ 

μm-Fe
2
O

3
(77,76ma%) 

standard thermite 

Table 1: Prepared samples. 

 

Figure 1: Samples and sample size in cm. Blank sample, Al/CuO, Al/MoO3, Al/Fe2O3 (from left to 
right). 

  

95



Experimental Setup 

The experimental setup is shown in Figure 2. The samples were deposited between two electrodes 
(distance 20 mm) in an autoclave, called window bomb. The electrodes were connected to an impulse 
generator, which consisted of an RC-circuit and a high-voltage generator. The capacitor (1 μF) of the 
impulse generator was charged with varied voltages between 1 and 5 kV and discharged over a resistor 
(1 ) and the sample. For current measurement the used impulse generator had a separate current output, 
which was connected to a 4-channel oscillograph. For voltage measurement a voltage divider (1:2500) 
was connected parallel to the wire and its output was also connected to the oscillograph (LeCroy 
Wavesurfer 424 200MHz Oscillograph). 

The autoclave has two gas connectors. So it could be filled with different gases (air, O2, N2, H2, Ar, CO, 
CO2). These experiments were performed in nitrogen as an inert atmosphere. 

 

Figure 2: Schematic of the experimental setup. 

For visual observation the autoclave was equipped with a quartz window. Outside of the quartz window an 
optical fibre (diameter 50 μm) was placed, which was connected to a high resolution UV/VIS 
spectrometer. The used spectrometer is a UV/VIS grating imaging spectrometer in Czerny-Turner-
arrangement with a focal length of 498 mm (Andor Shamrock A-SR500i B2). Nine different gratings are 
available with different resolutions. Gratings with 150 l/mm, 600 l/mm and 1200 l/mm and different blaze 
angles were used to cover the wavelength range from 200 to 900 nm. The spectrometer is coupled to a Si-
CCD-camera with 256 x 1024 pixels and a maximum speed of 250.000 spectra / s in fast kinetics mode 
(Andor CCD DU920P-UV-BR-DD). In the configuration used for this examination a maximum speed of 
70.000 spectra / s was applied. Mercury-argon and neon lamps were used to calibrate the wavelengths of 
the spectra. A high-speed video camera (Phantom v12.0 from Vision Research) with a resolution of 
320.754 fps (at 80 x 112 pixels) for observation of the explosion process was also attached to the quartz 
window of the autoclave. All the measurement equipment was connected to a trigger box for synchronous 
measurements of the wire explosion. 
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Results 

In Figure 3 a series of an exploding Al/CuO thermite mixture (sample 1) in nitrogen atmosphere at an 
input voltage of 3 kV is shown. The time step between every picture is 3.11 μs. After 3.11 μs a bright 
cloud occurs which expand nearly linear to a size of 10 mm after 18 μs. The expansion of this gas phase 
versus time is shown in Figure 4 (discs). The visible observation with the high speed camera was possible 
for nearly 85 μs. 

 

Figure 3: Exploding Al/CuO mixture (sample 1) at 3 kV input voltage. 
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Figure 4: Evolution of the gas phase versus time of each sample (1-3). 

The picture series in Figure 5 depicts the evolution of the exploding Al/MoO3 thermite mixture (sample 2) 
in nitrogen atmosphere for an input voltage of 3 kV. The time step between every picture is again 3.11 μs. 
The expansion of the gas phase is shown in Figure 4 (squares). The bright cloud reaches a size of nearly 
11 mm after 12.5 μs. The visible observation of the process ends after 100 μs. 
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Figure 5: Exploding Al/MoO3 mixture (sample 2) at 3 kV input voltage. 

The expansion of the gas phase for Al/Fe2O3 thermite mixture (sample 3) at an input voltage of 3 kV is 
shown in Figure 6 and the expansion of the gas phase is also depicted in Figure 4 (stars). The time delay 
between each picture is again 3.11 μs. The maximum of the expanding bright cloud is reached after 18 μs 
with a distance of 8 mm. In the case of Al/Fe2O3 mixture the visible observation of the gas phase ends 
after 50 μs. 

 

Figure 6: Exploding Al/Fe2O3 mixture (sample 3) at 3 kV input voltage. 

 

The evolution of spectra over time observed with the UV/VIS spectrometer for the exploding Al/CuO 
mixture in nitrogen is shown in Figure 9. All the spectra show strong atomic lines of aluminum, and 
copper and band systems of the diatomic molecules AlO and CuO. A more detailed analysis of the spectra 
for a later point in time (after 100 μs) of the reaction is shown in Figure 7. The different lines and band 
systems are titled. Some lines and band systems of impurities (MgO, Na) are visible. In Figure 8 the time 
development of the integral intensity of the copper atomic lines and the CuO and AlO diatomic molecule 
band systems is depicted. On one hand the formation of AlO is visible on the spectra, and thereby the 
oxidation of the fuel. On the other hand this suggests the decomposition of the oxide (CuO) indicated by 
the appearance of the atomic lines of copper. The integral intensity shows the time development of the 
occurring species. First the copper lines and the Cu2 band system is visible and at the end of the process, 
the AlO molecule is formed. Unfortunately the intensity of the copper oxide band was too weak and 
overlapped with some copper lines. Therefore, it was not analyzable. But from this result the progress of a 
thermite reaction could be concluded. 
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Figure 7: Overview spectrum of reacting Al/CuO 
(sample 1) thermite in nitrogen. 
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Figure 8: Normalized integral intensity of 
visible atomic lines and band systems of 
Al/CuO versus time. 
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Figure 9: Emission spectra versus time of the reacting Al/CuO thermite (sample 1). 

 

In Figure 12 the evolution of spectra over time for the Al/MoO3 mixture exploding in nitrogen atmosphere 
also shows strong atomic lines of aluminum and molybdenum as well as the diatomic band systems of 
AlO and MoO. A detailed analysis of a recorded emission spectrum is depicted in Figure 10. Atomic lines 
of copper and band systems of CuO originate from the circuit board which was made of a copper coated 
epoxy. The integral intensities of the molybdenum atomic lines and the AlO band system are shown in 
Figure 11. First the molybdenum lines arise before the aluminum oxide bands occur. This is also in 
agreement with the model of the progress of a thermite reaction where first the oxide decomposes before 
the fuel reacts with the released oxygen. 
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Figure 10: Overview spectrum of reacting 
Al/MoO3 (sample 2) thermite in nitrogen. 
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Figure 11: Normalized integral intensity of 
visible atomic lines and band systems of 
Al/MoO3 versus time. 
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Figure 12: Emission spectra versus time of the reacting Al/MoO3 thermite (sample 2). 

 

Figure 13 till Figure 15 depict the results of the emission spectroscopic measurements for the Al/Fe2O3 
thermite (sample 3). Figure 13 shows a spectrum at a later time step with the identified species. The 
integral intensities of the strong aluminum line and the FeO and AlO band systems reveal that in the case 
of Al/Fe2O3 first the fuel atomic lines (Al) and the diatomic molecule of the decomposed oxidizer (FeO) 
are visible before the oxide of the fuel (AlO) arise like in the case of Al/CuO (sample 1) and Fe/MoO3 
(sample 2).  
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Figure 13: Overview spectrum of reacting 
Al/Fe2O3 (sample 3) thermite in nitrogen. 
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Figure 14: Normalized integral intensity of 
visible atomic lines and band systems of 
Al/Fe2O3 versus time. 
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Figure 15: Emission spectra versus time of the reacting Al/Fe2O3 thermite (sample 3). 

For determination of the gas phase temperature the observed aluminum monoxide B-X system was 
analyzed. The spectra were detected with the UV/VIS emission spectrometer and compared with 
calculated spectra using a least squares fit routine with the absolute temperature T as fit parameter 
[11][12]. The experimental spectra were taken with the 600 l/mm grating and therefore the spectra are not 
fully rotationally resolved. 
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Figure 16: Sample fit of AlO B-X system of Al/CuO thermite reaction in nitrogen. 
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Figure 17: Temperature of the gas phase versus 
time of the Al/CuO thermite. 
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Figure 18: Temperature of the gas phase versus 
time of the Al/MoO3 thermite. 
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Figure 19: Temperature of the gas phase versus 
time of the Al/Fe2O3 thermite. 
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Figure 20: Temperature after 327 μs, 
respectively 364 μs (marked), versus input 
voltage for all three samples. 
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In Figure 16 an example fit is depicted. The temperature development of the gas phase for different input 
energies is depicted in Figure 17 for Al/CuO (sample 1), in Figure 18 for Al/MoO3 (sample 2) and in 
Figure 19 for the Al/Fe2O3 (sample 3) thermite mixture. In each case the AlO molecule was formed at the 
end of the process (see also Figure 8, Figure 11 and Figure 14).  

The input energy was determined from the measured input voltage and current. It is shown for all three 
sample mixtures in Figure 21. The line with the diamonds shows the theoretical maximum input energy. 
For input voltages of 1 and 2 kV the input energies for the Al/CuO and Al/MoO3 mixtures reach nearly the 
theoretical values but for higher voltages the discrepancies increase. Hence for higher voltages the 
Al/MoO3 mixture could absorb more energy than the Al/CuO mixture. The Al/Fe2O3 mixture absorbed 
only a small fraction of the high input energy. 

1000 2000 3000 4000 5000
0

2

4

6

8

10

12

14
 theoretical input energy
 Al/CuO thermite
 Al/MoO3 thermite
 Al/Fe2O3 thermite

E 
[J

]

U [V]  

Figure 21: Input energy versus input voltage of all three samples. 

 

Discussion and Summary 

The explosions of different thermite mixtures initiated by an electric current were investigated in nitrogen 
atmosphere and the results of the experiments were presented. In the high-speed videos the expansion of 
the gas phase cloud could be observed and the expansion was determined for an input voltage of 3 kV. 
The expansion is nearly linear for all three thermites. The linearized velocities vary between 1015 m/s for 
Al/MoO3 and 471 m/s for Al/Fe2O3. The Al/CuO thermite is in between with 644 m/s. 

In the analyzed UV/VIS spectra, the appearance of the atomic lines of the involved elements and the band 
systems of their monoxide diatomic molecules could be observed and the variation in time was evaluated. 
For all three samples first the atomic lines of the fuel (aluminum) and the diatomic molecule band systems 
of the reduced oxidizer (MoO and FeO) or their atomic lines (Mo, Fe, Cu) appear before the band system 
of the oxidized fuel arise (aluminum monoxide (AlO)). This observation is in accordance to the model 
perception for the progress of a thermite reaction that first the oxidizer decomposes and then the released 
oxygen reacts with the fuel [13]. It is also an evidence for a thermite reaction ignited by the electric 
current. 

Based on high resolution emission spectra the temperature of the gas phase was determined for each 
thermite mixture and input energy. The determined gas phase temperature is obtained out of the cool down 
phase of the gas phase because the first temperature is the highest and it decreases continuously to the end. 
Temperature determination with the atomic lines was not possible at the moment. In Table 2 the measured 
maximum temperatures for an input voltage of 5 kV are listed in comparison to the adiabatic temperature 
of each mixture with and without 5 % nitrocellulose. The adiabatic temperatures were calculated with the 
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ICT-Code and EKVI-Code [14][15]. For each thermite mixture the measured gas phase temperature is 
higher than the adiabatic temperature. In the case of Al/CuO it is increased up to 40 %, for the Al/MoO3 
mixture it is 32 % and for Al/Fe2O3 18 %. In all cases it seems that it is possible to couple electrical 
energy with chemical energy of the thermite reaction.  

sample ad. temperature with 5 % 
NC (stoichiometric) [K] 

ad. temperature without 
NC (stoichiometric) [K] 

measured maximum 
temperature at 5 kV input 
voltage [K] 

#1 Al/CuO 2685.4 2828 4835 
#2 Al/MoO

3
 3546.9 3863 5741 

#3 Al/Fe
2
O

3
 2821.8 3061 3712 

Table 2: Measured maximum temperatures in comparison to adiabatic temperatures. 

In Figure 20 the temperature of the gas phase versus the input voltage for each mixture is shown. 
Displayed are the temperature values after 327 μs or after 364 μs if no value after 327 μs was available. 
For all three mixtures the temperature increases with the input voltage. For Al/CuO the temperature reach 
a maximum at 3 kV and decreases for higher input voltages. For Al/Fe2O3 the increase of the temperature 
starts at 5 kV and it is nearly constant for smaller voltages. For Al/MoO3 the temperature increases nearly 
linear with the input voltage. The curves of the input energies (Figure 21) show similar trends for all 
mixtures. Only the decrease of the gas phase temperature at 3 kV of the Al/CuO mixture change in a 
flatten trend at the input energy curve.  

In conclusion, it was shown that it is possible to ignite a thermite mixture with a high-voltage impulse 
source. All thermite mixtures react with higher gas phase temperature than their adiabatic temperatures 
and a fast expansion velocity. This suggests that it is possible to couple the chemical energy of thermite 
mixtures with the electrical energy of a high-voltage input source. 
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ABSTRACT

The study of the combustion of pelletized nanothermite powders gives valuable information on their
reactivity, but does not reflect their optimized reactive power. The deflagration rate of Al-based
nanothermites (Al-NT) strongly decreases with their density and the loose powders are the most reactive
state. This behavior is usually attributed to the transition from conductive to convective burning. The
reaction velocity of Al-NTs is strongly increased by the confinement, which increases the pressurization
rate and favors convective processes. The combustion of several compositions (WO3/Al; CuO/Al) has
been observed in semi-confined systems by high-speed video (105 fr/s). Depending on their composition
and their morphology the powders had an apparent density ranging from 0.2 to 0.4 of the theoretical
maximal density. These experiments have shown that tungsten(VI) trioxide based Al-NT possess lower
combustion rates than those prepared from copper(II) oxide. Furthermore, they have confirmed the
reactivity ranking established in the past from unconfined pellets of these compositions. An intriguing
helical propagation was observed for the WO3-based composition, reminding the spin combustion
reported by Dvoryankin et al. (1) For all compositions, the combustion rate increases with the distance
travelled by the reaction. The acceleration of the reaction of the WO3-based thermite does not vary with
time (≈ 2 kG). In the case of CuO-based mixtures, the acceleration is higher (35 - 40 kG) but it quickly
decreases with time.

Introduction

Thermites prepared from aluminum nanopowders possess high combustion rates ranging from meters to
kilometers per second (2), depending on their nature and their compaction. This strong reactivity
originates from the melt dispersion mechanism described by Levitas et al. in several recent articles (3, 4).

This paper reports on the combustion tests performed on several aluminum-based thermites in
calorimetric bomb and in tubes. The compositions tested were prepared from aluminum nanopowder
provided by Intrinsiq Materials Ltd and oxides made of micrometric (μ-CuO) and nanometric particles (n-
WO3 and n-CuO). As expected, the reaction rate of thermites was logically increased by the confinement,
due to the convection of gaseous species in the unreacted composition. Contrary to most of experimental
protocols reported in literature which involve tubes having a length smaller than 10 cm, we use relatively
long tubes (15 cm) for this purpose. These tests have highlighted some unexpected features of the
reactivity of these compositions which will be discussed in this article.
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Results and Discussion

Morphology of thermite components

The metal content of the aluminum nanopowder (n-Al) was titrated by thermogravimetric analysis (TGA)
following the methodology of Pesiri et al. (5) For this purpose, 10-15 mg n-Al samples were heated from
30 to 1100°C with a 2 K/min heating rate in a 100 mL/min argon/oxygen (98/2 vol/vol) flow. The
aluminum proportion (74.3 wt-%) was calculated from the oxygen uptake (66.3 wt-%). The observation
of the sample by scanning electron microscopy shows that aluminum particles are spherical with a
budding surface. The mean particle size calculated from BET specific area (21.9 m2/g) and density
(3.05 g/cm3) is about 90 nm.

Tungsten trioxide (n-WO3) and copper oxide (n-CuO) nanopowders had specific areas of 8.2 m2/g
and 12.9 m2/g corresponding to particle diameters of 100 and 75 nm, respectively. Micron-sized CuO
powder (μ-CuO) with a 0.8 m2/g surface area was also used to compare the reactivity of the μ-CuO based
thermite with the one of its nanometric counterpart.

Fig.1: SEM observations of n-WO3 (A), n-CuO (B) and μ-CuO (C) particles used in this research.

Thermite preparation and characterization

Thermites were prepared by the dispersion of the powders in acetonitrile using ultrasonic stirring. The
proportions, which are given in the mixing table 1 correspond to the weighed mass of each component;
the aluminum content is hypo-stoichiometric.

Tab.1: Mixing table used to prepare thermites; calculated theoretical maximum density (TMD).

The SEM imaging of compositions prepared from nanoparticles (not provided here), shows a
good intermixing of aluminum and oxide particles. In the μ-CuO based composition, aluminum
nanoparticles homogeneously cover the surface of oxide particles. The specific area of mixtures measured
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experimentally (Tab. 2) is very close to the value calculated from the weight balanced sum of the specific
area of the thermite components. However, it can be assumed that when the calculated value is higher
than the experimental one, there is a closer interaction between thermite components accounting for the
surface decrease.

The thermites studied can be considered as insensitive to impact, which is typical behavior of
most nano-sized Al-based compositions that do not contain organic phases. The sensitivity to friction is
strongly changed by the size of oxide particles: this effect, which was evidenced in the past on WO3/Al
mixtures is also observed here with CuO-based compositions. All compositions are extremely sensitive to
electrostatic discharge, and special attention must be paid to avoid any sparking during the experiments.

The explosion heats have been measured in a calorimetric bomb. These experiments have also
shown that the ignition of these thermite powders by the combustion of a GBTU 125 propellant grain can
be easily achieved, without any ignition failure. WO3-based compositions give tungsten residues that do
not strongly adhere to the bomb walls. Conversely, the products of the CuO-based formulations (mainly
Cu and Cu2O) tend to weld on the surface of the stainless steel crucible, and cuttings with circular shapes
are observed on the metallic lid of the reaction chamber. The strong damaging caused on their
surroundings by the combustion of copper based compositions make them difficult to characterize in
close vessel experiments. The heat released by the combustion of the n-CuO composition is very close to
the one produced by the reaction of the μ-CuO / n-Al mixture. In other words, the use of nanoparticles
does not change the amount of energy released, but only the way the energy is released. It can be also
noticed that the values determined experimentally are smaller than those reported by Fischer and
Grubelich (6), which was attributed to the hypo-stoichiometry in Al and to the absorption of a part of the
energy released by the thermite reaction by the alumina present in the aluminum nanopowder.

Tab.2: Specific areas, sensitivity thresholds and explosion heat of the thermite studied.
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Combustion tests

The combustion tests were carried out in PPMA tubes having an inner diameter of 3 mm and a length of
150 mm. The tubes were filled by adding thermite amounts of 40 μL and by gentle tapping applied in the
direction of the column of composition. The mass and the height of the composition were regularly
measured during the filling process, in order to check the homogeneity of the density of the composition.
The slopes of the lines represented on figure 2 correspond to the density of the compositions. The
compaction process leads to homogeneous filling, with intermediate apparent densities comprised
between those of loose and pressed powders. Interestingly, the density of n-CuO based composition is
about the half of the one of its μ-CuO counterpart, showing that oxide nanoparticles introduce a
metastable porosity in the composition.

Fig.2: Evolution of the composition weight according to its volume.

The squibs used to ignite the thermites were prepared by filling the capsule of an airbag igniter
with an appropriate aluminothermic mixture (m ≈ 40 mg). The composition used for this purpose may
have a good sensitivity to ignition and may produce a flux of hot particles, which can be maintained long
enough to ensure the activation of the thermite combustion. The propagation of the reaction front was
observed by high-speed video, using a Photron camera working at a recording rate of 105 frames per
second.

In CuO/Al compositions, the reaction front travels a distance, which increases according to a
power law of time (d = ktn). The combustion rate and the acceleration were calculated by the
differentiation of these experimental curves. Surprisingly, it was found that the acceleration is smaller and
decreases faster for the thermite prepared from copper oxide nanoparticles (‹Фn-CuO› ≈ 75 nm), which
offers confirmation to the fast reactive sintering mechanism recently proposed by Sullivan et al. (7) The
final reaction rate of the composition formulated from CuO micron-sized particles is 26 % higher than the
one observed for the nanothermite, with an apparent density almost twice higher. This challenged the
previously held view that the performance of thermites is systematically increased by the use of extremely
small particles. The reaction of the WO3/Al composition first propagates by conduction with a very low
reaction rate (≈ 16 cm/s). The transition to the conductive mechanism is observed after 1.5 cm; it is
characterized by an accelerated helical propagation. The linear distance travelled in a straight line by the
combustion evolves according to a quadratic equation of time. The acceleration is therefore constant, i.e.
the combustion rate continuously increases along the composition column.
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Fig.3: Evolution of the combustion rate (curves in black) and of the acceleration (curves in red)
according to the distance travelled by the reaction; the symbols indicate the nature of the composition.

Conclusions

The measurement of the explosion heat of Al-based thermites containing nanoparticles can be performed
in a calorimetric bomb, as they can be easily ignited contrary to thermites prepared only from micron-
sized particles. However, the bomb walls are severely damaged by the copper-containing residues formed
by the reaction.

The measurement of the combustion velocity of tungsten(VI) and copper(II) oxides based nanothermites
confined in transparent tubes has confirmed that the aluminothermic composition prepared from CuO
reacts faster than its WO3 counterpart. The reaction rate of the three compositions studied, increases along
time according to a quadratic law for the WO3-based nanothermite and to a power law for CuO-based
mixtures. These results show that the combustion of thermites needs a relatively long distance to reach its
“cruising velocity”.

The thermite prepared from CuO nanoparticles ignites easier and burns more regularly than the one
produced from CuO micrometric particles. However, the combustion rate of the nanothermite is smaller
than the one of the composition made of micron-sized CuO particles. Furthermore, the use of μ-CuO has
led to a safer composition, with a sensitivity threshold to friction raised from 9 N to more than 360 N.

The stronger reactivity of the thermite formulated from micrometric CuO particles provides confirmation
of the fast reactive sintering mechanism proposed by Sullivan and his co-workers (7) and also gives an
original illustration of the recent assertion of Tappan: “There’s plenty of room in the middle” (8).
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ABSTRACT

Pyrotechnic initiators are used in a multitude of applications spanning from airbag inflation systems to
energetic detonators.  Miniaturization of these initiators is of significant interest in industry, however high
costs associated with miniaturization as well as reliability issues associated with consistent energetic
ignition have limited progress in this area. There exists a need for an economical, reliable option for
miniaturized low energy initiators. Recent work at Purdue exploring direct deposition of energetic inks
onto small low energy initiators (such as semi-conductor bridge (SCB) initiators) has been quite
successful, but bridge adhesion and the mechanical properties of the deposited energetics can reduce the
effectiveness of this method. In addition, the deposition process must usually be done in thin layers,
which when combined with the fabrication costs of the SCB’s themselves, results in a fairly high cost per
unit.  This work reports on a methodology and initial performance experiments of a conductive
nanothermite compound. Mixing of these conductive nanoenergetic mixtures with a LabRAM Resodyn
mixer, allows for a high solids loaded ink (30% v/v) that can be directly applied to the substrate forming
an initiator with no visible settling of reactants or cracks.  This new fabrication technique may allow for
the rapid production of small, inexpensive initiators with initiation energies as low as 1 mJ using additive
manufacturing techniques.  In addition, the application of this technology could be easily extended
through the use of other conductive inks and automated processes to allow the entire initiator/fuzing
circuit to be fabricated in one step with minimal exposure of personnel to hazardous dry energetics.
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Abstract:

During the two last decades, major progresses have been made in developing highly-exothermic reactive
mixtures, especially by downscaling the size of reactants. Mixtures of Al and oxidizer have been used
mainly to release high temperature through exothermic reactions. The most popular application of
aluminothermic reaction is the welding rail tracks on-site. By downscaling the size powders and by
choosing the adequate oxidizer, we can multiply the applications and tune the performance of these
materials. For some application, it is also interesting to produce pressure with the highest pressurization
rate possible. This work proposes a systematic study of various Al based mixture to analyze the effect
of particles size and oxidizer types (fluoropolymer or metal oxides) on pressurization and pressurization
rates.

For each proposed mixture (Al/PTFE, Al/CuO, Al/MoO3, Al/Bi2O3), scanning electron microscopy has
been performed to analyze the distribution, the shape and the different sizes of the particles, differential
scanning calorimetries have been done to extract the heat of reaction, systematic burning rate
measurements at atmospheric pressure have been conducted to assess the burning rate and finally the
time-pressure evolution was measured at constant volume in a closed vessel. All experimental data are
compared and clearly show that the Al/Bi2O3 nanoenergetic composition generates the highest-pressure
peak with the highest pressurization rate We conclude the paper by the presentation of the fabrication
and integration of the Al/Bi2O3 nanoenergetic into a miniaturized device to accelerate a thin plastic or
metal foil for fuzing application.

113



114



•
•
•

115



116



117



time [ms]

-1 0 1 2 3 4 5

pr
es

su
re

 tr
an

sd
uc

er
 si

gn
al 

[V
]

(1
 V

 = 
10

00
 ps

i)

-0.5

0.0

0.5

1.0

1.5

2.0

MIC-1003-0001
MIC 10050002
MIC #142 10060001
MIC + AN/C 1006-0003
MIC + Al-Bi/FeO3 1006-0004
MIC + IB52 1006-0002
MIC + IB52 1006-0006
PA520  10050003

MIC

MIC + Booster

PA520

118



-5

0

5

10

15
In

ch
es

 w
ith

 5
.3

2o
z 

ba
ll

Primer Sensitivity

CCI #41 J08J
R13-400-15-072
C2-400-15-072
R13-41-41-061
R14-41-41-061

119



120



121



122



123



124



125



126



127



128



129



November 9, 1927 - June 19, 2012.

130



131



132



133



Delay Compositions Based on 1,2,4-Trihydroxyanthraquinone

T. T. Griffiths and A. E. Cardell1

QinetiQ, Fort Halstead, Sevenoaks, UK.

ABSTRACT

1,2,4-trihydroxyanthraquinone which is more commonly known as purpurin, is a naturally
occurring red/yellow dye. Burning rate data are reported for a range on binary purpurin-
potassium nitrate and purpurin-barium nitrate formulations filled into lead delay cord and
pressed into steel delays. The fastest burning binary compositions were those containing 19%
purpurin-81% barium nitrate and 30% purpurin-70% potassium nitrate. The burning rate of
ternary compositions was higher for the compositions containing greater amounts of purpurin
and potassium nitrate. The work showed that by careful selection of the composition filled,
25 mm long delays with burn times from 5 s to 60 s could be readily achieved; shorter or
considerably longer delay times could be achieved by changing the delay column length.

Introduction

Gas producing delay compositions essentially consist of a carbonaceous fuel and an inorganic
oxidant. The advantages of these systems over ‘gasless’ systems is their ability to provide a consistent and
accurate delay time over a wide temperature range, having a low ignition temperature, giving high
reliability at low temperatures and reliable combustion when filled into small diameter miniature fuzes. In
addition, the compositions exhibit a low sensitiveness to friction and have high physical strength after
filling. There are two disadvantages; these are the effect of external pressure on their burning rate and the
smoke production which can be undesirable in certain tactical uses. Both of these problems can be
overcome by hermetically sealing the delay units and providing adequate internal venting.

Delay compositions containing naturally occurring materials for example starches, resins  and
gums have been used but they require relatively large diameter delay columns (>20 mm internal diameter)
and therefore have limited service applications. This problem can be overcome by the use of formulations
based on tetranitrocarbazole (TNC) and tetranitro oxanilide (TNO) but these materials are incompatible
with lead which is often used in the manufacture of pyrotechnic delays.

This paper reports burning rate studies on delay compositions containing 1,2,4-
trihydroxyanthraquinone, a naturally occurring red/yellow dye more commonly known as purpurin that is
compatible with lead. Purpurin occurs naturally in the roots of the madder plant (rubia tinctorum) which
has been used as a dyestuff in central Asia and Egypt since 1500 BC [1]. Binary compositions with
barium  or potassium nitrate and ternary mixes containing all three ingredients were studied.
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Experimental

Binary compositions

Binary compositions containing purpurin and either barium or potassium nitrate were prepared
using an end-runner mill. The pre-sieved ingredients were mixed together as a slurry in either methanol or
ethanol; as the mixing continued, evaporation caused the material to thicken and eventually a soft dough
formed; this was spread in a thin layer and air dried. Once dry, the composition was returned to the mixer
and a small amount of distilled water was added before milling. The resulting paste was granulated by
passing it through a sieve; the granules were oven dried.

Ternary compositions

Five 250 g batches of a composition containing 19% purpurin and 81% barium nitrate were
prepared by Turbula mixing the ingredients together; these batches were combined and further mixed to
produce a master batch; a master batch of composition containing 30% purpurin and 70% potassium
nitrate was similarly prepared. A range of ternary compositions containing purpurin, barium nitrate and
potassium nitrate was prepared using the two binary master batches. These compositions were blended in
different ratios using a Turbula mixer and then water wetted in an end runner mill before granulation and
drying.

Cord filling

The compositions were filled into a 150 mm long lead tube (1.6 mm wall thickness,
approximately 13 mm internal diameter) by hand stemming. After reducing the outside diameter of the tube
to 6.35 mm, one or more 15.9 mm lengths of the lead cord were pressed at 276 MPa into each steel delay
holder before cutting back to a standard column length (22.9 mm or 12.7 mm) and priming with 0.03 g of a
pyrotechnic composition containing 5% boron, 33% silicon and 62% potassium nitrate.

Testing

Burning rate tests were performed at ambient temperature and pressure on 50 mm lengths of
reduced diameter lead cord and ten filled delay holders. The compositions were ignited using an e-type
fuzehead; the electrical pulse to the fuzehead started the electronic timer and burn-through was detected
with a photocell.

Results and discussion

Purpurin-barium nitrate

The burning rate results for a range of binary compositions containing purpurin and barium
nitrate filled in cord and delay holders are given in Table 1. The composition containing 20% purpurin
had the highest burning rate but three delays failed to propagate over the full 22.9 mm length when filled
into a delay holder. Only the composition containing 25% purpurin propagated in all ten delay holders.

The burning rate data for a further four batches of composition containing 25% purpurin filled
into delays (12.7 mm length), are given in Table 2; the burning rates, which were slightly greater than the
original composition, ranged from 1.03 mm s-1 to 1.09 mm s-1.
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To identify the composition with the highest burning rate, binary mixes containing from 17% to
24% purpurin were prepared. The burning rates of these compositions filled into lead cord and delay
holders are given in Table 3; all of the lead cords and delays tested fully functioned. Although the
compositions containing 17%, 18% and 19% purpurin had similar burning rates in delay holders, the mix
containing 19% purpurin had the highest burning rate in lead cord. This composition was therefore
selected for a study on batch to batch variation.

The burning rate results for six batches of the composition containing 19% purpurin filled into
delay holders cut back to 12.7 mm are given in Table 4. The burning rates showed good reproducibility
but were lower than previously observed. An investigation of this difference was found to result from an
increase in the mean particle size of the barium nitrate from 4 μm to 6.6 μm.

Purpurin-potassium nitrate

The burning rate results for the binary compositions containing purpurin and potassium nitrate
filled in cord and delay holders are given in Table 5.

The burning rates of these compositions were higher than the equivalent compositions based on
barium nitrate. The composition containing 30% purpurin had the highest burning rate. A larger range of
compositions burnt in the lead cord and for each composition the burning rate was lower in cord than
when it was tested in delay holders.

The burning rate data for a further four batches of composition containing 30% purpurin filled
into delays (12.7 mm cut back), are given in Table 6; the burning rates which were slightly greater than
the original batch and ranged from 6.13 mm s-1 to 7.10 mm s-1. All of the delays tested fully functioned.

Purpurin-barium nitrate-potassium nitrate

The burning rate for the master batch of the 19% purpurin-81% barium nitrate composition in the
filled delays was 0.76 mm s-1 (Table 7) and was considerably lower than that observed previously. This
change in burning rate probably results from a further increase in the particle size of the barium nitrate.
The binary purpurin-potassium nitrate composition had a similar burning rate to that observed previously.

The burning rate curve for all of the composition, as a function of purpurin content, is shown in
Figure 1; as the purpurin content of the compositions increases, the amount of potassium nitrate present
also increases. Although the amount of available oxygen, including that in the purpurin, increases as one
oxidant was replaced by the other, the oxygen to purpurin ratio decreases.

The addition of potassium nitrate initially resulted in a reduction in the composition’s burning
rate with the composition containing 3.5% potassium nitrate having almost half the burning rate of the
binary purpurin-barium nitrate mix; the burning rate then increased rapidly up to 21% purpurin level. This
is followed by a slow increase until around the 27% purpurin level when the burning rate rapidly
increased.

Figure 2 shows the burning time that would be obtained for a 25 mm delay filled with each
composition; this curve is generally a more useful representation when studying delays as it allows the
desired burning time for a standard delay length to be selected directly from the curve. It also readily
shows the compositions where the burning time is least affected by small changes in the ratio of the
ingredients; the results show that unless a very long delay time is required, ternary compositions should
be formulated to contain greater than 22% purpurin.
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Conclusions

For binary formulations, the maximum burning rates for barium and potassium nitrate were observed at
purpurin contents of 19% and 30% respectively. For both oxidants, the range over which reliable
propagation was observed was limited. Batch to batch variations in burning rate were generally small but
the particle size of the oxidants was found to influence the burning rate with an approximately 50%
increase in the barium nitrate particle size causing a 15% decrease in burning rate.

When comparing the performance of delay compositions it is often better to consider the burn time for a
standard delay length rather than compare burning rates. Thus when comparing the binary 19% purpurin-
81% barium nitrate composition with the ternary formulation containing just 3.5% potassium nitrate the
burn time is readily seen to almost double.

By careful selection of the ternary purpurin-barium nitrate-potassium nitrate composition, 25 mm long
delays with burning times ranging from 3.5 s to 60 s can be readily achieved; even longer delay times
could be achievable by increasing the delay column length.

Unless very long delay times are required, ternary compositions formulated to contain greater than 22%
purpurin should be used as the burning times of delays containing them are less influenced by changes in
the ingredient ratios.
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Tables

Table 1; Burning rate for purpurin-barium nitrate in cord and lead/steel delays (22.9 mm).

Purpurin
(%)

Barium  Nitrate   (%) Burning rate in
lead cord
(mm s-1)

Burning rate in
lead/steel (sd)

(mm s-1)

Comments

10 90 0.49 DNP -
15 85 1.05 1.11 (0.07) Three DNP
20 80 1.28 1.20 (0.09) Three DNP
25 75 0.91 0.89 (0.02) -
30 70 0.92 0.77 (0.01) Six DNP
35 65 0.61 DNP -

DNP – did not propagate

Table 2; Burning rate for 25% purpurin-75% barium nitrate in lead/steel delays (12.7 mm).

Purpurin    (%) Barium  Nitrate
(%)

Burning rate in
lead/steel (sd)

(mm s-1)
25 75 1.06 (0.02)
25 75 1.03 (0.01)
25 75 1.08 (0.02)
25 75 1.09 (0.01)

Table 3; Burning rate for purpurin-barium nitrate in cord and lead/steel delays (12.7 mm).

Purpurin
(%)

Barium  Nitrate
(%)

Burning rate in
lead cord
(mm s-1)

Burning rate in
lead/steel (sd)

(mm s-1)
17 83 1.22 1.31 (0.05)
18 82 1.16 1.30 (0.08)
19 81 1.37 1.31 (0.03)
20 80 1.29 1.26 (0.03)
21 79 1.20 1.06 (0.06)
22 78 1.16 1.06 (0.02)
23 77 1.15 1.12 (0.04)
24 76 1.18 1.08 (0.02)
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Table 4; Burning rate for 19% purpurin-81% barium nitrate in lead/steel delays (12.7 mm).

Purpurin    (%) Barium  Nitrate
(%)

Burning rate in
lead/steel (sd)

(mm s-1)
19 81 1.08 (0.04)
19 81 1.08 (0.07)
19 81 1.02 (0.08)
19 81 1.06 (0.04)
19 81 1.05 (0.06)
19 81 1.08 (0.05)

Table 5; Burning rate for purpurin-potassium nitrate in cord and lead/steel delays (22.9 mm).

Purpurin
(%)

Potassium Nitrate
(%)

Burning rate in
lead cord
(mm s-1)

Burning rate in
lead/steel (sd)

(mm s-1)

Comments

15 85 1.21 1.37 (0.07) Three DNP
20 80 3.91 4.99 (0.24) -
30 70 4.73 6.01 (0.51) -
40 60 3.86 4.70 (0.37) -
50 50 1.29 DNP -

DNP – did not propagate

Table 6; Burning rate for 30% purpurin-70% potassium nitrate in lead/steel delays (12.7 mm).

Purpurin    (%) Potassium nitrate
(%)

Burning rate in
lead/steel (sd)

(mm s-1)
30 70 6.13 (0.32)
30 70 6.84 (0.63)
30 70 7.10 (0.38)
30 70 6.81 (0.09)
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Table 7; Burning rate for a range of purpurin based pyrotechnic compositions in lead/steel delays
(12.7 mm).

Purpurin
(%)

Barium
Nitrate

(%)

Potassium
Nitrate

(%)

Burning rate in lead
cord

(mm s-1)

Burning rate
in lead/steel

(sd)
(mm s-1)

Burning time
for 25.4 mm

column
(s)

19.00 81.00 0 1.41 0.76 (0.02) 33.49
19.55 76.95 3.5 0.61 0.39 (0.01) 65.53
20.10 72.90 7.0 0.63 0.44 (0.03) 57.95
20.65 68.85 10.5 1.12 0.74 (0.04) 34.55
21.20 64.80 14.0 1.64 1.19 (0.06) 21.30
21.75 60.75 17.5 1.95 1.47 (0.05) 17.25
22.30 56.70 21.0 1.82 1.47 (0.04) 17.6
22.85 52.65 24.5 1.68 1.49 (0.05) 17.06
23.40 48.60 28.0 1.68 1.52 (0.02) 16.69
23.95 44.55 31.5 1.80 1.73 (0.07) 14.70
24.50 40.50 35.0 2.13 1.89 (0.06) 13.44
25.05 36.45 38.5 2.14 1.91 (0.04) 13.29
25.60 32.40 42.0 2.21 1.94 (0.05) 13.10
26.15 28.35 45.5 2.35 2.00 (0.05) 12.73
26.70 24.30 49.0 2.58 2.07 (0.07) 12.28
27.25 20.25 52.5 3.26 2.26 (0.09) 11.24
27.80 16.20 56.0 3.97 2.67 (0.10) 9.51
28.35 12.15 59.5 5.24 3.48 (0.18) 7.30
28.90 8.10 63.0 6.86 4.94 (0.37) 5.14
29.45 4.05 66.5 7.70 5.32 (0.27) 4.77
30.00 0 70.0 9.58 6.17 (0.40) 4.12
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Figures

Figure 1; Burning rate as a function of purpurin content for ternary compositions.

Figure 2; Burn time as a function of purpurin content for ternary compositions.
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2Chemical and Biological Engineering Department, South Dakota School of Mines and
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The use of nano-scale materials with high specific surface area has been of recent interest

in pyrotechnic, energetic, and explosive chemistry as a means of tuning combustion properties of

novel formulations.  Specifically, the addition of high surface area fuels such as aluminum (5-25

m2/g), silicon (20-100 m2/g), and nano-composites thereof (30-50 m2/g) can alter the burn rates

and detonation velocities of energetic formulations. Because these two elements have significantly

different ignition temperatures, combustion enthalpies, and aging characteristics they can each be

incorporated alone as nano-scale elemental powders or together as a heterogeneous nano-

composite powder depending on the application of interest. By changing the size, specific surface

area, and composition of these nano-scale aluminum and silicon additives one can tune the

performance of the formulation.

The cost of such nano-fuels remains a limiting factor in their successful incorporation into

pyrotechnic formulations.  Therefore, the ability to produce low-cost nano-scale materials is of

great interest.  Low-cost formation can be accomplished using wet attrition methodologies, but

oftentimes it requires extremely long processing times (up to 24 hours) to achieve sufficient

increases in specific surface area.  This effort focuses on reducing the processing time of wet

attrition through the use of a small-media bead mill. The effect of several milling parameters (e.g.

media size, solids loading, recirculation speed) on the specific surface area, morphology, and

reactive content of aluminum and silicon fuel mixtures will be presented. In addition, the

characterization of nanothermite composites, milled fuels + Bi2O3, using closed bomb data and

ignition sensitivities (ESD, impact, friction) will be presented.
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Combustion Characteristics of Si/MnO2
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ABSTRACT

The Zirconium (Zr) based pyrotechnic composition A1A is a highly effective igniter due to a high
predicted combustion temperature of 2723 K (1 atm, CHEETAH v6.0) and moderate gas production.
However, the military standard A1A composition is extremely sensitive to ignition via electrostatic
discharge (ESD) at levels as low as 0.05 mJ; a human can discharge up to 20 mJ. In this work, the
combustion characteristics of the exothermic system Si/MnO2 are examined as a less sensitive alternative
to the A1A igniter composition. The ESD ignition threshold for a micron sized Si/MnO2 mixtures is
above 250 mJ and therefore considered ESD insensitive. Furthermore, the ESD sensitivity of A1A is
highly dependent upon the size of the Zr fuel while preliminary Si/MnO2 results show less fuel size
dependence. Stoichiometric Si/MnO2 thermochemical calculations show a favorable combustion
temperature of 3064 K. The Si/MnO2 system also has moderately higher theoretical heat release than A1A
(7950 J/g vs. 7782 J/g) as well as moderate gas phase products (237 cm3/gmix vs. 154 cm3/gmix), which
may be desired for some applications. With a range of tunable combustion velocities (2.5-8.8 mm/s) and
formation of mostly condensed phase products the Si/MnO2 system may also meet other design
requirements. Therefore, the Si/MnO2 reactive system appears to be a promising alternative to the A1A
igniter composition.
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Studies on Plastic Bonded Explosives
For Insensitive Munitions
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ABSTRACT

This paper discusses the effect of replacement of wax by cellulose acetate butyrate (CAB) a
polymeric binder on the properties of pressed plastic bonded explosives (PBXs). The study on
vulnerability characteristics of PBXs reveal that RDX, HMX, TATB and FOX-7 based PBX
compositions using CAB as binder are relatively safe to impact, friction and shock sensitivity. The
insensitivity to impact, friction and shock increases with increased percentage of CAB binder in PBX
compositions. Vacuum stability test data reveal that RDX - CAB, HMX-CAB, TATB-CAB and
FOX-7-CAB compositions are compatible as brought out by evolution of gas (0.2 - 0.5 cc/5g) during
vacuum stability (VS) test. A remarkable enhancement in compressive strength was observed on
replacement of wax by CAB in terms of mechanical properties. This can be attributed to the
polymeric nature of CAB and better compactness of the composition with CAB binder. Thermal
studies using differential scanning calorimeter (DSC) and thermogravimetry (TG) indicate Tmax of
RDX-CAB, HMX-CAB, TATB-CAB and FOX-7-TATB are relatively higher than that of
corresponding wax based compositions. It is observed that VOD of the above compositions are
appreciably higher than wax based composition. Feasibility studies carried out by evaluating
penetration potential of 32mm calibre shaped charges indicate enhanced penetration of CAB based
PBXs as compared to wax based compositions.

Introduction

Properties of a PBX composition depend on the synergistic chemical combination of all
ingredients rather than a single ingredient(1).  Thus, the properties of the final tailored PBX
formulation(2) will be governed by the properties of high energy materials (HEMs) and polymeric
assembly of molecules which is sine quanon for rationalizing the reaction mechanism of the
formulation. Over the years pressed explosive compositions have evolved from the contemporary wax
based compositions. This class of compositions offer a formidable permutation of HEMs in an inert /
energetic polymeric matrix, with highly desirable features to overcome the drawbacks of currently
used wax based compositions. Achuthan (3) et al evaluated a number of binders like high impact
polystyrene (HIP) and acrylonitrile-butadiene-styrene copolymers (ABS) and studied the sensitivity,
explosive and mechanical properties in RDX/HMX formulations and observed marginal enhancement
in their properties. The major objective of this study is to prepare and evaluate pressed PBXs with
CAB as replacement of conventional wax as binder.  The HEMs used were cyclotrimethylene
trinitramine (RDX), cyclotetramethylene tetranitramine (HMX), 1,3,5 triamino 2,4,6 trinitrobenzene
(TATB) and 1,1 diamino- 2,2 dinitroethylene (FOX-7).

Experimental
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Several batches of PBX compositions comprising of RDX, HMX, TATB and FOX-7 were
prepared by varying the percentage of CAB binder from 3-10%. CAB was characterized for
molecular weight distribution, and thermal characteristics.  The vulnerability(4) properties of PBXs
like impact, friction and shock sensitivities were determined by applying standard methods.
Sensitivity(5) of the explosive compositions to impact stimuli was determined by applying the fall
hammer method (2 kg drop weight) as per the Bruceton staircase approach. The results are given in
terms of 50% probability of explosion (h50) or medium height of explosion (h50) as determined from
the plot of fall height versus percent explosion.   Figure of insensitivity (F of I) was calculated with
reference to h50 of tetryl (CE) standard under similar conditions. Friction sensitivity was measured
on Julius Peter’s apparatus by standard methodology of subjecting sample to incrementally increasing
load upto 36 kg till no response was observed in consecutive tests. Shock sensitivity was determined
by gap test. Polymethyl methacrylate (PMMA) attenuator was used as barrier between donor and
sample charges.  To calculate the shock sensitivity, the thickness of the attenuator that led to 50%
explosion of the sample charge was determined.

Compatibility of the PBX formulation was studied by applying standard vacuum stability tests.
Thermal decomposition characteristics(6) were determined using Perkin Elmer DSC-7 wherein
approximately 2 mg sample was heated from ambient to 500oC at 10oC/ min in nitrogen atmosphere.
For evaluating performance in terms of VOD, charges of dimensions 30 x 30mm were prepared and
the ionization probe technique was applied(7).  Mechanical properties (8) were determined by Instron
Universal Testing Machine (capacity 25 KN) at a strain rate of 15 mm min-1.  Cylindrical charges of
dimension 15x30mm were pressed for the measurement of compressive strength.

Evaluation of 32mm shaped charges with 54 degree copper liner   on selected PBX
compositions were carried out to determine penetration capabilities of these compositions. The
standard MS blocks were used as targets. Penetration studies were carried out at a standoff distance
of 37mm.

Results

Sensitivity test data reveal that RDX - PBXs based on CAB have F of I of 56 and friction
sensitivity of the order of 32 kg. Their shock sensitivity was 37kbar. HMX based PBXs with CAB
showed similar trend. These results bring out relatively low vulnerability of PBX-composition
compared to wax based RDX/HMX compositions. In case of TATB-CAB compositions F of I was 65
while FOX-7-CAB compositions, F of I was observed to be 55. F of I of  RDX/HMX/TATB/FOX-7
wax based compositions were in the range of 50-53.

Friction sensitivity in both cases was 36 kg as against wax based composition which was
relatively lower (28 kg). Shock sensitivity of TATB-CAB compositions was 38 kbar, similar to shock
sensitivity values of FOX-7-CAB composition. Shock sensitivity of RDX/HMX/TATB/FOX-7 wax
based compositions were in the range of 32-34 kbars.

It can be inferred from DSC and TGA results that the polymer coating does not adversely affect
decomposition pattern, as brought out by marginally higher Tmax 218oC for RDX- CAB composition
compared to that of 215oC for RDX-wax. Tmax of HMX-CAB 270oC composition was also relatively
higher compared to HMX-wax composition (Tmax 268oC). Vacuum stability data also brings out
compatibility of RDX/HMX/TATB/FOX-7 with CAB as revealed by volume of gas evolved in the
range of 0.2 to 0.5 cc/5g. Tmax of TATB-CAB was 376oC while FOX-7-CAB displayed a Tmax of

281.5oC as observed from DSC profiles. TATB-Wax composition exhibited Tmax of 370oC while
FOX-7-Wax exhibited Tmax of 271.2oC.

CAB based RDX - PBXs showed compression strength ranging from 65 to 90 kgf/cm2 on
increase in percentage of binder from 3-10% which is relatively higher than that of RDX-wax
composition (60-70 kgf/cm2) particularly at higher binder content. CAB based HMX - PBXs also
showed similar trend.

CAB based TATB composition showed compression strength of 88 kgf/cm2 while FOX-7-CAB
composition showed compression strength of 100 kgf/cm2. TATB-Wax based composition showed
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compression strength of 81 kgf/cm2 while FOX-7/wax composition showed compression strength of
89 kgf/cm2.

The performance in terms of (VOD) for CAB based RDX and HMX-PBXs were appreciably
higher (7900 – 8090 m/s. at density 1.65 -1.67 g/cm3 and 8250 – 8350 m/s at density 1.75 -1.77
g/cm3) respectively compared to corresponding wax based composition (7750 – 7860 m/s. TATB-
CAB  and FOX-7-CAB compositions showed velocity of detonation values  8050 m/s and  8156 m/s
respectively. TATB-wax and FOX-7-wax compositions showed velocity of detonation values 8000
and 8050 m/s respectively

Feasibility studies(9) were carried out for practical application of potential compositions by
evaluating miniature shaped charges of 32 mm calibre using the above compositions at stand of
distance 37mm.  Penetration values of RDX with CAB were 123mm compared to 116mm for RDX-
wax composition. Similar trend was obtained for HMX based composition with CAB and wax binder.
Penetration values for CAB based TATB and CAB based FOX-7 compositions were 120mm and
123mm at standoff distance 37mm.

Wen(10) et al inferred from their studies that if hot spots are not allowed to propagate from one
region of explosive charge to another then the explosion phenomenon cannot advance. As a result,
energy build up is not favoured leading to desensitization towards impact, friction and shock as well
as other stimuli as seen in CAB PBXs. CAB renders its inherent properties of lower moisture
absorption and better impact strength to the composition.

Fude(11) et al studied the sensitivity and the surface characterization of HMX based PBXs and
wax combination. On the basis of scanning electron microscope (SEM) they have concluded that
effective coating of explosive particles by binder plays an important role in reducing the sensitivity of
the composition particularly with respect to impact sensitivity. Better compression strength can also
be attributed to overall uniform distribution of CAB polymer onto the explosive resulting in effective
coating.

Thermal studies offer supportive evidence to reasoning that first stage of decomposition has
major contribution from HEMs. RDX-CAB exhibited a decomposition pattern in the temperature
range of 165-260oC while RDX-wax exhibited a decomposition pattern in the temperature range of
150-240oC.  HMX-CAB exhibited 98% decomposition in the temperature range of 255-300oC while
HMX-wax exhibited 98% decomposition in the temperature range of 240-280oC. TATB-CAB
exhibited 98% decomposition in the temperature range of 270-390oC while TATB-wax exhibited a
major decomposition in the temperature range of 255-390oC. Second stage observed in TGA may be
attributed to the decomposition of residual CAB and high energy material mixture. A significant
increase in penetration capability of shaped charge observed on replacement of wax in the
composition by CAB can be attributed to improved VOD of CAB compositions due to superior
oxygen balance of CAB compared to wax and higher density. The overall outcome is increase in
strength and performance.

Conclusion

The results obtained for PBX compositions during this work involving the processing of high
energy materials and CAB in different permutations and combinations provide a systematic data base.
The findings indicate that the CAB based PBXs imbibe the essential requirements of low vulnerability
in terms of friction impact sensitivity and shock sensitivity.

Due to enhanced structural integrity coupled with improved energetics CAB based PBXs are
potential replacement of existing wax based compositions in our defence system. The study is of great
relevance for futuristic applications considering better performance of CAB based compositions in
shaped charge configuration without penalty on other essential characteristic .

146



References

(1) Anderson E.; Naval Surface Weapons, Maryland, Explosives, Chapter 2 in Tactical Missile

Warheads, Progress in Astronautics and Aeronautics, (Ed) Carleone, J, AIAA, Washington

DC.: 1993, 155

2. Benziger T.M.; High Energy Plastic-Bonded Explosives, US Patent 3, 1973 778, 319.

3. Achutan C.; Ghavate C.; Singh S.; Plastic Bonded Explosives using HIP and  ABS, J. of

Armament Studies, 1988, 24(1), 1-11.

4. Irene E.; Preliminary Studies of HMX based PBXs. 21st ICT Conference, Karlsruhe,

Germany, 1990, 13-1 to 13-10.

5. NATO STANAG, Explosives Impact Sensitivity Tests, 1999, Sept 17, 4489.

6. Johnson O.H.; Smith K.; Helvorsen T.; Kristiansen J.D. ; Review and update for RS-RDX

and RS-HMX, Symposium  on Insensitive Energetic Materials, ISBN 978-3-8167-7328-3,

March 6 and 7, 2007 Fraunhofer ICT, Pfinztal, Germany.

7. Campbell M.; Gracie D.; Effect of temperature and pressure on the glass transition of Plastic

Bonded Explosives. Thermochemica Acta, 1989-1995, 357-358

8. Braithwaite P.; Lund G.; Wardle R.; High Performance Pressable Explosive Compositions.

US patent 5587553, Thiokol, Corporation, UT, 1996

9. Mehilal; Labade M.; Evaluation of Some Thermal, Mechanical and Explosive Properties of

Plastic Bonded Explosive based on Epoxy Resin, J. of Energetic Materials, 2001, 19 (2) &

(3) 255-271.

10. Wen L.; Quencie S.; Wembin W.; C. Yonke; The Impact Sensitivity of Polyurethane Bonded

RDX, PEP, 1996, 21, 247.

11. Fude N.; Xuehai L.; The Study of the Sensitivity and Surface Characterization of

HMX/TATB based PBX. ICT Conference, 31st 2000, 68-1 to 68-5.

*First authour Dr Reny M Roy  email renyroyus@gmail.com

147



TKX-50 and MAD-X1 – A Progress Report

Vladimir Golubev, Thomas M. Klapötke and Jörg Stierstorfer

Department of Chemistry, Energetic Materials Research, LMU Munich,

81377 Munich, Germany

E-mail tmk@cup.uni-muenchen.de

FAX: intl. + 49 89 2180 77492

TKX-50 (bishydroxylammonium 5,5’-bis(tetrazolate-1N-oxide)) is one of the most
promising ionic salts as a possible replacement for RDX [3-7].  The compound can be
prepared on a multigram scale by the reaction of 5,5’-(1-hydroxytetrazole) with
dimethyl amine to form the bis(dimethylammonium) 5,5’-(tetrazolate-1N-oxide) salt
which is then isolated, purified and subsequently reacted in boiling water with two
equivalents of hydroxyammonium chloride to form TKX-50, dimethylammonium
chloride and HCl.

The thermal behavior of TKX-50 (bishydroxylammonium 5,5’-(tetrazolate-1N-oxide))
and the kinetics of its thermal decomposition were studied using differential scanning
calorimetry (DSC) and thermogravimetric analysis (TGA).

It was found that the thermal decomposition of TKX-50 starts at 210-250°C depending
on heating rate, preceded by an endothermic process in the range 130-200°C.

By applying multiple heating rate DSC measurements and Ozawa´s isoconversional
model free method the activation energy of 143,2 kJ/mol, and pre-exponential factor of
1.99 · 1012 s-1 were calculated from DSC peak maximum temperature - heating rate
relationship.

By applying nonisothermal TGA experiments and the Flynn–Wall isoconversional
model free method, it was found that the activation energy changes with conversion
and lies between 145 and 181 kJ/mol, while the pre-exponential factor ranges from
9.81 ·1011 to 1.79·1016 s-1.

Calculated results on determination of detonation parameters and equations of state for
detonation products (EOS DP) of explosive materials TKX-50 and MAD-X1 and
several their derivatives were obtained with the use of computer program EXPLO5
V.6.01 [1]. Analogous results were also obtained for such standard explosive materials
of common use as TNT, PETN, RDX, HMX and for the more powerful explosive
material CL-20 with the purpose of comparative analysis. Determination of detonation
parameters and EOS DP was conducted both for explosive materials having the
maximum crystalline density and for porous right up to 50 % in volume materials.
Influence of the content of plastic binder polyisobutylene right up to 20 % in volume on
all specified properties was examined too.

Calculated results on shock wave loading of different inert barriers in a wide range of
their dynamic properties under explosion on their surfaces of concrete size charges of
different explosive materials in various initial states were obtained with the use of one-
dimensional computer hydrocode EP [2]. Barriers from such materials as polystyrene,
textolite, magnesium, aluminum, zinc, copper, tantalum and tungsten were used for
examination (Fig. 1). Initial values of pressure and other parameters of loading on the
interface explosive-barrier were determined in the process of conducted calculations.
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Phenomena of propagation and attenuation of shock waves in barrier materials were
considered too for all possible situations.

As a result of such calculations the rather complete comparative picture of explosion
properties and characteristics of shock wave action onto barriers was obtained for
several new and standard explosive materials. Obtained results point that the new
explosive materials TKX-50 and MAD-X1 in a wide range of their initial states
(porosity, inert binders) possess higher characteristics of explosion and shock wave
action on practically every compact barriers in comparison with some standard
explosive materials, the most military used RDX, first of all. A great volume of obtained
calculated results can be used for subsequent more detailed analysis of influence of
different factors on explosion and shock wave action characteristics of new explosive
materials and some of these results can be taken for planning experiments on
experimental confirmation of ascertained regularities.

Fig. 1 The initial pressure on the interfaces of explosive-barrier from different materials (from polystyrene to
tungsten).

Fig. 2 Acceleration of plates by free charges of HMX (1), TKX-50 (2), MAD-X1 (3) and RDX (4).
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Fig. 3 Acceleration of Tantalum cylindrical layers by charges of HMX (1), TKX-50 (2), MAD-X1 (3) and RDX
(4).

Fig. 4 Acceleration of a cylinder (1 – v, 2 – r, 3 - Ek) by a porous charge of TKX-50 (left) and cylinders by
porous charges of HMX (1), TKX-50 (2), MAD-X1 (3) and RDX (4).
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ABSTRACT

The energetics community desires improved methods to manufacture primary explosives safely.
One example includes the manufacture of a highly valuable precursor sodium 5-nitrotetrazolate (NaNT).
NaNT is the direct precursor to a novel primary explosive copper (I) 5-nitrotetrazolate (DBX-1). The
traditional NaNT process has been plagued with microdetonations during processing, leading to reactor
damage as well as increased stress to the operators. Previous investigators have reasoned that these small
detonations occur during the diazotization reaction and caused by nitrogen oxide fumes arising from the
process solution and reacting with droplets containing 5-aminotetrazole on various surfaces of the
processing apparatus.  Another challenge of the existing NaNT process is the isolation of the acid copper
salt intermediate on a filter. This intermediate is a sensitive energetic material and its isolation represents a
hazard to operators, especially as reaction scale increases.  There are engineering-focused methods being
developed that completely avoid the acid copper salt (e.g. microreactors); however, these methods result in
high inorganic impurities in NaNT, which impede the crystallization of DBX-1 in the subsequent reaction
step. Nalas has developed an alternative process to NaNT that addresses the majority of the processing
challenges and has been successfully demonstrated at the 600-ml scale and currently being scaled to the 5-
liter scale.

INTRODUCTION

Primary explosives are key components in military items ranging from the primers used in small
caliber ammunition to detonators employed in much larger high explosives. They are classified by their
ability to detonate easily through the introduction of a weak stimuli, including flame, heat, impact, friction,
or electric spark. This detonation is intended to initiate a secondary or booster explosive, which in turn
triggers the main charge explosive or propellant. Primary explosives are typically based on lead (Pb), a
well-established health and environmental hazard. The Department of Defense has made significant
investments towards identifying environmentally acceptable replacements for lead-based primaries;
however, implentation of these alternatives is limited by the ability to safely produce quantities required to
support use in their intended applications.  A notable example is the primary explosive known as copper (I)
5-nitrotetrazolate (DBX-1), characterized as a drop-in replacement for lead azide (LA), which the Army
seeks to utilize for this purpose.  The direct precursor to DBX-1 is sodium 5-nitrotetrazolate (NaNT).

There is a strong desire by the energetics community to develop safe methods to manufacture NaNT
safely. Nalas resolved major safety challenges through intimate interaction between the chemist and
chemical engineer to ultimately lead to a safer process to DBX-1.  The steps associated with each process
have been evaluated for efficiencies, safety and feasibility of integration into one lean manufacturing
process to DBX-1. There are many benefits to our novel method: our alternative chemistry eliminates the
impurities deleterious to DBX-1 reactions which were previously present in NaNT solutions, innovated use
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of engineering controls, specifically the design, implementation, and demonstration of a reactor with in situ
filter, effectively eliminates operator exposure to the class 1.1A intermediate acid copper salt of
nitrotetrazole.   This Nalas-engineered solution produces NaNT suitable for use in DBX-1 synthesis without
an intermediate purification step, the only published process to produce NaNT without requiring further
purification to produce DBX-1.

The most important aspect of this project is the ability to safely scale up NaNT and integrate it into
a lean process to DBX-1.  This solution offers the Army a safer, low-cost and green process to both NaNT
and subsequently DBX-1.  Our approach is a method which can be applied to a broad range of primary
explosives and other highly sensitive explosive compounds to better ensure safe manufacture and enable
use in their intended military applications.

EXPERIMENTAL

The work presented in this paper is an improvement upon the existing state of the art. Many
investigators have greatly contributed to the synthesis of both NaNT1,2 and DBX-13,4,5. These investigators
are credited for their innovation towards isolating new forms of matter as well as developing technology to
further investigate their value as energetic materials. It was the pleasure of the authors to be a part of further
developing these technologies.

Many energetic products share common precursors. For example, tetraaminebis(5-nitro-2H-
tetrazolato-N2) tetraaminecobalt(III) perchlorate (BNCP), mercuric 5-nitrotetrazole (DXN-1), and many
novel ingredients (e.g. DBX-1) all use NaNT as a precursor. It has been documented that the purity of the
NaNT can dramatically influence the ability to form the desired product. For example, BNCP can be
produced from NaNT of varying quality and even tolerate a significant level of impurities. Gilligan and
Kamlet6 identified critical recrystallization methods in order to produce DXN-1 of desired quality by
isolating the dihydrate and recrystallizing from acetone. Fronabarger et al. identified a strong dependency
of NaNT purity on the ability to successfully isolate DBX-17. These investigations led to a more detailed
analysis of the manufacturing methods towards NaNT with a focus on improvements including safety and
quality. The point is that these products have differing requirements for the NaNT starting material and
therefore require varying NaNT processing techniques.

This work is focused on demonstrating a method for producing high purity NaNT to produce DBX-
1 while removing the operators from handling all explosive compounds including the NaNT. The first
portion of this work employed a scientific approach to reduce the level of impurity in the NaNT. The
methods reported in the literature to produce NaNT were evaluated based on the criteria to produce high
purity materials. The literature procedures were repeated and resulting NaNT was utilized to determine
efficacy of producing DBX-1.

RESULTS AND DISCUSSION

A systematic approach to identifying the processing challenges and engineering controls was
developed in close collaboration between the authors. The first major challenge included determination of
a specification for NaNT that results in high quality DBX-1. Different lots of NaNT solution produced
through the traditional von Herz method using nitric acid were evaluated. The resulting NaNT solution
were analyzed using High Performance Liquid Chromatography (HPLC) and Mass Spectroscopy (MS).
The main impurities present in the NaNT solution include the starting material (5-aminotetrazole), as well
as 1H-tetrazole, and 5,5'-bitetrazole. The NaNT solution produced using the von Herz method with nitric
acid was used in an attempt to synthesize DBX-1; the undesired product was air sensitive and could not be
isolated for analysis. The undesired product appeared to be a copper complex of nitrotetrazole, but not
DBX-1.
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As previously discussed, investigators identified that small impurities in NaNT can dramatically
influence the ability to produce the desired products (e.g, DXN-1, DBX-1, BNCP). The identification of
undesired impurities led to a more involved investigation as to their mechanism. To further elucidate the
problematic impurities, a detailed study of the NaNT process and resulting solutions was investigated.

Synthesis of NaNT using nitric acid

The NaNT process begins with the addition of water, sodium nitrite and copper sulfate pentahydrate
to the reactor (Figure 1, Step 1). A second solution is prepared that includes an acid, 5-aminotetrazole and
a small amount of copper sulfate pentahydrate (Figure 1, Step 2). That solution is dosed to the reactor
forming the intermediate acid copper salt shown in Scheme 1. 5-aminotetrazole is converted to the
diazonium with an acidic solution of sodium nitrite, and the intermediate diazonium ion is converted to 5-
nitrotetrazole with an additional nitrite ion under the action of copper(II) sulfate. Conversion of 5-
aminotetrazole to 5-nitrotetrazole results in the precipitation of a copper(II) complex (acid copper salt).

Figure 1: NaNT processing steps to acid copper salt

Scheme 1: NaNT synthesis, formation of acid copper salt
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An observation was made by the authors that during the dosing of the 5-AT/nitric acid solution, a
solid white precipitate formed in the dosing line. The solid was not isolated but assumed to be the nitrate
salt of nitrotetrazole (an explosive compound). It was hypothesized that the nitrate salt of nitrotetrazole had
an undesirably low solubility in nitric acid. Recall that previous investigators have demonstrated success
with this reaction using both nitric and sulfuric acids. It was hypothesized that the precipitated 5-
aminotetrazole nitrate salt was not converted to the acid copper salt, but was an impurity in the isolated
solids during the intermediate step to the acid copper salt.

The next sequence of steps in forming NaNT includes filtering the solid acid copper salt
and washing with both acid and water. The acid copper salt is slurried in water (care must be taken not to
dry the acid copper salt) and pH of the mixture is adjusted. NaNT will form and remain in solution while
the copper oxide byproduct will precipitate. The mixture is heated to further drive the reaction before
filtering the copper oxide. The NaNT solution is filtered to remove any copper oxide that may have carried
through the initial filtration. Recall our original hypothesis that 5-aminotetrazole was still present in the
acid copper salt. This impurity has no opportunity to purge during the reaction steps and will carry through
to the NaNT solution.

Figure 2: NaNT processing steps to NaNT solution

Scheme 2: NaNT synthesis, formation of NaNT
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HPLC analysis of the NaNT solution produced using nitric acid revealed quantities of 5-
aminotetrazole, 1H-Tetrazole, and 5,5'-bitetrazole. These values will be detailed later in this report.

Review of acids for synthesis of NaNT

The chemistry relies on acid for the dediazotization reaction. However, the challenge encountered
was not the acid effect on the chemistry, but the solubility of the 5-aminotetrazole salt in the acid carrier.
A screen of acids was completed in an attempt to find an acid in which 5-aminiotetrazole is more soluble.
The evaluation was done using the Crystal16® screening kit, in which a multiple reactor station developed
by Avantium determines solubility.  The reactor block holds sixteen 4x4 standard flat bottom HPLC glass
vials, each with 11.5 mm diameter and 1.8mL volume.  In addition, the reactor block is divided into four
independently controlled temperature zones, each with a built-in light source and detector located
approximately 0.6mm above the bottom.  These work in tandem to monitor the change of turbidity during
the course of dissolution and crystallization. This study revealed that approximately three times more 5-
aminotetrazole would remain in solution in sulfuric acid at room temperature than in nitric acid. In addition,
the concentration of 5-aminotetrazole in sulfuric acid could be achieved at room temperature and remain in
solution; no solids precipitated after days of observation. It was decided to complete the NaNT synthesis as
described in this report using sulfuric acid in lieu of nitric acid. The processing was very similar with the
exception that no solids precipitated in the feed line during the dose of the 5-aminotetrazole.

Analysis of NaNT solutions from reaction with nitric and sulfuric acid

The NaNT solutions were analyzed using HPLC to determine if our hypothesis was valid. Table 1
shows a comparison of NaNT solutions from the two processes. A comparison of NaNT solutions shows
that the sulfuric acid method was superior to nitric acid.

Table 1. Comparison of NaNT solutions using nitric and sulfuric acids

NaNT solution

(nitric acid)

NaNT solution

(sulfuric acid)

wt% 5-AT 0.68% Not Detected

wt% 1H-Tetrazole 0.47% Not Detected

wt%5,5'-bitetrazole 0.01% Not Detected

Use of in-situ tools to monitor the reaction to DBX-1

Another contribution towards this effort was the utilization of several in-situ tools. The conversion
of NaNT to DBX-1 was challenging to monitor due to the tracked species being nitrotetrazole; both NaNT
and DBX-1 contain nitrotetrazole and therefore little benefit was obtained from reaction monitoring using
HPLC. In addition, the intermediates were challenging to isolate and not stable in air. In-situ tools were
used early in this project and continue to demonstrate value. During the DBX-1 reaction visual observations
showed dramatic color changes but little understanding of reaction progress. In particular, this study was
interested in evaluating NaNT materials with differing level of impurity (e.g., 5-aminotetrazole) when
compared to high quality NaNT solutions. The start of all reactions were very similar; each reaction used
the same stoichiometry, same lot of DBX-1 seed and same lot of reagents except for NaNT. The NaNT
solutions made using nitric acid did not produce DBX-1, but instead an unstable copper complex that
included nitrotetrazole. The NaNT solution using sulfuric acid produced crystalline DBX-1 of high purity.
The DBX-1 process includes several easy steps. The reactor is charged with water, copper(II) choride, seed,
and NaNT. At T = 90˚C, a reducing agent is charged in two doses to initiate the conversion to DBX-1.
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Upon addition of the initial dose (~1/3 total dose) of reducing agent to the NaNT solution from
nitric acid, a gel-like material was formed. A blue/aqua solution turned to an olive/grey and the presence of
solids was obvious. An in-situ camera, Mettler Toledo’s Particle Vision Measurement (PVMTM), showed
no sign of crystalline material at this point in time. The particle counter, Mettler Toledo’s Focus Beam
Reflectance Measurement (FBRMTM) tool, indicated over 90,000 fine particles at this stage and the reaction
mixture remained cloudy with no signs of crystalline material.  A second dose of reducing agent failed to
convert the slurry to crystalline DBX-1 and merely diluted the fine counts as measured by FBRMTM to
approximately 60,000 counts of less than 100 micron in size.  The solids were characterized using a
combination of off-line tools including (HPLC), Karl Fischer, and Atomic Absorption. The result was a
mixture of material that included water, nitrotetrazole and copper.

The use of NaNT from sulfuric acid as the starting material initially produced results similar to the
NaNT produced from nitric acid experiment. Upon addition of the initial dose of reducing agent sodium
ascorbate (denoted by first black vertical arrow on Figure 3), a gel-like material was formed with no sign
of crystalline DBX-1 material forming. After an apparent induction period, a very different phenomenon
was noticed. These events included a visual change in reaction mixture turbidity (became clear) and an
almost instantaneous drop in fine counts. These phenomena have proved typical of successful DBX-1
reactions. A typical plot is shown in Figure 3. As the fines drop the PVMTM almost instantaneously
identifies crystalline DBX-1 (typical picture shown in Figure 4). The event only lasts seconds and produces
rust colored crystals. The second dose (denoted by second black vertical arrow on Figure 3) of reducing
agent is started after formation of the DBX-1 crystals is identified.

Figure 3:  FBRMTM data after DBX-1 crystallization
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Figure 4: PVM identifying crystalline DBX-1

Various DBX-1 reactions were monitored using in-situ Infrared and Raman spectroscopy. These
tools proved valuable in understanding both the intermediate and product formation. The two tools are quite
complementary; Mettler Toledo’s ReactIRTM (infrared) detects species in solution while Raman will detect
species in solution and in solid form. While monitoring the DBX-1 reactions using ReactIRTM, several peaks
of interest clearly increased during the induction period (no DBX-1 crystals formed during the induction
period). These same peaks, most likely key intermediate(s), decrease in intensity as DBX-1 forms. A similar
reaction protocol is followed for monitoring the reaction spectroscopically. The reaction monitoring begins
with just copper (II) chloride in solution followed by the addition of NaNT at T=90°C. At this point
copper(II) nitrotetrazolate is formed but remains in solution; if the temperature falls below T=60°C a blue
precipitate of the copper(II) nitroterazolate (a known compound) forms. After the temperature stabilizes at
T=90°C, the first dose of reducing agent is added to the solution. At this point, the ReactIRTM detects new
peaks at 1552, 1444, 1423, and 1321 cm-1 which typically grows in during the induction period.

The ReactIRTM software features a program called ConcIRT, which uses a mathematical algorithm
known as curve-resolution. Curve-resolution algorithms have the capability to group wavenumber values
that change absorbance intensity in the same manner. For each group, ConcIRT calculates the associated
component spectrum and relative concentration profile. As each new reaction spectrum is acquired,
ConcIRT re-analyzes all the reaction spectra and updates the individual component spectra and profiles.
Thus, the calculation results evolve as the reaction proceeds and additional components such as
intermediates are detected. ConcIRT identified a component associated with these peaks, the spectrum of
which is shown in Figure 5.
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Figure 5: Intermediate peaks appearing during induction period—identified by ConcIRT as
Component #4

As described earlier, the ensuing induction period results in an increase in fine particles as
monitored by FBRM. The ReactIRTM also detects an increase in concentration of a species in solution during
this induction period (see blue line in Figure 6). The dotted purple line is the Raman intensity of the
intermediate over time and the dotted green line is the product DBX-1. The red line is the total dose of
reducing agent.

Figure 6: ReactIR trends of intermediate formation and disappearance

A final experiment was completed with a very slow dose of the reducing agent in an attempt to
monitor the formation of intermediate and product using the in-situ Raman probe. A slow dose of reducing
agent was added to the reactor over 120 minutes. Figure 7 shows the Raman spectra of a DBX-1 reaction
at specific times starting with a reference spectra of NaNT solution (dark blue), NaNT solution and
copper(II) chloride solution combined (red), reaction mixture ~32 minutes after dosing reducing agent
(green), reaction mixture ~42 minutes after dosing reducing agent (purple) and finally at the conclusion of
the reducing agent dose (light blue).  Figure 7 also shows a clear transition through the intermediate(s)
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directly to the formation and growth of DBX-1 using a Raman waterfall plot. The complementary aspect
of the IR (monitoring in solution) and Raman (monitoring both in solution and precipitates) was our ability
to track species both in solution and out. Using our analytical standards we could also determine that the
material in solution was not DBX-1, but a nitrotetrazole intermediate.

Figure 7: Raman spectra as a function of time compared with waterfall plot

Scale-up

The most challenging aspects of the NaNT process is the avoidance of detonations resulting from
the formation of the dangerous diazo intermediates and handling of the intermediate copper acid salt of
nitrotetrazole and NaNT. This work focused on completely removing the operator from potential
detonations. Existing manufacturers have demonstrated an automated system for manufacturing DBX-1
utilizing a batch reactor, pumps, linear actuators and servo motors. Nalas also investigated the possibility
of making NaNT in a similar fashion eliminating the need to handle the copper acid salt. This proposed
process takes advantage of chemical engineering knowledge as well as procedural controls. The process
utilizes an internal filter to avoid handling the dangerous intermediates. The process flow is shown in Figure
8. Nalas successfully demonstrated the process at the 600-ml scale and produced high quality NaNT. Over
200-grams of NaNT in solution were produced in various batches at the 600-ml scale. The NaNT was use
tested several times and produced high quality DBX-1 that was shipped and tested at ARDEC. The
innovative design allows the operator to be completely isolated from all explosive materials throughout
processing. Steps 1-3 (Figure 8) are similar to the von Herz process with the exception of an internal filter.
This system was specially designed to filter the acid copper salt and allow for washing any impurities from
the solids in-situ. Steps 4-6 (Figure 8) allow the solids to be re-slurried and chemistry to be telescoped
through the formation of NaNT. This is the point at which the Nalas system is integrated to an existing
system already in service at ARDEC. The NaNT is transferred to the existing DBX-1 reactor already
procured and installed at ARDEC. Steps 7-9 (Figure) are existing processing steps that afford DBX-1.
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Figure 8: Process to DBX-1 from 5-aminotetrazole

SUMMARY AND CONCLUSIONS

The reaction to NaNT has been studied for decades as the material is critical to produce various
energetic products. One challenge with NaNT is its sensitivity as a primary explosive; as a result it is
typically handled as a solution. Impurities present in this solution can dramatically influence the properties
of the desired product and even impede its formation. The reaction to DBX-1 is quite sensitive to the
presence of impurities including 5-aminotetrazole. The solubility of 5-aminotetrazole was greatly
dependent on the acid used in the diazotization reaction; sulfuric acid was superior to nitric acid and resulted
in high purity NaNT and resulting DBX-1. NaNT made using nitric acid did not convert to DBX-1.

In-situ particle analysis and spectroscopic tools were utilized to monitor and compare reactions
using various lots of NaNT that included different impurities. The tools proved valuable in understanding
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both the intermediate and product forming process. The data produced by Nalas demonstrates that the
intermediate, some form of nitrotetrazole, increases in concentration over a period of time prior to
converting to DBX-1 which precipitates from the aqueous liquors. This data supported our hypothesis that
the crystallization to DBX-1 is rapid and may be dependent on other factors including degree of mixing..

The FBRM data gathered also demonstrated a varying particle size distribution as a function of
several factors not discussed in this report. Particle size distribution has proven critical to loading and
performance of the resulting primers. This area of work requires additional study.
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ABSTRACT

By means of the Spray Flash Evaporation (SFE) technique multiple grams per hour of nano-β-

HMX can be prepared continuously with constant quality. Nano-HMX was examined using

AFM. The median size is centered around 116 nm with a variance of only 41 nm. Despite the

common opinion, nano particle may form faceted particles even at the nanoscale as AFM

measurements have proven it. By means of its Raman spectra the formation of the β-allotrope

was confirmed. The decrease of the particle size is accompanied by a change of the physical

properties, opening the way for new fields of application e.g. miniaturisation of pyrotechnic

systems. The properties of nano-HMX can be altered further by adding soluble or dispersible

compounds to the starting solution, resulting in a composite with the individual compounds

homogeneously mixed on the nanoscale. The almost endless combination possibilities of nano-

composites allow tailoring the properties of the energetic material exactly to the requirements of

REACH and the industry.

Introduction

This paper summarizes results obtained on the nanocrystallization of explosives and explosive

mixtures by using the Spray Flash Evaporation (SFE) process, developed and patented by the

NS3E Laboratory at ISL (two PCT patents, one additional patent pending) (1-3). The work is

essentially dedicated to the explosive 1,3,5,7-tetranitro-tetrazacyclooctane (HMX). This

explosive has been nanocrystallized among others like RDX or CL-20, not described in this

paper. In a first step, we describe the process applied for the crystallization of nano- β-HMX,

after which some results will be given for the pure product and also its mixtures with licowax.

According to Tarver, the critical temperature for a 2 μm sized hot-spot in HMX must reach 985

K to initiate the energetic material, whereas a 0,2 μm sized hot-spot must reach the critical

temperature of 1162 K (4). Therefore a submicrometer- or nanosized HMX with consequently
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smaller hot-spots should be less sensitive towards initiation than the classical micrometer-sized

HMX. By using the Spray Flash Evaporation (SFE) process, various energetic materials can be

nanocrystallized in large quantities (5). The SFE process takes advantage of the pressure

dependence of the boiling temperature of liquids. A low boiling solvent-explosive solution is set

under pressure and heated above its normal boiling temperature. By depressurizing the

superheated solution, the excess thermal energy converts into latent energy, causing the

instantaneous evaporation of the solvent. As the process uses common solvents such as acetone,

methyl t-butyl ether, ethyl acetate or mixtures of those, high production capacities of several

grams per hour can be achieved. The median particle size that can be obtained by this process

ranges currently from 50 to 500 nm.

Results

Preparation of nano-β-HMX

Depending on the crystallization conditions, HMX may form four stable polymorphs at room

temperature, designated as α-, β-, δ- and γ-HMX. From the military point of view, only the β-

polymorph is of interest as it combines the highest density, impact sensitivity and detonation

velocity of all HMX polymorphs. According to Matzger and Landenberger, the densities of the

individual polymorphs decrease in the order β (1,903 g/cm³) > α (1,839 g/cm³) > γ (1,78 g/cm³)

> δ (1,759 g/cm³) (6). According to Lee et al., the β-polymorph is preferably formed by

recrystallizing HMX from acetone (7).

In this work, nanostructured HMX was prepared by means of the SFE technique where an

acetone-HMX solution is superheated above its normal boiling temperature and subsequently

atomized into a vacuum chamber (Fig. 1). The acetone-HMX solution was prepared by

dissolving 7,9 g class 5 HMX (purity > 98,8%) in 500 mL acetone (HPLC quality > 99,8%,

Sigma Aldrich). Using compressed nitrogen, the solution was subsequently pressurized to 6

MPa and atomized by a 60 μm hollow cone nozzle into a vacuum chamber. The pressure in the

vacuum chamber was kept constant at about 500 Pa using a DUO Balzers vacuum pump with a

35 m³/h flow rate. Heating of the solution happens just before the atomization. The nozzle was

heated to 160 °C, keeping the thermal load onto the dissolved explosive as low as possible. The

strong temperature drop accompanying the evaporation has a protective effect on the sensitive

nanoparticles. Separation of the nanoparticles happens by means of parallel arranged axial

cyclones, allowing a continuous operation of the process.
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Fig.1: Spray Flash Evaporation (SFE) flow chart.

Preparation of a nano-β-HMX/Licowax composite

In the same manner as the pure HMX, the preparation of a 1% HMX / wax composite was

carried out. 7,88 g class 5 HMX and 81 mg Clariant Licowax BJ were dissolved in 500 mL

acetone with the help of ultrasound and slight heating. Then the solution was atomized at the

same process conditions as before.

Product characterization

Raman spectroscopy

By means of its Raman spectra (Fig. 2) the formation of the β-polymorph in both

nanocrystallized samples could be proven. In between 1150 - 1400 cm-1, β-HMX has a unique

peak sequence that was used for its identification. Although Licowax has a distinctive Raman

spectrum as well, characteristic peaks were not found in the HMX / Licowax sample.
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Fig.2: Raman spectrum of nano-β-HMX.

Particle size morphology

A scanning electron image (SEM) of the raw HMX used in this work is depicted below (Fig. 3).

Due to their larger size, the micrometer-sized particles are more stable as they dissipate the

energy from the focused electron beam better.

Fig.3: SEM image of micrometer-sized raw HMX.

From experiments made with other types of nanostructured explosives, we observed that nano

explosives rapidly melt or even decompose when exposed to the focussed electron beam under

high vacuum. In order to prevent any alteration of the morphology, the samples had to be

analyzed at ambient conditions using atomic force microscopy (AFM). Prior analysis, pellets of

4 mm diameter were pressed with a pressure of 100 MPa. A 5x5 μm AFM image of the pressed

and cut nano-β-HMX pellet is depicted below (Fig. 4).
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Fig.4: AFM image of pressed nano-β-HMX.

By measuring 200 individual particles, an accurate particle size distribution was obtained. The

median particle size in this sample is 116 nm with a variance σ of 41 nm. The addition of a second

compound to the explosive solution can have a significant influence on the particle properties as

found out earlier [14]. In this case, the addition of 1% Licowax to the HMX-acetone solution

promoted the formation of larger particles (Fig. 5). A remarkable amount of particles in between

400 to 600 nm were found in the 5x5 μm AFM image shown below.

Fig.5: AFM image of the pressed nano-β-HMX.

With increasing particle diameter, a considerable broadening of the particle size distribution

could be observed as well.
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For reasons of clarity, the same scales were used for both particle size distributions. Although

the median particle diameter in the HMX / Licowax sample only slightly increased to 130 nm,

the variance σ spread to 84 nm.

Reactive characterization

Sensitivity

According to the BAM (Bundesanstalt für Materialprüfung) guidelines the sensitivity towards

initiation by impact, friction and electrostatic discharge (ESD) was measured (Tab. 1).

Formulation Impact
[J]

Friction
[Nm]

ESD
[mJ]

micro-β-HMX > 6,5 >120 280,57
nano-β-HMX >1,5 >168 374,09
nano-β-HMX /
Licowax

>2,0 >192 419,83

Tab.1: Sensitivity towards impact, friction and ESD of the micrometer- and nanosized HMX
samples.

In contrast to the expected desensitization, a considerable increase of the impact sensitivity

could be observed for nano-HMX. As proposed by Zygmunt, hot-spots can be classified as

internal and external hot-spots according to their particular position. By decreasing the particle

size the formation of internal defects, acting as hot-spots, is less likely. However, at the

nanoscale it is assumed that interparticle voids may behave as external hot-spots. Due to the

homogeneous distribution of the interparticle voids, multiple external hot-spots can be

simultaneously formed upon impact, considerably lowering the impact sensitivity.

Conclusions

In this work the formation of nano-β-HMX and its desensitization by increasing its thermal

effusivity are described. Using a Spray Flash-Evaporation process, multiple grams of nano- and

submicrometer-sized HMX were prepared, having a median particle size of around 116 nm. The

formation of the β-polymorph was confirmed by its Raman spectra. The impact sensitivity of

nano-β-HMX is considerably lower than those of micrometer-sized β-HMX. As a consequence

of the nanostructuring process it is assumed that interparticle voids are acting as external hot-

spots, making the explosive more sensitive to impact than before. However, the relocation of the

hot-spots to the particle outside makes them easier accessible for elimination. The addition of a
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small amount of Clariant Licowax BJ to the starting solution enables the formation of a slightly

less impact sensitive HMX / Licowax composite.
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Synopsis: Pyrotechnic boron carbide-based smoke compositions are candidates for use in new 
nonhazardous smoke grenades. 

 
 
 

ABSTRACT 
 

Military visible obscuration compositions (obscurants, smokes) are characterized by a hazard/ 
performance trade-off. New compositions with improved performance, but containing only benign 
materials, are needed for the next generation of U.S. Army smoke munitions. Advanced boron carbide-
based smoke compositions have been developed to address this need. These experimental compositions 
contain B4C/KNO3 as a pyrotechnic fuel/oxidizer pair, KCl as a diluent, and calcium stearate as a burning 
rate modifier. Both the B4C particle size and the amount of calcium stearate may be used to control 
grenade burning times over a wide range (24-100 s demonstrated in the end-burning configuration). The 
dustiness of these dry compositions may be reduced by granulating them with a variety of polymeric 
binders. Granulation with polyvinyl acetate reduced dust and did not adversely affect composition 
burning rate or visible obscuration performance. In field and smoke chamber tests, prototype smoke 
grenades outperformed the U.S. Army M83 TA grenade by a wide margin. The best prototypes are 
functionally equivalent to nearly two M83 TA smoke grenades and are candidates for the eventual 
improvement/replacement of this grenade. 
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INTRODUCTION 
 
Visible obscuration compositions (obscurants, 
smokes) are used on the battlefield for signaling, 
marking targets, and screening troop movements. 
These compositions are characterized by a 
hazard/performance trade-off. The most effective 
ones tend to be toxic or incendiary while the 
performance of convenient and safe alternatives 
is often lacking. Others are unstable upon storage 
or require complex equipment to deploy. Some 
U.S. Army compositions are listed and described 
in Table 1. In the tradition of U.S. Army two-
letter smoke acronyms, the experimental boron 
carbide system has been designated “BC”. 

The best performing (and the most 
hazardous) composition is arguably white 
phosphorus. Typically dispersed by a bursting 
device, this pyrophoric material is incendiary, 
toxic, and can cause environmental damage to 
wetland areas.1 Red phosphorus compositions, 
less incendiary and less toxic than white 
phosphorus, present serious sensitivity and aging 
issues.2-4 Pyrotechnic hexachloroethane com-
positions (HC), which produce a thick 
hygroscopic zinc chloride aerosol laced with soot 
and chlorinated organics, have been responsible 
for several injuries and deaths.5 Hexa-
chloroethane itself is also toxic.6 Hygroscopic 
liquids such as titanium tetrachloride or

 
 
Table 1. Characteristics of some U.S. Army visible obscurants. 

Designators 
or Names Component(s) Device 

Configuration Mechanism Atmospheric 
Reactivity Notes a) 

WP P4 (white/yellow) bursting, neat 
or felt wedges 

atmospheric 
burning 

hygroscopic 
oxides 

toxic, 
incendiary 

RP Px (red) b) bursting or can atmospheric 
burning 

hygroscopic 
oxides 

aging and 
sensitivity 

issues 

HC Al/ZnO/C2Cl6
 c) core- or end-

burning can 
combustion 

products 
hygroscopic 

ZnCl2 
toxic 

BC B4C/KNO3/KCl/additive core- or end-
burning can 

combustion 
products  high efficiency, 

versatile 

FM, FS TiCl4, HSO3Cl/SO3 
bursting or 
spraying dispersal hygroscopic 

liquids corrosive d) 

SGF2, diesel, 
PEG 

hydrocarbons, 
polyethylene glycols 

smoke 
generator e) 

vaporization/re-
condensation  effective but 

inconvenient 

titania TiO2 bursting dispersal  low efficiency, 
short duration 

CA, TA trans-cinnamic acid, 
terephthalic acid f) 

core-burning 
can 

sublimation/re-
condensation  low efficiency 

a) Efficiency refers to the amount of material aerosolized in comparison to the mass of initial composition. 
b) Additional components are often nitrates or other oxidizers, metal additives, and organic binders. 
c) This particular mixture is Type C but there are many metal/oxide/chlorocarbon variants. 
d) The acidity of these clouds can be reduced by co-aerosolizing basic materials such as dolomite. 
e) Smoke pots and grenades that aerosolize these liquids are not currently used by the U.S. Army. 
f) Typically mixed with sucrose/KClO3 and various carbonates.
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chlorosulfonic acid/oleum create decent clouds 
upon dispersal, but the resulting acidic fogs are 
corrosive.7 Volatilized oils (hydrocarbons, 
glycols) create a very effective and relatively 
nontoxic smoke screen, but this usually requires 
the use of a smoke generator.8,9 Fine titania 
powder is a good nontoxic visible obscurant 
although it is difficult to disperse efficiently and 
the resulting screen has a short duration.10,11 
Pyrotechnic smokes based on the sub-
limation/recondensation of trans-cinnamic acid 
or terephthalic acid (CA, TA) are also not 
particularly hazardous but their obscuration 
performance is inadequate for tactical use. 

In the 1970s, Douda invented CA smoke 
compositions for fire simulation and training 
use.12 In the 1990s, the U.S. Army began using 
TA compositions (derivatives of Douda’s 
invention) in the M83 grenade. These M83 TA 
grenades were intended for training use only and 
in this capacity their low obscuration 
performance was not problematic. However, with 
high performance AN-M8 HC grenades no 
longer produced due to toxicity concerns, 
soldiers must now use the M83 TA smoke 
grenade in combat. As many as three M83 TA 
grenades must be thrown to give a smoke screen 
comparable to that produced by just one AN-M8 
HC grenade. Soldiers risk not being able to create 
an adequate smoke screen unless enough M83 
TA grenades are available. As the load carried by 
each soldier is limited, this has created a 
problematic situation. Meanwhile, munitions 
designers tasked with developing less hazardous 
mortar and artillery smoke rounds face the 
prospect of greatly reduced performance unless 
alternative advanced compositions become 
available. Matching or exceeding the per-
formance of HC is no longer a firm requirement 
for a new visible obscuration composition. 
Instead, in recognition of the hazard/performance 
trade-off, there is now a need for compositions 
with acceptable hazard profiles that also 
significantly outperform TA in the field. 

Much research has been directed towards 
the development of improved visual obscurants 
but just a few examples will be described here for 
the sake of brevity. Dillehay patented multi-
compartment smoke devices containing both red 
phosphorus compositions and those based on 
organic acid sublimation/recondensation.13 Acid 
scavengers aerosolized from one or both of the 
compartments neutralize phosphorus acids within 
the mixed smoke cloud. The benefits of this 
scheme come at the cost of increased device 
complexity. Also, any munition containing red 
phosphorus may produce toxic and flammable 
phosphine gas in storage.14 Koch proposed a 
particularly clever solution to the red phosphorus 
aging problem by suggesting the use of black 
phosphorus instead.15 Unfortunately, this more 
stable allotrope is not readily available from 
commercial sources. Several compositions 
containing common materials have recently been 
designed to aerosolize a variety of organic16 and 
inorganic compounds. For the latter, highly 
energetic fuel/oxidizer pairs are diluted with inert 
additives to control exothermicity and burning 
rate. The smoke produced by Webb’s 
Mg/NaClO3/CaCO3/cellulose compositions is 
intended to mimic aerosolized sea salt.17 Blau 
and Seidner have experimented with 
B/KNO3/alkali chloride compositions although 
the high cost of elemental boron limits their 
practicality.18 These types of inorganic 
fuel/oxidizer/diluent systems are related to earlier 
experimental U.S. Navy smoke compositions19 
and the training smokes proposed by Krone.20,21 
The BC smoke compositions described in this 
report fall into the same category. 

Boron carbide has been known as a 
pyrotechnic fuel since the 1950s, if not earlier. 
Several smoke compositions containing B4C, 
KMnO4, and other oxidizers were briefly 
described in a 1961 patent.22 Some binary 
B4C/oxidizer mixtures were evaluated as smoke 
compositions by Lane and co-workers in the 
1960s.23,24 There has also been interest in using 
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boron carbide as a component of solid fuels for 
ramjet engines.25 Even so, boron carbide has 
largely been overlooked by the pyrotechnics 
community and its potential in this context has 
not been thoroughly investigated. To obtain a 
better understanding of boron carbide’s 
pyrotechnic properties, our research group has 
recently demonstrated boron carbide-based time 
delays and green light-emitting compositions.26,27 
We have also re-examined boron carbide for its 
original pyrotechnic application—smoke. In 
appropriate proportions, B4C/KNO3 mixtures 
containing KCl as a diluent and calcium stearate 
as a burning rate modifier produce thick white 
smoke clouds upon combustion.28,29 These BC 
compositions produce an effective smoke screen 
and do not contain hazardous materials. Because 
of this, they are candidates for use in future U.S. 
Army smoke grenades. Herein, we describe 
recent grenade prototype tests relevant to the 
continuing development and evaluation of the 
system. 
 
EXPERIMENTAL SECTION 
 
Material Properties. Boron carbide powders 
(carbon rich, 19.0-21.7 wt% C) were obtained 
from Atlantic Equipment Engineers (AEE) and 
Alfa Aesar. A Microtrac S3500 laser diffraction 
particle size analyzer was used to determine 
volume-based diameter distributions of aqueous 
boron carbide suspensions. Potassium nitrate 
(MIL-P-156B, 15 μm) and potassium chloride 
(−50 mesh) were obtained from Hummel Croton 
and contained 0.2 wt% fumed silica, Cabot CAB-
O-SIL M-5, as an anticaking agent. Calcium 
stearate (monohydrate, 10 μm) was also obtained 
from Hummel Croton. Polyacrylate elastomer 
(Zeon Chemicals HyTemp 4451CG) and 
nitrocellulose (Scholle Chemicals) were dis-
solved in acetone before use. Polyvinyl alcohol 
was obtained from Celanese as a 9 wt% aqueous 
solution. Polyvinyl acetate aqueous emulsion, 
Elmer’s Glue-All, was found to contain 34.5 wt% 

solids. Epoxy resin (EPON 828) and polyamide 
curing agent (EPIKURE 3140) were obtained 
from Momentive. 

Preparation of Compositions. Dry mixtures 
were prepared by combining the components in a 
cylindrical polyethylene container and rolling for 
15 min. The compositions were passed through a 
20 mesh screen to remove any clumps and then 
rolled again for 10 min. Compositions containing 
dust-reducing binders were prepared in a 
planetary bowl mixer equipped with a flat beater 
paddle. For the polyacrylate elastomer and 
nitrocellulose compositions, the dry components 
were combined and mixed with acetone solutions 
of the binders in the mixing bowl. Additional 
acetone was added during mixing to achieve a 
paste consistency. Mixing was continued until a 
substantial amount of acetone had evaporated and 
a granular consistency was obtained. For the 
polyvinyl alcohol and polyvinyl acetate 
compositions, the dry components were premixed 
before addition to the aqueous binder solution or 
emulsion. No additional water was added and the 
compositions were mixed until they were 
homogeneous and granulated. For the epoxy 
composition, epoxy resin and polyamide curing 
agent were combined in a 4:1 ratio in the bowl 
and mixed. Premixed dry components were 
combined with the epoxy and mixed. The epoxy 
composition was loaded into grenade cans 
immediately after mixing. These grenade cans 
were oven-cured overnight at 65 °C. The other 
wet mix compositions were oven-dried in trays 
overnight at 65 °C before loading. 

Test and Analysis Protocols. Full-size experi-
mental grenades were prepared for field and 
chamber testing (Figure 1). All the experimental 
grenades contained 350 g of smoke composition 
loaded at 7000 kg force (25.2 MPa). M83 and 
AN-M8 grenades manufactured at Pine Bluff 
Arsenal were tested for comparison. The M83 
contained 350 g of TA smoke composition and 
the AN-M8 contained 480 g of HC smoke 
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composition (Type C). All the experimental 
grenades and the AN-M8 were of the “end-
burning” configuration which consisted of a solid 
pyrotechnic pellet that burned from one end to 
the other, emitting smoke through vent holes on 
one end of the grenade can. The M83 was of the 
“core-burning” configuration, burning from the 
top down and outward from a central core, 
emitting smoke from a vent hole aligned with the 
core. 
 

 
Figure 1. Preparation of prototype BC smoke 

grenades. 
 

Field tests were used to assess qualitative 
smoke characteristics and to determine burning 
times. Two or three experimental grenades of 
each type were tested for these purposes; the 
variability between grenades of the same type 
was generally low. Average linear burning rates 
(cm/s) were calculated by dividing the 
composition pellet lengths by the burning times. 
Mass-based burning rates (g/s) were also 
calculated. 

Obscuration measurements were performed 
in the Edgewood Chemical Biological Center’s 
190 m3 smoke chamber. Two or three 
experimental grenades of each type were tested. 
Temperature, relative humidity, and other 
relevant test data are appended. After each 
grenade was functioned and the smoke was 
equilibrated with a mixing fan, the aerosol 
concentration was determined gravimetrically by 

passing a known volume through a filter disk. 
The calculated total aerosol mass was divided by 
the initial mass of smoke composition to give the 
yield factor (Y). An Ocean Optics DH2000 
deuterium tungsten halogen light source and 
HR2000 UV-vis spectrometer were used to 
determine transmittance as a function of 
wavelength in the visible spectrum across a 6 m 
path length. Smoke was vented from the chamber 
until the transmittance (T) was about 0.2, at 
which point it was recorded and the aerosol 
concentration was determined again. These data 
were used to calculate the mass-based extinction 
coefficient (αm) as a function of wavelength in 
the visible spectrum. Mass-based composition 
figures of merit (FMm) were calculated by 
multiplying αm by Y. A simple average of T over 
the visible spectrum (380-780 nm) was used to 
calculate averaged visible αm and FMm. Likewise, 
T that was weighted to the photopic response of 
the human eye was used calculate photopic αm 
and FMm values.30 
 
RESULTS AND DISCUSSION 
 
Prior Research and Rationale for Continued 
Development. In principle, the B4C/KNO3 
system should be a good starting point for the 
development of a pyrotechnic smoke 
composition. At appropriate fuel/oxidizer ratios, 
the reaction products are volatile at the 
temperature of combustion and a substantial 
portion of these products are solids at ambient 
temperature. However, binary B4C/KNO3 
mixtures with B4C in the 10-20 wt% range 
produce too much light and flame to be used for 
smoke applications. Combustion temperature and 
associated light emission are readily reduced by 
the addition of nonenergetic diluents. Diluents 
that are volatile at the reduced combustion 
temperature can also contribute to the smoke 
cloud. Potassium chloride was found to be 
particularly effective in this role. The combustion 
of certain ternary B4C/KNO3/KCl mixtures (such 
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as 13/62/25) aerosolizes reaction products and 
KCl with high efficiency and reduced light 
emission. When pressed into pellets, these 
ternary mixtures burn too quickly for practical 
use in smoke grenades where long burning times 
(over 45 s) are usually desired. Small amounts of 
waxy materials, particularly calcium stearate, 
were found to reduce pellet burning rates into an 
acceptable range.28 As a dry lubricant, calcium 
stearate also reduces the abrasiveness of the 
compositions and improves the mechanical 
strength of consolidated pellets. 

A quaternary composition containing a 
13/60/25/2 ratio of B4C/KNO3/KCl/calcium 
stearate was selected for initial grenade 
prototyping. These prototypes outperformed the 
M83 TA grenade in preliminary field and smoke 
chamber tests.29 However, the reproducibility and 
practicality of the new system were still in 
question. The burning rates of boron carbide-
based pyrotechnics are highly sensitive to B4C 
particle size. Additionally, in the subject smoke 
compositions, small changes to calcium stearate 
content can cause large burning rate variations. It 
is therefore crucial to understand how these 
variables affect the burning times of prototype 
smoke grenades. While the BC system in its most 
elegant form is a four-component dry mixture, 
dust could be problematic when working with the 
compositions on a large scale. Solvent-based or 
liquid binders can mitigate dustiness but the 
effect of these additional components on grenade 
burning time must be accounted for. Also, how 
these factors affect smoke cloud thickness and 
perceived visible obscuration performance must 
be understood. 

Controlling Grenade Burning Time. As boron 
carbide remains in the solid state during 
combustion, the particle surface area (and 
therefore particle size) strongly influences the 
burning rates of pyrotechnic compositions 
containing this fuel. In the related B4C/ 
NaIO4/PTFE system, a gassy pyrotechnic delay, 
burning rates were well correlated with the size 
and amount of boron carbide fines. Just a 6 μm 
change in the tenth percentile of the particle size 
distribution caused a six-fold change in burning 
rate.26 Four boron carbide samples spanning a 
similar range were acquired for smoke grenade 
tests (Table 2). 

For each type of boron carbide, 
compositions were prepared with three different 
amounts of calcium stearate. The resulting 
grenade burning times are shown in Figure 2. 
Corresponding plots showing the linear and 
mass-based burning rates are appended. The 
burning times and linear burning rates were well 
correlated (pellet lengths were similar). Despite 
the apparent similarity of the Alfa Aesar and 
AEE 1500 grit samples, the subtle difference in 
particle size between the two causes a small but 
distinct change in burning times and rates. 
Significantly longer burning times were obtained 
with AEE 1200 grit and very coarse AEE 800 
grit material. Burning times for grenades 
containing finer boron carbide are more sensitive 
to changes in calcium stearate content. In Figure 
2, burning times vary by over 150% for grenades 
containing the finest type but by less than 20% 
for those containing the coarsest. 

At first, the burning time variability shown 
in Figure 2 may appear problematic. Coinci-

 
Table 2. Particle size data for B4C samples (μm). 

B4C Type D[4,3] a) D[v, 0.1] b) D[v, 0.5] b) D[v, 0.9] b) 
Alfa Aesar 3.99 0.84 2.81 8.67 

AEE 1500 grit 4.37 1.04 3.23 9.28 
AEE 1200 grit 6.36 2.59 5.88 10.71 
AEE 800 grit 10.94 6.72 10.51 15.71 

a) Volume-based mean diameter. b) D[v, x] is the diameter that (100·x)% of the volume distribution is below.
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dentally (and fortunately), boron carbide is used 
industrially as an abrasive. Many different 
particle sizes are commercially available on a 
 

 
Figure 2. Burning times (s) for grenades contain-
ing 13/(62−x)/25/x mixtures of B4C/KNO3/ 
KCl/calcium stearate. Alfa Aesar B4C (black x); 
AEE 1500 grit B4C (red circles); AEE 1200 grit 
B4C (green diamonds); AEE 800 grit B4C (blue 
triangles). 
 

large scale at reasonable prices. And, as long as 
the boron carbide is not too coarse, the effect of 
small size differences can be countered simply by 
changing calcium stearate content by 1 wt% or 
less. For example, grenades containing AEE 
1200 grit B4C and 2 wt% calcium stearate burned 
for 60 s, while those containing Alfa Aesar B4C 
and 3 wt% calcium stearate burned for nearly the 
same time, 61 s. 

Incorporation of Dust-Reducing Binders. Dust 
associated with processing large quantities of fine 
combustible materials has been responsible for 
many unintended explosions.31 In a manu-
facturing environment, care must be taken to 
prevent accumulation of combustible dust on 
surrounding surfaces. Where it is feasible, 
granulating powdered mixtures with polymeric 
binders can reduce or eliminate this hazard and 
inconvenience. Due to its hard waxy nature, 
calcium stearate serves as a binder in 
consolidated BC pellets but does nothing to 
reduce the dustiness of unconsolidated mixtures. 
Five wet binder systems were therefore 
evaluated. Polyacrylate elastomer and nitro-
cellulose (NC) were applied as acetone solutions

 
Table 3. Burning times for experimental and production grenades. 

Entry Grenade 
Type a) 

Calcium 
Stearate 
(wt%) 

B4C Type Dust-Reducing Binder 
Average 
Burning 
Time (s) 

1 BC 1 Alfa Aesar none 24.0 
2 BC 2 AEE 1500 grit none 49.0 
3 BC 3 AEE 1200 grit none 72.0 
4 BC 2 AEE 1500 grit polyacrylate elastomer 73.5 
5 BC 2 AEE 1500 grit nitrocellulose (NC) 29.5 
6 BC 2 AEE 1500 grit polyvinyl alcohol (PVA) 41.0 
7 BC 2 AEE 1500 grit polyvinyl acetate (PVAc) 51.0 
8 BC 2 AEE 1500 grit epoxy 51.0 
9 M83 TA 45-60 b) 

10 AN-M8 HC 90 b) 
a) BC grenades with dust-reducing binders contained 13 wt% B4C, 58 wt% KNO3, 25 wt% KCl, 2 wt% calcium 
stearate, and 2 wt% binder solids. Those without contained 13 wt% B4C, 25 wt% KCl, 1-3 wt% calcium stearate, 
and 59-61 wt% KNO3 such that the total was 100 wt%. b) Typical values.
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while an aqueous solution of polyvinyl alcohol 
(PVA) was used. A thick aqueous emulsion of 
polyvinyl acetate (PVAc), common white glue, 
was applied without any additional water. Two-
part epoxy contained no solvent and was applied 
neat. At the 2 wt% level (of binder solids), all of 
these binders significantly reduced the dustiness 
of the resulting granulated compositions. The 
acetone- and water-based systems were generally 
more effective in this role than epoxy, which was 
viscous and difficult to blend evenly with the 
powdered components. 

Smoke grenade burning times for the BC 
compositions containing dust-reducing binders 
are listed in Table 3. Data for selected four-
component dry compositions and the M83 TA 
and AN-M8 HC grenades are listed for 
comparison. The compositions prepared with wet 
binder systems (entries 4-8) are derivatives of the 
dry composition in entry 2, which has an average 
grenade burning time of 49 s. Polyacrylate 
elastomer lengthened burning time substantially 
while NC (which is energetic) had the opposite 
effect. PVA also shortened burning time, but not 
dramatically. Surprisingly, PVAc and epoxy did 
not cause any significant change (entries 7, 8). 
For manufacturing, this characteristic would be 
most desirable. In such a situation, where 
materials and particle sizes can vary from lot to 
lot, the formulation giving the desired burning 
time could be rapidly determined by preparing 
and testing small batches of dry mixtures, before 
large-scale mixing, granulation, and drying of the 
“reduced dust” variant. Even though the grenade 
burning times in entries 7 and 8 are the same, the 
corresponding linear burning rates varied due to 
significantly different pellet lengths. The epoxy 
composition, having been pressed wet before 
curing, was more effectively consolidated (see 
appended data tables). 

The versatility of BC compositions with 
respect to burning rate is magnified by alternative 
pellet configurations. While all the prototype 
grenades described in this report were of the end-

burning variety, it is possible to prepare variants 
with a central core. Earlier tests showed that 
core-burning BC grenades release smoke three 
times more rapidly than their end-burning 
analogues.29 In a core-burning configuration, the 
faster-burning BC compositions in Figure 2 and 
Table 3 would produce thick smoke clouds very 
quickly, but this was not the objective of the 
current study (see below). 

Visible Obscuration Performance. The “per-
formance” of a visible obscurant can mean many 
different things and depends on the particular 
requirements of the device it is used in. Devices 
that release smoke rapidly are useful for 
immediate and localized screening. In contrast, 
the obsolete AN-M8 HC grenade and current 
M83 TA grenade, with burning times ranging 
from 45-90 s, are intended to produce elongated 
clouds suitable for screening troop movements 
across a relatively large area. For any smoke-
producing device, the duration of smoke release 
has a profound influence on the perceived 
thickness of the resulting cloud. A given quantity 
of particulates dispersed in a short time produces 
a thick and short cloud while greater dispersal 
times result in thinner but longer clouds. At 
extremely long durations, the emitted smoke is 
likely to be very thin and ineffective for 
screening. In practice, prototype BC smoke 
grenades with burning times from about 40-70 s 
provided a good compromise between duration 
and perceived thickness (Figure 3). Qualitatively, 
the smoke clouds produced by these prototypes 
were substantially thicker than that produced by 
the M83 TA grenade. 

For smoke grenades with similar burning 
times, differences in apparent obscuration 
performance depend on the properties and 
amount of smoke (aerosol) produced by each 
grenade. The mass-based extinction coefficient 
(αm) is a measure of how well a given mass of 
aerosol attenuates light. Attenuation is caused by 
absorption and scattering. Since aerosolization 
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Figure 3. Field test of a typical end-burning BC 

prototype grenade. Grenade PH2-3-2 at 25 s 
(total burning time 61 s). 

 
efficiency varies and some aerosols are 
hygroscopic, αm is not always correlated with the 
effectiveness of smoke compositions. An 
appropriate figure of merit for smoke 
compositions is obtained by multiplying αm by 
the yield factor, Y—the ratio of aerosol mass (ma) 
to the mass of initial composition (mc). The 
equation below shows how the mass-based 
composition figure of merit, FMm, is related to 
mc. Here, V is the chamber volume, T is 
transmittance, and L is the measurement path 
length. A detailed description of smoke figures of 
merit and smoke measurement technique is 
appended. 
 

FMm m
ln
a

a

c

ln
c

 

 
Figures 4 and 5 illustrate the importance of 

yield factor as a determinant of smoke 
composition performance. The M83 TA and AN-
M8 HC grenades provide the most striking 
example. The aerosol produced by the M83 TA 
grenade is effective, as indicated by αm, but FMm 
is lacking because Y is only 0.30. Only a small 
fraction of the TA composition is aerosolized 
upon combustion and the resulting aerosol is not 
hygroscopic. Unlike terephthalic acid, the zinc 
chloride produced by burning HC compositions

 
Figure 4. Mass-based extinction coefficient (αm) 
versus wavelength. M83 TA (top line, black); AN-M8 
HC at 25.0 °C and 32% relative humidity (bottom 
line, red). BC grenades containing dry compositions 
with average burning times of 24 s (PH4-1E-3, blue); 
49 s (PH4-2E-3, green); 72 s (PH4-3E-2, orange). 
These traces are for the particular BC grenades with 
αm values closest to the average for each type, see 
appended data tables. 
 

 
Figure 5. Mass-based composition figure of merit 
(FMm) versus wavelength for the grenades in Figure 4. 
M83 TA (Y = 0.30, bottom line, black); AN-M8 HC at 
25.0 °C and 32% relative humidity (Y = 1.26, top line, 
red). BC 24 s (PH4-1E-3, Y = 0.82, blue); BC 49 s 
(PH4-2E-3, Y = 0.75, green); BC 72 s (PH4-3E-2, Y = 
0.65, orange). 

178



is vigorously hygroscopic. Measured yield 
factors for HC compositions often exceed 1.2 
even though only 40-60% of the composition 
mass is volatilized upon combustion. These high 
yield factors, which depend on atmospheric 
humidity, result in correspondingly high FMm 
values even though αm is unimpressive. 

BC grenades containing dry compositions 
with burning times of 24, 49, and 72 s (described 
in Table 3) gave almost overlapping αm lines 
(Figure 4). This was expected, as the for-
mulations differ by no more than a few percent. 
However, faster burning times were associated 
with greater yield factors, which ranged from 
0.64 to 0.82, and this caused the calculated 
figures of merit to vary (Figure 5). The aerosol 
produced by BC smoke compositions is not 
particularly hygroscopic. Throughout this study, 
prototype grenades were tested between 35 and 
48% relative humidity but measured yield factors 
never approached or exceeded unity. Much 
greater humidity would likely cause an increase 
in Y, but this has not been studied yet. Even 
relatively nonhygroscopic substances will absorb 
water from very humid air.32 

Generally, very little residue remains after 
the combustion of BC smoke compositions. In 
many instances, particularly with faster burning 
grenades, the post-test cans are almost empty 
with just a small layer of residue remaining on 
the inner walls and around the vent holes. In the 
BC system, the amount of combustion residue 
(unaerosolized material) varies as KCl content 
changes—this material is a diluent and controls 
exothermicity.29 However, all of the com-
positions described here contain the same amount 
of KCl and otherwise differ only slightly. Small 
changes in boron carbide particle size and 
calcium stearate content do not cause a 
discernible change in the amount of residue left 
by small unconfined pellets (see appended 
description). Yet, the yield factors (and FMm) for 
the prototype grenades in Figures 4 and 5 are 
distinctly different. Differences in aerosolization 
efficiency appear to be responsible for this 
phenomenon. Faster burning compositions 
develop greater pressure within the grenade can 
causing material to be ejected and aerosolized 
more effectively. Although, additional experi-
ments involving variations in the size and

 
 
 
Table 4. Visible obscuration data for experimental and production grenades. a) 

Entry b) Grenade 
Type c) Dust-Reducing Binder Y αm (m2/g) d) FMm (m2/g) d) 

1 BC (24.0 s) none 0.82 3.50 2.85 
2 BC (49.0 s) none 0.76 3.42 2.58 
3 BC (72.0 s) none 0.64 3.55 2.28 
4 BC (73.5 s) polyacrylate elastomer 0.53 3.88 2.07 
5 BC (29.5 s) nitrocellulose (NC) 0.74 3.54 2.62 
6 BC (41.0 s) polyvinyl alcohol (PVA) 0.63 3.57 2.24 
7 BC (51.0 s) polyvinyl acetate (PVAc) 0.75 3.50 2.64 
8 BC (51.0 s) epoxy 0.69 3.55 2.44 
9 M83 TA 0.30 4.80 1.44 

10 AN-M8 HC   1.26 e) 2.36 2.97 
a) Average values. b) Entries correspond to those in Table 3. c) Average burning times for experimental grenades 
listed in parentheses. d) Photopic values. e) Determined at 25.0 °C, 32% relative humidity.
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number of vent holes would be needed to verify 
this hypothesis conclusively. 

In field tests of the prototype grenades, the 
visual characteristics of the smoke clouds were 
primarily influenced by burning time (as 
described above) and variations in the total 
amount and thickness of the smoke were difficult 
to distinguish with confidence. Nonetheless, it is 
important to know whether the wet binder 
systems affect αm, Y, and FMm. Tabular visible 
obscuration data for the grenades in Table 3 and 
Figures 4 and 5 are given in Table 4. The entries 
in Table 4 correspond to those in Table 3. (The 
compositions containing dust-reducing binders, 
entries 4-8, are derivatives of the dry composition 
in entry 2.) At the 2 wt% level, it would not be 
likely for any binder to cause substantial changes 
in the nature of the aerosol. This is indeed the 
case, as αm varied by only 13%. Yield factors 
varied by over 40% with polyacrylate elastomer 
giving a low value (0.53) and NC and PVAc 
giving values comparable to the parent dry 
composition (0.74, 0.75, 0.76, respectively). 
Intermediate values were determined for the 
others. The best performing prototypes, 
according to FMm, were therefore the ones with 
the greatest yield factors. Of these, the PVAc 
variant had the greatest measured FMm value 
(compared to entry 2). Since this dust-reducing 
binder also did not affect grenade burning time, it 
is most appropriate for use in future prototyping. 

Although FMm is a mass- and composition-
based metric, it may be used for grenade-to-
grenade comparison provided the amount of 
smoke composition in each grenade is the same. 
(The influence of burning time must also be 
considered, as previously discussed.) The BC 
prototypes and the M83 TA grenade all contain 
350 g of smoke composition. Therefore, 
prototypes with comparable burning times, such 
as entries 2 and 7 in Tables 3 and 4, provide 
almost twice the obscuration performance of one 
M83 TA grenade. These prototypes would also 
be comparable to a smoke grenade containing 

350 g of HC composition on a dry day. Before 
production ended, AN-M8 grenades were loaded 
with a greater mass of HC composition due to the 
high density of the main components, 
hexachloroethane and zinc oxide. This makes one 
AN-M8 HC grenade functionally equivalent to 
about three M83 TA grenades, and the 
performance of the former further improves with 
increasing humidity. Nevertheless, the weight 
savings provided by lighter smoke grenades, 
containing no more than 350 g of smoke 
composition, is beneficial. In comparison to the 
M83 TA smoke grenade, BC prototypes deliver 
substantially improved obscuration performance 
without any increase in grenade weight or size. 
 
CONCLUSIONS 
 
In conclusion, a multitude of favorable 
characteristics make BC smoke compositions 
promising candidates for use in future U.S. Army 
smoke grenades and other smoke munitions. In 
field and smoke chamber tests, the best prototype 
BC smoke grenades greatly outperformed the 
U.S. Army M83 TA smoke grenade. BC 
compositions do not contain hazardous materials 
and may be tuned to give a wide range of burning 
rates. Granulating the compositions with 2 wt% 
PVAc reduces dust and does not adversely affect 
grenade burning time or visible obscuration 
performance. Unlike some other binder systems 
that require organic solvents, PVAc may be 
applied as an aqueous emulsion. The BC system 
is the subject of continuing research and 
development. Future work will include studies to 
determine the effect of varying PVAc content, 
chemical characterization of the aerosol, and an 
inhalation toxicity assessment. 
 
NOTE 

This document has been approved by the U.S. 
Government for public release; distribution is 
unlimited. 
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ARDEC, Armament Research Development and 
Engineering Center 

BC, boron carbide-based smoke composition 

ECBC, Edgewood Chemical Biological Center 

HC, hexachloroethane-based smoke composition 

NC, nitrocellulose 

PTFE, polytetrafluoroethylene 

PVA, polyvinyl alcohol 

PVAc, polyvinyl acetate 

RDECOM, Research, Development and 
Engineering Command 

TA, terephthalic acid-based smoke composition 

wt%, weight percentage 
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Burning Rate Plots 

 
Figure A1. Burning rates (cm/s) for the grenades 
in Figure 2. Alfa Aesar B4C (black x); AEE 1500 
grit B4C (red circles); AEE 1200 grit B4C (green 
diamonds); AEE 800 grit B4C (blue triangles). 
 

 
Figure A2. Burning rates (g/s) for the grenades 
in Figures 2 and A1.

 
 
Residue Determination Experiments 

Two dry compositions were prepared for small 
pellet residue tests. The first, a fast-burning 
composition, contained a 13/61/25/1 ratio of 
B4C/KNO3/KCl/calcium stearate (with Alfa 
Aesar B4C). The second, a slow-burning 
composition, contained a 13/59/25/3 ratio of 
these components (with AEE 1200 grit B4C). 
Full-size grenades containing these compositions 
burned for 24 and 72 seconds, respectively, see 
Tables A2 and A3. Small cylindrical pellets (1.8 
g, 1.27 cm diameter) were prepared by pressing 
compositions at 445 kg force (34.5 MPa). The 
test container consisted of an insulating ceramic 
fiber disk placed inside a steel cup (1.27 cm tall, 
2.22 cm diameter). Each pellet was placed on the 
insulating disk in this cup and then ignited with 
an electrically heated nichrome wire. The 
combustion residue as a percentage of original 
pellet mass was determined by weighing the cups 
before and after combustion. For each 
composition, ten pellets were tested and the 
results were averaged. The fast- and slow-
burning pellets burned for 5-6 and 12-15 s, 
respectively. The fast-burning pellets left 13.1 
(2.7) percent residue and the slow-burning pellets 
left 13.5 (4.3) percent residue (standard 
deviations in parentheses). 
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Description of Smoke Figures of Merit and 
Measurement Technique 

Table A1. Smoke measurement variables, 
definitions, and units. 
Variable Definition Units 

T transmittance, I/I0  
L path length m 
V cloud or chamber volume m3 
c concentration g/m3 
αm mass-based extinction coefficient m2/g 
FMm mass-based composition figure 

of merit 
m2/g 

FMv volume-based composition 
figure of merit 

m2/cm3 

FMmd mass-based device figure of 
merit 

m2/g 

FMvd volume-based device figure of 
merit 

m2/cm3 

ma mass of aerosol g 
mc mass of composition g 
md mass of device g 
vc volume of composition cm3 
vd volume of device cm3 
ρc density of composition, mc/vc g/cm3 
Y composition yield factor, ma/mc  
Fm mass fill fraction, mc/md  
Fv volume fill fraction, vc/vd  

 
Visual screening smokes may be quantitatively 
assessed in a suitably-sized aerosol chamber. In a 
typical experiment, the total attenuation of visible 
light from both scattering and absorption is 
measured by determining transmittance (T ), the 
ratio of transmitted light intensity (I ) to that of 
the incident beam (I0). The Beer-Lambert law 
(equation 1) relates T to the aerosol concentra-
tion (c), the path length the light travels through 
(L), and the extinction coefficient (α). 
 

 

 
 

The extinction coefficient, which is 
independent of concentration and path length, 
determines the effectiveness of an aerosol as an 
obscurant [A1]. The units of α are such that the 
term cLα (the optical depth) is dimensionless. 
Therefore, when L is measured in meters and c is 
defined as the mass of aerosol particles divided 
by the volume of the chamber (g/m3), the units of 
α are m2/g. This is a mass-based extinction 
coefficient (αm). Rearranging the terms and 
substituting ma/V for c, where ma is the aerosol 
mass and V is the chamber volume, gives 
equation 2. 
 

 

 
Since αm is only a characteristic of the 

aerosol, it does not account for the properties of 
the initial smoke-producing material. Two 
practical factors, unaccounted for by αm, are the 
composition/device efficiency and whether or not 
the volatilized materials absorb atmospheric 
constituents. Various figures of merit have been 
used to account for these factors with the goal of 
quantifying actual smoke composition per-
formance. In 1968, Lane and co-workers 
described “total obscuring power” (TOP) which 
was intended to represent the area in square feet 
that could be obscured by a pound of smoke 
composition. This figure of merit incorporated a 
factor to account for the “discrimination 
capability of the human eye” [A2]. A figure of 
merit more closely related to the Beer-Lambert 
law may be obtained by multiplying αm by the 
yield factor (Y ). Here, Y is the ratio of aerosol 
mass (ma) to the mass of initial composition (mc). 
Equation 3 shows how the resulting mass-based 
figure of merit, FMm, is related to the initial 
smoke composition mass. Like αm, the units of 
FMm are m2/g. 
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If all the smoke from the composition is 

kept in the chamber, the technique is greatly 
simplified as only T must be measured to 
determine FMm (V, L, and mc are known). In 
practice, the cloud generated by just one smoke 
grenade is too thick even for large smoke 
chambers and smoke must be partially vented to 
obtain a reasonable measurement of T (usually in 
the 0.1-0.5 range). In this case, aerosol sampling 
to determine ma must be performed before and 
after the venting step. The first determination is 
used to calculate Y. The second is used to 
calculate αm at the time of optical measurement. 
These two values are then multiplied to give FMm 
(as shown in equation 3). It is assumed that the 
aerosol does not change during the process. Even 
if it is possible to determine FMm without 
chamber venting and aerosol sampling, αm and Y 
are still quite informative. A yield factor greater 
than unity indicates with certainty that the smoke 
has absorbed mass from the air (usually water). 

In actual devices, the amount of smoke 
composition is often limited by the device 
volume. Thus, for different compositions with 
comparable FMm values, the one with greater 
density is preferable provided a heavier device is 
acceptable. A volume-based figure of merit that 
accounts for this is obtained by multiplying FMm 
by the composition density (ρc, g/cm3). The units 
of FMv are m2/cm3 (equation 4). This figure of 
merit, which is related to the initial volume of 
smoke composition (vc), has been used since the 
1980s if not earlier [A3,A4]. 
 
 
 

 
 

 

 
Figures of merit suitable for direct device-

to-device comparison are obtained by incor-
porating fill fractions, Fm or Fv, the ratio of 
composition mass or volume to that of the device 
[A5]. Multiplying FMm or FMv by Fm or Fv, 
respectively, gives device-based figures of merit 
that are related to the total device mass or volume 
(equations 5 and 6). 
 
 

 

 
 

 

 
 

A broadband light source (tungsten-
halogen bulb or xenon arc lamp) combined with a 
spectrometer as the detector is the most flexible 
experimental setup. Measurements of T may be 
obtained at specific wavelengths, averaged across 
the visible spectrum, or weighted to the photopic 
response of the human eye [A6]. Any reported α 
or FM value should therefore be accompanied by 
the wavelength, wavelength range, or weighting 
operation that was used to calculate it. 
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The behavior of many pyrotechnic smoke 
compositions depends on device configuration, 
although some are less configuration-sensitive 
than others. Information about the test containers 
and sample sizes should be noted. Additionally, 
performance (as determined by a figure of merit) 
can depend on humidity. Compositions that 
aerosolize hygroscopic compounds perform 
better as humidity and yield factor increase. In 
such cases, the extinction coefficient also varies, 
but not nearly as much as the yield factor does 
[A7,A8]. Yield factors for nonhygroscopic 
smokes are governed by aerosolization 
efficiency. 
 
[A1] Bohren, C. F.; Huffman, D. R. Absorption and 
Scattering of Light by Small Particles; Wiley-VCH: 
Weinheim, Germany, 2004; Section 3.4, pp 69-81. 
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 T
able A

2. D
ensity, burning tim

es, and burning rate data for dry com
positions. 

G
renade

 a) 
B

4 C
 Type 

C
alcium

 
Stearate 
(w

t%
) 

Pellet 
D

ensity 
(g/cm

3) 

Pellet 
%

TM
D

 b) 
B

urning 
Tim

e (s) 
B

urning 
R

ate (cm
/s) 

B
urning 

R
ate (g/s) 

PH
2-1-1 

A
lfa A

esar 
1 

1.520 
72.42 

23 
0.367 

15.217 
PH

2-1-2 
A

lfa A
esar 

1 
1.524 

72.60 
25 

0.337 
14.000 

PH
2-1-3 

A
lfa A

esar 
1 

1.521 
72.47 

24 
0.352 

14.583 
PH

2-1 A
verage 

1.523 
72.50 

24.0 
0.352 

14.600 
PH

2-2-1 
A

lfa A
esar 

2 
1.536 

73.91 
47 

0.178 
7.447 

PH
2-2-2 

A
lfa A

esar 
2 

1.531 
73.69 

47 
0.178 

7.447 
PH

2-2-3 
A

lfa A
esar 

2 
1.531 

73.67 
47 

0.178 
7.447 

PH
2-2 A

verage 
1.533 

73.76 
47.0 

0.178 
7.447 

PH
2-3-1 

A
lfa A

esar 
3 

1.540 
74.87 

61 
0.137 

5.738 
PH

2-3-2 
A

lfa A
esar 

3 
1.543 

75.01 
61 

0.136 
5.738 

PH
2-3-3 

A
lfa A

esar 
3 

1.548 
75.24 

61 
0.136 

5.738 
PH

2-3 A
verage 

1.544 
75.04 

61.0 
0.136 

5.738 
PH

2-4-1 
A

EE 1500 grit 
1 

1.510 
71.95 

26 
0.327 

13.462 
PH

2-4-2 
A

EE 1500 grit 
1 

1.520 
72.42 

25 
0.338 

14.000 
PH

2-4-3 
A

EE 1500 grit 
1 

1.511 
71.99 

26 
0.327 

13.462 
PH

2-4 A
verage 

1.514 
72.12 

25.7 
0.330 

13.641 
PH

2-5-1 
A

EE 1500 grit 
2 

1.531 
73.69 

49 
0.171 

7.143 
PH

2-5-2 
A

EE 1500 grit 
2 

1.534 
73.82 

49 
0.171 

7.143 
PH

2-5-3 
A

EE 1500 grit 
2 

1.529 
73.58 

49 
0.171 

7.143 
PH

2-5 A
verage 

1.531 
73.70 

49.0 
0.171 

7.143 
PH

2-6-1 
A

EE 1500 grit 
3 

1.537 
74.71 

64 
0.130 

5.469 
PH

2-6-2 
A

EE 1500 grit 
3 

1.531 
74.42 

65 
0.129 

5.385 
PH

2-6-3 
A

EE 1500 grit 
3 

1.531 
74.42 

65 
0.129 

5.385 
PH

2-6 A
verage 

1.533 
74.52 

64.7 
0.129 

5.413 
a) G

renades contained 13 w
t%

 B
4 C

, 25 w
t%

 K
C

l, 1-3 w
t%

 calcium
 stearate, and 59-61 w

t%
 K

N
O

3  such that the total w
as 

100 w
t%

. b) D
ensity as a percentage of theoretical m

axim
um

. 
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 T
able A

3. D
ensity, burning tim

es, and burning rate data for dry com
positions. 

G
renade

 a) 
B

4 C
 Type 

C
alcium

 
Stearate 
(w

t%
) 

Pellet 
D

ensity 
(g/cm

3) 

Pellet 
%

TM
D

 b) 
B

urning 
Tim

e (s) 
B

urning 
R

ate (cm
/s) 

B
urning 

R
ate (g/s) 

PH
2-7-1 

A
EE 1200 grit 

1 
1.513 

72.08 
40 

0.212 
8.750 

PH
2-7-2 

A
EE 1200 grit 

1 
1.517 

72.25 
41 

0.206 
8.537 

PH
2-7-3 

A
EE 1200 grit 

1 
1.512 

72.06 
41 

0.207 
8.537 

PH
2-7 A

verage 
1.514 

72.13 
40.7 

0.208 
8.608 

PH
2-8-1 

A
EE 1200 grit 

2 
1.522 

73.27 
60 

0.141 
5.833 

PH
2-8-2 

A
EE 1200 grit 

2 
1.515 

72.92 
60 

0.141 
5.833 

PH
2-8-3 

A
EE 1200 grit 

2 
1.523 

73.31 
59 

0.143 
5.932 

PH
2-8 A

verage 
1.520 

73.16 
59.7 

0.141 
5.866 

PH
2-9-1 

A
EE 1200 grit 

3 
1.536 

74.67 
71 

0.118 
4.930 

PH
2-9-2 

A
EE 1200 grit 

3 
1.533 

74.51 
73 

0.115 
4.795 

PH
2-9-3 

A
EE 1200 grit 

3 
1.528 

74.26 
72 

0.117 
4.861 

PH
2-9 A

verage 
1.532 

74.48 
72.0 

0.116 
4.862 

PH
2-10-1 

A
EE 800 grit 

1 
1.474 

70.21 
85 

0.102 
4.118 

PH
2-10-2 

A
EE 800 grit 

1 
1.471 

70.06 
85 

0.103 
4.118 

PH
2-10-3 

A
EE 800 grit 

1 
1.469 

69.96 
85 

0.103 
4.118 

PH
2-10 A

verage 
1.471 

70.08 
85.0 

0.103 
4.118 

PH
2-11-1 

A
EE 800 grit 

2 
1.496 

71.99 
94 

0.091 
3.723 

PH
2-11-2 

A
EE 800 grit 

2 
1.485 

71.46 
93 

0.093 
3.763 

PH
2-11-3 

A
EE 800 grit 

2 
1.499 

72.14 
94 

0.091 
3.723 

PH
2-11 A

verage 
1.493 

71.86 
93.7 

0.092 
3.737 

PH
2-12-1 

A
EE 800 grit 

3 
1.495 

72.68 
102 

0.084 
3.431 

PH
2-12-2 

A
EE 800 grit 

3 
1.507 

73.26 
102 

0.083 
3.431 

PH
2-12-3 

A
EE 800 grit 

3 
1.507 

73.24 
96 

0.089 
3.646 

PH
2-12 A

verage 
1.503 

73.06 
100.0 

0.085 
3.503 

a) G
renades contained 13 w

t%
 B

4 C
, 25 w

t%
 K

C
l, 1-3 w

t%
 calcium

 stearate, and 59-61 w
t%

 K
N

O
3  such that the total w

as 
100 w

t%
. b) D

ensity as a percentage of theoretical m
axim

um
. 
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 T
able A

4. D
ensity, burning tim

es, and burning rate data for com
positions containing dust-reducing binders. 

G
renade

 a) 
B

inder System
 

B
4 C

 Type 
Pellet 

D
ensity 

(g/cm
3) 

Pellet 
%

TM
D

 b) 
B

urning 
Tim

e (s) 
B

urning 
R

ate (cm
/s) 

B
urning 

R
ate (g/s) 

PH
3-1-1 

polyacrylate elastom
er 

A
EE 1500 grit 

1.571 
76.98 

74 
0.110 

4.730 
PH

3-1-2 
polyacrylate elastom

er 
A

EE 1500 grit 
1.581 

77.44 
73 

0.111 
4.795 

PH
3-1 A

verage 
1.576 

77.21 
73.5 

0.111 
4.762 

PH
3-2-1 

nitrocellulose (N
C

) 
A

EE 1500 grit 
1.566 

76.52 
29 

0.283 
12.069 

PH
3-2-2 

nitrocellulose (N
C

) 
A

EE 1500 grit 
1.564 

76.43 
30 

0.273 
11.667 

PH
3-2 A

verage 
1.565 

76.47 
29.5 

0.278 
11.868 

PH
3-3-1 

polyvinyl alcohol (PV
A

) 
A

EE 1500 grit 
1.450 

70.83 
41 

0.216 
8.537 

PH
3-3-2 

polyvinyl alcohol (PV
A

) 
A

EE 1500 grit 
1.447 

70.69 
41 

0.216 
8.537 

PH
3-3 A

verage 
1.449 

70.76 
41.0 

0.216 
8.537 

PH
3-4-1 

polyvinyl acetate (PV
A

c) 
A

EE 1500 grit 
1.412 

68.97 
51 

0.178 
6.863 

PH
3-4-2 

polyvinyl acetate (PV
A

c) 
A

EE 1500 grit 
1.421 

69.42 
51 

0.177 
6.863 

PH
3-4 A

verage 
1.417 

69.20 
51.0 

0.178 
6.863 

PH
3-5-1 

epoxy 
A

EE 1500 grit 
1.661 

81.32 
51 

0.152 
6.863 

PH
3-5-2 

epoxy 
A

EE 1500 grit 
1.659 

81.24 
51 

0.152 
6.863 

PH
3-5 A

verage 
1.660 

81.28 
51.0 

0.152 
6.863 

a) G
renades contained 13 w

t%
 B

4 C
 (A

EE 1500 grit), 58 w
t%

 K
N

O
3 , 25 w

t%
 K

C
l, 2 w

t%
 calcium

 stearate, and 2 w
t%

 binder solids. 
b) D

ensity as a percentage of theoretical m
axim

um
. 

   N
otes for Tables A5b and A6b: 

A
 sim

ple average of T over the visible spectrum
 w

as used to calculate α
m  and FM

m  designated 380-780 nm
. 

T at 555 nm
 w

as used to calculate α
m  and FM

m  designated 555 nm
. 

T that w
as w

eighted to the photopic response of the hum
an eye w

as used calculate α
m  and FM

m  designated photopic. 
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 T
able A

5a. D
etails and burning tim

es for dry com
position grenades used for 

sm
oke cham

ber testing.  

G
renade Type

 a) 
B

4 C
 Type 

C
alcium

 Stearate 
(w

t%
) 

A
verage B

urning 
Tim

e (s)  b) 
PH

4-1E / PH
2-1 

A
lfa A

esar 
1 

24.0 
PH

4-2E / PH
2-5 

A
EE 1500 grit 

2 
49.0 

PH
4-3E / PH

2-9 
A

EE 1200 grit 
3 

72.0 
a) G

renades contained 13 w
t%

 B
4 C

, 25 w
t%

 K
C

l, 1-3 w
t%

 calcium
 stearate, and 59-61 

w
t%

 K
N

O
3  such that the total w

as 100 w
t%

. b) From
 Tables A

2 and A
3. 

  T
able A

5b. Sm
oke cham

ber data for reference/control grenades and experim
ental grenades containing dry com

positions. 

G
renade

 a) 
T (°C

) 
R

H
 (%

)  b) 
Y 

α
m  (m

2/g) 
380-780 nm

 
α

m  (m
2/g) 

555 nm
 

α
m  (m

2/g) 
photopic 

FM
m  (m

2/g) 
380-780 nm

 
FM

m  (m
2/g) 

555 nm
 

FM
m  (m

2/g) 
photopic 

A
N

-M
8 H

C
 c) 

25.0 
32 

1.26 
2.42 

2.36 
2.36 

3.04 
2.97 

2.97 
M

83 TA
 c) 

21.7 
61 

0.30 
4.74 

4.85 
4.80 

1.42 
1.46 

1.44 
PH

4-1E-1 
23.7 

38 
0.793 

3.25 
3.41 

3.38 
2.57 

2.71 
2.68 

PH
4-1E-2 

23.1 
45 

0.829 
3.44 

3.64 
3.61 

2.85 
3.02 

2.99 
PH

4-1E-3 
23.1 

45 
0.824 

3.35 
3.54 

3.50 
2.76 

2.91 
2.89 

PH
4-1E

 A
verage 

23.3 
42.7 

0.815 
3.35 

3.53 
3.50 

2.73 
2.88 

2.85 
PH

4-2E-1 
23.9 

38 
0.767 

3.30 
3.49 

3.46 
2.53 

2.68 
2.65 

PH
4-2E-2 

23.9 
38 

0.749 
3.23 

3.42 
3.38 

2.42 
2.56 

2.53 
PH

4-2E-3 
23.9 

38 
0.751 

3.23 
3.45 

3.41 
2.43 

2.59 
2.56 

PH
4-2E

 A
verage 

23.9 
38.0 

0.756 
3.25 

3.45 
3.42 

2.46 
2.61 

2.58 
PH

4-3E-1 
24.1 

41 
0.627 

3.36 
3.55 

3.51 
2.11 

2.22 
2.20 

PH
4-3E-2 

23.5 
48 

0.649 
3.37 

3.57 
3.53 

2.19 
2.31 

2.29 
PH

4-3E-3 
23.9 

41 
0.654 

3.43 
3.63 

3.60 
2.24 

2.38 
2.35 

PH
4-3E

 A
verage 

23.8 
43.3 

0.643 
3.39 

3.58 
3.55 

2.18 
2.30 

2.28 
a) See Table A

5a for experim
ental grenade descriptions and burning tim

es. b) R
elative hum

idity. c) M
anufactured at Pine B

luff A
rsenal. 
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 T
able A

6a. G
renades containing com

positions w
ith dust-reducing binders. 

G
renade Type

 a) 
B

inder System
 

Solvent 
A

verage B
urning 

Tim
e (s)  b) 

PH
3-1 

polyacrylate elastom
er 

acetone 
73.5 

PH
3-2 

nitrocellulose (N
C

) 
acetone 

29.5 
PH

3-3 
polyvinyl alcohol (PV

A
) 

w
ater  c) 

41.0 
PH

3-4 
polyvinyl acetate (PV

A
c) 

w
ater  d) 

51.0 
PH

3-5 
epoxy 

none 
51.0 

a) G
renades contained 13 w

t%
 B

4 C
 (A

EE 1500 grit), 58 w
t%

 K
N

O
3 , 25 w

t%
 K

C
l, 2 w

t%
 calcium

 
stearate, and 2 w

t%
 binder solids. b) From

 Table A
4. c) 9 w

t%
 solution. d) 34.5 w

t%
 em

ulsion. 
 T

able A
6b. Sm

oke cham
ber data for com

positions w
ith dust-reducing binders. 

G
renade

 a) 
T (°C

) 
R

H
 (%

)  b) 
Y 

α
m  (m

2/g) 
380-780 nm

 
α

m  (m
2/g) 

555 nm
 

α
m  (m

2/g) 
photopic 

FM
m  (m

2/g) 
380-780 nm

 
FM

m  (m
2/g) 

555 nm
 

FM
m  (m

2/g) 
photopic 

PH
3-1-3 

23.1 
36 

0.512 
3.51 

3.74 
3.70 

1.80 
1.92 

1.89 
PH

3-1-4 
23.9 

41 
0.554 

3.78 
4.10 

4.05 
2.09 

2.27 
2.24 

PH
3-1 A

verage 
23.5 

38.5 
0.533 

3.65 
3.92 

3.88 
1.95 

2.10 
2.07 

PH
3-2-3 

23.9 
41 

0.749 
3.41 

3.61 
3.57 

2.56 
2.71 

2.68 
PH

3-2-4 
23.1 

36 
0.730 

3.34 
3.55 

3.51 
2.44 

2.59 
2.56 

PH
3-2 A

verage 
23.5 

38.5 
0.740 

3.38 
3.58 

3.54 
2.50 

2.65 
2.62 

PH
3-3-3 

22.9 
39 

0.621 
3.34 

3.55 
3.51 

2.07 
2.20 

2.18 
PH

3-3-4 
22.9 

39 
0.635 

3.44 
3.67 

3.63 
2.19 

2.33 
2.30 

PH
3-3 A

verage 
22.9 

39.0 
0.628 

3.39 
3.61 

3.57 
2.13 

2.27 
2.24 

PH
3-4-3 

22.4 
35 

0.746 
3.37 

3.60 
3.56 

2.51 
2.69 

2.66 
PH

3-4-4 
22.9 

39 
0.761 

3.28 
3.47 

3.44 
2.50 

2.64 
2.62 

PH
3-4 A

verage 
22.7 

37.0 
0.754 

3.33 
3.54 

3.50 
2.51 

2.67 
2.64 

PH
3-5-3 

22.4 
35 

0.704 
3.40 

3.64 
3.59 

2.39 
2.56 

2.53 
PH

3-5-4 
22.4 

35 
0.668 

3.32 
3.55 

3.51 
2.22 

2.50 
2.35 

PH
3-5 A

verage 
22.4 

35.0 
0.686 

3.36 
3.60 

3.55 
2.31 

2.53 
2.44 

a) See Table A
6a for grenade descriptions and burning tim

es. b) R
elative hum

idity. 
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Modified Nanocomposite Thermite Formulations

G. Srinivas, B. J. Clapsaddle, R. D. Bolskar
TDA Research, Inc., 12345 W. 52nd Avenue, Wheat Ridge, CO 80033, USA

ABSTRACT

TDA Research, Inc. (TDA) has developed novel technologies for the modification of nanoparticles that
have proved useful in the field of energetic materials. TDA has used these methods to tailor the energetic
and physical properties of thermite nanocomposites. Two different types of novel thermite materials,
Type I and Type II thermites were made and their energetic properties were compared (in small scale
sensitivity and burn rate tests) to non-modified thermite mixtures of similar compositions. Two types of
thermites were prepared for two different compositions, Al0 + Fe2O3 and Al0 + CuO. When compared to
thermite materials prepared by traditional methods, both compositions displayed the same energetic
trends in burning rates: Type I materials had slower burn rates than the control, while Type II materials
burned faster than the control. This study demonstrated proof-of-concept for altering the energetic
properties of nanothermites through the chemical modification of component nanoparticles.

Introduction

TDA Research, Inc. (TDA) has devel-
oped novel technologies for the modification of
nanoparticles and applied them to the field of
energetic materials. By modifying energetically
useful nanoparticle compositions, we have
demonstrated the ability to tailor the energetic
and physical properties of thermite nano-
composites.

The two components of an energetic
composite mixture are a fuel and an oxidizer,
both of which must be present to undergo an
energetic reaction. In these mixtures (e.g., black
powder, thermite, etc.) the fuel and oxidizer are
individual particles that must overcome mass
transport limitations in order to react and release
their energy. An explosive (e.g., TNT, RDX,
CL-20, etc.), in contrast, is a monomolecular
compound in which the fuel and the oxidizer are
present in the same molecule. Traditionally,
monomolecular materials have high reaction
rates (i.e., small mass transport distances), but
are not as energy dense as composite mixtures.
Composite materials have higher energy
densities, but slow reaction rates due to poor
mass transport between the relatively large (μm)
fuel and oxidizer grains. Nano-energetic
composites potentially have the advantages of

both types of energetic materials. Finely
dispersed nanoparticle fuel/oxidizer mixtures
result in small mass transport distances (10-8-10-9

m for nanocomposites vs. 10-6 m for
conventional materials), thus nanocomposites
can potentially have the energy density of a
composite, but an energy release (reaction) rate
approaching that of a monomolecular material.

The fuel of choice for these
nanoenergetic materials has generally been
nanoparticulate aluminum (Al0), which is used
in pyrotechnics, propellants, and thermobarics,
to name a few. As a result, the production of Al0

nanoparticles has become a mature technology,
and particles from 10–100 nm in diameter are
readily available. One drawback to the use of Al
as an energetic material, however, especially in
nanoenergetic applications, is the presence of a
passivating Al2O3 oxide layer [1]. All Al0

particles have a high melting point, unreactive
aluminum oxide shell (Al2O3) that surrounds the
particle and passivates the native metal, thus
inhibiting its reactivity and often causing
incomplete reaction of the Al0. This inactive
passivation layer is even more pronounced in
nano-Al0 particles since the thickness of the
passivating layer is roughly constant, even as the
diameter of the particle decreases. Thus, as the
particle becomes smaller, the ratio of reactive
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Al0 to unreactive Al2O3 in nanoparticles gets
(much) worse (Figure 1).

Fundamentally, the major problem
associated aluminum nanoparticles (and indeed
with all types of metallized energetic
formulations) is the incomplete recovery of the
energy potential of the fuel. For aluminum the
two primary causes are incomplete Al
combustion and excessive Al oxidation prior to
combustion, both caused by the inherent oxide
layer or the oxidation and passivation of the
fresh surface of the particle as the reaction
proceeds. Since an unreactive Al2O3 passivation
layer is inherent to any size aluminum particle, it
makes sense to try and utilize it for making the
Al0 more reactive and/or energetic. This could
potentially be accomplished by chemically
modifying the Al2O3 layer with organic
compounds. Most importantly, modifying the
oxide layer will have no effect on the size or
activity of the Al0 at the center of the particle.

We set out to chemically modify the Al-
oxide layer of Al-nanoparticles in order to alter
the energetic properties of the Al-nanoparticles
and energetic formulations that they were
incorporated into. By chemically modifying the
Al-nanoparticle, the inherent oxide passivation
layer can be utilized to favorably alter and/or
tailor the properties of the energetic materials for
specific applications, such as potentially
increasing the overall reactivity of the Al-
nanoparticle, lowering ignition temperatures,
inducing more thorough combustion (complete
release of the particles’ energy), or increasing
the burn rate of the Al-nanoparticles. Other uses
for chemically modifying Al-nanoparticles
include compatibilizing the nanoparticles with
various energetic matrices and blends or
desensitizing the energetic material for use in
insensitive munitions (IM). Finally, although
most of the effort has been finding ways to
either accelerate the combustion rate or make it
go further towards completion, there are also
uses for additives that can slow down the
reaction when they are used in small quantities.

The objective of this work was to
develop the chemistry necessary to modify the
energetic nanoparticles (with a focus on Al-

nanoparticles). We formulated modified
thermite mixtures and tested them to determine
how the modifications changed the energetic
performance of the thermite. Two types of
modified thermite mixtures were developed and
evaluated at both TDA and Alliant Techsystems,
Inc. (ATK). The physical and burn rate
properties of the materials we have synthesized
are described briefly in the sections below.

Experimental

All syntheses were carried out using
standard synthetic methods and equipment. Al-
nanoparticles were obtained from SkySprings
Nanomaterials, Inc. (Houston, TX), their
average diameter was 80 nm, and they contained
60-70 wt% active Al-metal. Metal oxide
nanoparticles (Fe2O3, CuO, Bi2O3) were
obtained from Sigma-Aldrich and were also
used as received; their particle sizes were 30 nm.
Modification agents used in preparation of TDA
Type I and Type II materials were commercially
obtained and used as received.

All of the modified nanoparticles, Al0

and/or metal oxide, were first characterized by
thermogravimetric analysis (TGA). The TGA
data was then used to calculate the compositions
by weight of modification agent on the metal
oxide nanoparticles and oxides that comprise the
Al-nanoparticles. Using the compositions deter-
mined from TGA, energetic mixtures were
prepared in a manner such that the necessary

Figure 1.  Depiction of the decreasing Al0/
Al2O3 ratio as particle size decreases (~10x).

μm-Al0

Al2O3

nm-Al0

μm-Al0

Al2O3

nm-Al0
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stoichiometric amounts of active Al0 and metal
oxide were present in the thermite mixtures [2].

Energetic characterizations were
performed by ATK at their Aerospace Division
facility (Promontory, Utah). The energetic
characterizations included basic sensitivity
testing, (friction, impact, electrostatic discharge
(ESD), and bulk ESD testing) and burn rate
measurements. Burn rate measurements were
performed in a standard “open” configuration
(trough tests) at ambient pressures using a tough
12 inches long with a trail of thermite powder
approximately ¼ inch wide/deep; the total
amount of thermite powder used in each test was
1 gram. A high speed video camera interfaced
with a computer was used for data analysis.
Each reported value is an average of 3
measurements with the reported standard
deviation. The modified samples were
compared with the controls to characterize how
our modifications altered the energetic
properties of the final formulations.

Results

The novel Type I and Type II
nanocomposites were characterized and tested
by several methods, including physical charac-
terizations (N2(g) absorption/desorption measure-
ments, low-angle X-ray powder diffraction
analyses, thermogravimetric analyses (TGA),
infrared spectroscopic analyses and density
measurements), unconfined electrostatic dis-
charge (ESD) sensitivity tests, bulk ESD sen-
sitivity tests, friction sensitivity tests, impact
tests, and linear burn rate tests.

For the Type I Al0/Fe2O3 nano-
composites, N2(g) absorption/desorption
isotherms showed hysteresis, indicating the
formation of mesopores upon modification.
Low-angle XRD shows large d-spacing (2θ <
2°), indicating large ordered planes upon
modification. Similar characterization results
were observed for the Al0/CuO Type I
nanocomposite materials. With the Type II
materials, Al0-nanoparticle powders were
functionally modified, as was confirmed by
FTIR spectroscopy and TGA.  TGA also

established that the Type I and II materials
incorporate up to several weight % of the
energetic modification(s).

Density measurements on the Type I
nanocomposites revealed them to be more dense
than traditional thermites.  This was found to be
true for nanothermites prepared with both Fe2O3

and CuO.  Packed powder density measurements
(illustrated in the photographs shown in Figure
2) showed that the modified Al/Fe2O3 Type I
nanothermite had a density of 0.73 g/cm3, while
the (unmodified) Al/Fe2O3 control material had a
density of 0.43 g/ cm3.  The modified Al/CuO
Type I nanothermite had a density of 0.72 g/cm3,
while the (unmodified) Al/CuO control material
had a density of 0.65 g/ cm3.  Thus, the Type I
Al/Fe2O3 nanocomposite thermite is 41% more
dense than a traditional thermite powder with a
comparable composition; another way to state
this is that is takes up only 59% of the space of a
traditional thermite powder. The Type I Al/CuO
thermite prepared by the same method is also
10% more dense than a traditional, physically
mixed thermite powder.

Comparative unconfined electrostatic
discharge (ESD) sensitivity tests were conducted
on Type I and Type II nanocomposite materials
and control materials, all with CuO. In these
qualitative tests, 100 mg (0.1 g) of each of the
three types of Al/CuO thermite was placed
unconfined on a flat plate and covered loosely
with an aluminum pan. Each thermite was
ignited using an 8J ESD charge and the damage

Figure 2.  (Left) Difference in densities of
Type I Al/Fe2O3 nanocomposites and the con-
trol.  (Right) Difference in densities of Type I

Al/CuO nanocomposites and the control.
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to the pan was then assessed (Figure 3). The
damage to the three pans during these tests
illustrates the difference in reactivity of the three
nanocomposites (Type I, Type II, control). The
pans for the Type I and control showed burn
residue and a large deformation of the pan. The
Type II thermite, however, reacted violently
enough to punch a hole through the pan, even
though this was an unconfined burn.
Comparison of the Type II thermite to the other
two samples (Type I and control) clearly
indicates a difference in reactivity and rate of
energy release of the modified thermites.

Further energetic characterization of the
Type I and Type II nanocomposite materials was
conducted in comparison to control thermites.
The results of the energetic testing of our
various thermite materials are described below;
the Type I nanothermites reacted less quickly
than the control samples, while the burn rates of
the Type II nanothermites were consistently
faster than the control.

ABL impact tests, ABL friction
sensitivity tests, and Bulk ESD sensitivity tests
on our materials were conducted first; the
resulting data are summarized in Table 1.

The small-scale sensitivity data was as expected
for typical nanothermite compositions.  The
materials are all very sensitive to friction and to
ESD.  The Type I materials were slightly less
sensitive than the Type II and control materials.
Surprisingly, the impact sensitivity was found to
be quite low for all tested materials.

Linear burn rate tests then conducted on
Type I, Type II and control nanothermite
materials in collaboration with ATK; the
numerical results are compiled in Table 2.

We found that the modifications made
with the Type I and Type II materials greatly
affected the measured burn rates.  The burn rate
ordering was found to be Type II material >

Figure 3.  Photographs of the condition of metal pans placed over 100 mg of three types of
Al/CuO thermite powders, after the thermite was ignited by ESD (unconfined burn).

Table 1. Screening-level sensitivity test results data for nanothermites.

Material ABL Impact (cm) ABL Friction
(lb @ ft/s)

Bulk ESD
(≤ 0.004 J)

Type I Al/Fe2O3 > 80 <13 @ 3 Full Consumption

Type II Al/Fe2O3 > 80 < 10 @ 3 Full Consumption

Control Al/Fe2O3 > 80 < 10 @ 3 Full Consumption

Type I Al/CuO > 80 < 10 @ 3 Full Consumption

Type II Al/CuO > 80 < 10 @ 3 Full Consumption

Control Al/CuO > 80 < 10 @ 3 Full Consumption
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control material > Type I material for all
compositions. As expected, the Al/CuO
nanocomposite burn rates were much faster (by
an order of magnitude) than the corresponding
Al/Fe2O3 nanocomposites.

Included in Figure 4 are pictures from
the high-speed video (HSV) taken during the
burn rate measurement of the Al/CuO series of
thermite nanocomposites. The pictures were
taken from frames of the high-speed videos
taken and used to determine linear burn rates.
Each picture was taken 2.35 milliseconds after
ignition to demonstrate the differences in the
burn rates of the three types of Al/CuO thermite
nanocomposites. As can be seen, the Type I
Al/CuO thermite (52A) burn significantly slower
than the other two Al/CuO nanocomposites,
consistent with the measured burn rates in Table
2, while the Type II material (52B) is completely
consumed after 2.4 ms. The control thermite
(52C) is >90% consumed, which is expected
since its burn rate is closer in magnitude to the
fast burning Type II material than the slower
Type I material.

Discussion

Two different types of nanothermites
using modified Al0 nanoparticles were
investigated, Type I and Type II materials.  Each
type was independently formulated with Fe2O3

and CuO nanoparticles as the oxidizing
component. Physical, sensitivity and burn rate

tests were conducted on Type I, Type II and
control materials.

The higher density found for TDA’s
modified energetic materials is potentially of
great advantage for preparing energetic
mixtures, since munitions’ size and weight are
often limited for given applications. Though
these differences are not as pronounced in the
Al/CuO thermite as in the Al/Fe2O3 Type I
thermite materials, the increased density for the
Al/CuO materials is still an advantage for
thermite munitions. Due to the large difference
in density between the Type I and traditionally
mixed thermites, TDA’s Type I Al/Fe2O3

thermite potentially can provide the same energy
as traditional thermite powders in only ~60% of
the space, or provide 70% more energy in a

Figure 4. Comparisons of the burn rate tests
of typical Type I, Type II and control nano-

thermite materials; Al/CuO flame fronts after
2.35 ms, and the white dashed line indicates

the starting position.

Table 2. Linear burn rate data for the nanothermites.

Material Linear Burn Rate
(inches/sec)

Standard
Deviation

Type I Al/Fe2O3 152 13

Type II Al/Fe2O3 299 32

Control Al/Fe2O3 237 28

Type I Al/CuO 602 66

Type II Al/CuO 3018 366

Control Al/CuO 2193 201
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given munition.

The Type I and Type II nanocomposites
displayed the expected sensitivity to friction and
electrostatic discharge of nanocomposite ther-
mites, though Type I materials were slightly less
sensitive than Type II and control samples.
Though the bulk ESD tests did not demonstrate
differences in the thermite series to ESD, they
did qualitatively show that the modification to
the Type II thermite resulted in a material that
reacts more violently. Surprisingly, impact
sensitivity was lower than expected for these
novel nanocomposites.

The modifications had the greatest
impact on the burn rates of the materials. When
compared to non-modified, control thermite
materials prepared by traditional methods, Type
I and Type II materials had markedly different
linear burn-rate properties than the control
samples; Type I materials had slower burn rates
than the control, while Type II materials burned
faster than the control. For both thermite
compositions tested, the burn rates of the
materials decreased in the order Type II >
Control > Type I.  The greatest affect was noted
for the Al/CuO compositions, in which burn
rates were Type II 3018(366) inches/second,
control 2193(201) inches/second, and Type I

602(66) inches/second (standard deviation for
three measurements in parentheses) (see Figure
5).

TDA has successfully demonstrated that
energetic properties can be “tailored” (increased
or decreased) through modification of the
nanoparticles. To date, TDA has demonstrated
the intentional variability of burn rates in
thermites through novel nanoparticle
modification techniques; however, the potential
applications for these materials are limited only
by the type of nanoparticle modification
employed. Modified aluminum particles alone
(nano or micro) are potentially useful in
numerous energetic materials applications and
formulations. Examples of applications than can
potentially be improved through “tailored”
nanoparticle-compositions include pyrotechnics,
explosives, insensitive munitions, propellants,
and many others.

Summary

Two analogous sets of thermites were
characterized, Al/Fe2O3 and Al/CuO nanocom-
posite thermites; each set consisted of a Type I,
Type II, and control nanocomposite. Both sets
underwent small scale sensitivity testing

Figure 5. Comparison of burn rate data for the sets of Al/Fe2O3 and Al/CuO nanocomposite ther-
mites. In both cases the Type II formulations react faster than the control and the Type I form-
ulations react slower than the control (note the 10x difference in magnitude between the plots).

197



(impact, friction, ESD sensitivity) and burn rate
analysis.

Small scale sensitivity test results were
similar for both sets of the two thermite
compositions tested, with the only difference
being a slightly less friction sensitivity reported
for the Al/Fe2O3 Type I nanocomposites.
Though this slight difference in the Type I
Al/Fe2O3 friction sensitivity was noted, all of the
nanocomposites prepared and tested were
extremely sensitive to friction and ESD,
especially the Al/CuO nanocomposite thermites.
Surprisingly, even though the sensitivity to
friction and ESD were high for the two
compositions, the impact sensitivity of the two
sets of nanocomposites was quite low; this is
unique to these materials, since materials with
high friction and ESD sensitivity usually are also
sensitive to impact stimuli.

As expected, the Al/CuO thermite
mixtures were much more reactive than their
Al/Fe2O3 counterparts. Figure 6 compares the
burn rates for the analogous set of Al/Fe2O3 and
Al/CuO thermites; the burn rates for the Al/CuO
thermites are an order of magnitude higher than
those measured for the Al/Fe2O3 series. This is
not unexpected due to the overall higher energy
density for Al/CuO mixtures.

Though the Al/CuO thermite series was
overall more energetic, most important is the
difference in energetic properties observed for
the different types of nanocomposites.
Interestingly, the same trends in energetic
reactivity were observed between Type I, Type
II, and control nanocomposite thermite mixtures
for the two compositions.  For both
compositions, the Type II nanocomposites with
modified Al-nanoparticles showed statistically
higher burn rates than the control, non-
functionalized mixtures.  Similarly, the Type I
thermites showed a decrease in burn rate for
both compositions; the order of reactivity for the
three material types for both compositions was
observed to be Type II > control > Type I.

The data sets for the two series of
nanocomposites indicate that the Type II
modification appears to be the most reactive,
while the Type I modification renders the
thermite nanocomposites less reactive. Thus, we
have shown that we can use our chemical
modification techniques to either increase or
decrease the reactivity of nanocomposite
thermite mixtures, depending on the type of
derivatization we use. TDA was able to prepare
novel energetic nanocomposites, and more
importantly for our approach to the development
of energetic materials, demonstrate the variation
of energetic properties in materials based on the
type of modification chemistry employed and
the choice of modification compounds chosen.
Based on the results of small scale sensitivity
and burn rate energetic testing, we can start to
predict properties that may be enhanced or
suppressed by certain functionalization types,
though much more work and testing is needed to
better understand how the derivatization changes
the properties. In general, based on the results
observed for both Al/Fe2O3 and Al/CuO
nanothermite compositions, Type I materials
tend to desensitize the nanocomposites and
make them less reactive, while the modifications
used in Type II thermites sensitizes and greatly
accelerates their burn rates. An additional
interesting result is the increased density of the
Type I thermite nanocomposites, where the
modification employed resulted in a thermite
that is potentially more energy dense than a
traditionally mixed counterpart. This study

Figure 6.  Comparison of burn rate data for
the sets of Al/Fe2O3 and Al/CuO nanocompos-
ite thermites highlighting the expected differ-

ence in burn rate magnitude between the
Al/Fe2O3 and Al/CuO thermite compositions.
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represents a proof-of-concept demonstration that
we can modify the energetic properties through
the chemical modification of nanoparticles.
Following this, we can expect to predict
properties that may be enhanced or suppressed
by certain functionalization types, and further
work and testing will help us to better
understand how the modifications change the
properties.
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ABSTRACT

The replacement of noxious perchlorate-containing oxidizers in pyrotechnical formulations by non-
hazardous materials is desired and the object of current research. The investigation of two compounds –
copper(II) iodate and tris(2,2,2-trinitroethyl)borate (TNEB) – as oxidizers in pyrotechnical compositions
is reported here. Several formulations using Cu(IO3)2 and TNEB, respectively, have been tested with
respect to the flame color, color properties and energetic and thermal properties.

Introduction

Green-burning pyrotechnic formulations, whether in civilian or military applications traditionally use
barium compounds as green-light-emitting species.[1] Often these formulations additionally contain
perchlorates and chlorine-sources such as PVC to generate metastable BaCl, which is responsible for the
green color.[1] But due to health and environmental issues the replacement of barium compounds by less
hazardous materials is desired and currently investigated.[2] The use of green-burning boron-containing
compounds as substituents for barium nitrate is described in literature.[3] Sabatini et al reported the
investigation of formulations based on amorphous boron and boron carbide. While formulations
containing amorphous boron, potassium nitrate and binder are reported to burn too rapidly for practical
use, the formulations using boron carbide, potassium nitrate and binder show an intensive green flame
color, suitable combustion properties and an acceptable performance.[3] Replacing potassium nitrate by
metal-free oxidizer could improve the color properties. Therefore the use of a metal-free and boron-
containing oxidizer is of interest. Tris(2,2,2-trinitroethyl)borate (TNEB) is considered to be one potential
compound[4], which combines a boron centre and energetic ligands in one molecule. Tris(2,2,2-
trinitroethyl)borate (TNEB) has been synthesized and characterized by Klapötke et al.[4] The facile
reaction of boron oxide and trinitroethanol in acetonitrile led to the formation of TNEB in high yield and
purity. A good oxygen performance is reported, which makes it a suitable oxidizing compound.

The generation of blue flame colors in pyrotechnics is very challenging and requires an eligible tuning of
different parameters such as a specific ratio of the ingredients, molecular behavior and combustion
temperature for instance.[5] Blue flame colors are obtained by using copper or copper-containing
compounds, which produce during the combustion in the presence of a chlorine-source the blue-emitting
species CuCl, which is the best emitter in the blue region of the visible spectrum ranking from 435 nm to
480 nm. A series of bands in the region from 428 nm to 452 nm with additional peaks between 476 nm
and 488 nm are obtained from this molecular species.[5, 6] But when the temperature rises above 1200 °C,
which occurs in an oxygen-rich flame, CuCl decomposes resulting in the formation of CuO and CuOH.
While CuOH emits in the green region from 525 nm to 555 nm, CuO emits bands in the red region, which
is often observable at the top of blue flames.[7] As the chlorine-source potassium perchlorate is often used
serving as the oxidizer at the same time. But also chlorinated organic compounds such as polyvinyl
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chloride, parlon or dechlorane for example are employed as chlorine donors.[5] In literature there are
contradictory opinions concerning the extent of toxicity of the during the combustion emerging
polychlorinated dibenzo-p-dioxins (PCDD) and dibenzofurans (PCDF). While Fleischer et al[8] stated a
too low concentration of PCDD and PCDF to be harmful, Dyke and Coleman[9] found a significantly
higher concentration. However, toxicity and environmental aspects should be considered and potential
hazards should be avoided when possible. Therefore blue colorants, which do not base on CuCl as the
blue-light-emitting species but on CuI, which emits in the blue region at 460 nm[10] as well and hence do
not need any chlorine donors, would be alternatives. Such a compound is copper iodate, which is easy to
prepare from potassium iodate and copper nitrate[11] and insensitive towards ignition stimuli. It possesses
a high decomposition temperature and oxidizing character and therefore suitable as blue colorant and
oxidizer at the same time. In literature only blue-burning formulations based on CuCl as blue-light-
emitter are reported so far.[12] In this work blue-burning formulations based on copper iodate serving as
the oxidizer and colorant at the same time are investigated. Formulations mixing copper iodate with a
series of fuels have been prepared and investigated regarding their color performance and combustion
behavior as well as their energetic and thermal properties.

Results and Discussion

1. Formulations based on tris(2,2,2-trinitroethyl)borate

The green-burning formulation containing potassium nitrate and boron carbide was reported by Sabatini
et al and is reinvestigated with the herein used equipment. Although formulation 1 (Table 1.1) using
potassium nitrate and boron carbide burns with a green flame color the spectral purity is reported to be
lower than 70 %. In Table 1.2 the color properties like dominant wavelength (Dw), spectral purity (Sp),
luminous intensity (LI) and luminous efficiency (LE) of formulation 1 are summarized. Formulation 1 is
impact and friction insensitive and decomposes above 400°C.[3]

Table 1.1. Formulation 1.

KNO3 [wt%] B4C  [wt%] Epon 828/Epikure 3140 [wt%]

1 83 10 7

Table 1.2. Color properties of formulation 1.

burn time [s] Dw [nm] Sp [%] LI [cd] LE [cdsg-1]

1 6 560 69 25 250

Increased spectral purities can be obtained by replacing potassium nitrate by metal-free oxidizers.
Therefore several formulations using ammonium nitrate, ammonium dinitramide (ADN) and tris(2,2,2-
trinitroethyl)borate (TNEB) have been investigated.
Two formulations using NH4NO3 were prepared (Table 1.3). Formulation 2 consisting of 83 %
ammonium nitrate, 10 % boron carbide and 7 % binder was not ignitable and formulation 3 employing 75
% ammonium nitrate, 10 % boron carbide, 8 % magnesium and 7 % binder also was not ignitable,
although magnesium was added to enhance the burning temperature.
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Table 1.3. Formulations 2 and 3.

NH4NO3 [wt%] B4C  [wt%] Mg  [wt%] Epon 828/Epikure 3140 [wt%]

2 83 10 - 7

3 75 10 8 7

In the next two formulations (Table 1.4) ammonium nitrate was replaced by ammonium dinitramide,
which produces higher burning temperatures. The other components were employed in the same ratio like
formulations 2 and 3. Both formulations 4 and 5 did not burn with a green flame color.

Table 1.4. Formulations 4 and 5.

ADN [wt%] B4C  [wt%] Mg  [wt%] Epon 828/Epikure 3140 [wt%]

4 80 10 - 7

5 75 10 8 7

Tris(2,2,2-trinitroethyl)borate (TNEB) possesses oxidizing character and contains a boron centre. Due to
this combination TNEB is considered to be a suitable green-burning oxidizer and was investigated in
pyrotechnic formulations.
As summarized in Table 1.5 three formulations were prepared replacing stepwise potassium nitrate by
TNEB. Formulation 6 contains 63 % KNO3 and 20 % TNEB, while in formulation 7 KNO3 and TNEB
are used in a 1:1 ratio. Formulation 8 contains only TNEB as oxidizer. While formulations 6 and 7 did not
burn with a green flame color, formulation 8 did not burn at all and only soaked through.

Table 1.5. Formulations 6, 7 and 8.

TNEB [wt%] KNO3 [wt%] B4C  [wt%] Binder [wt%]

6 20 63 10 7

7 41.5 41.5 10 7

8 83 - 10 7

As binders VAAR and Epon 828/Epikure 3140 were investigated and revealed no difference concerning
the combustion behaviour.
All other following formulations were also prepared once using VAAR binder and once again using Epon
828/Epikure 3140 and showed the same burning behaviour as well as no difference concerning the color
performance, the sensitivity and the thermal properties. But all formulations whether using VAAR or
Epon 828/Epikure 3140 have in common that after several days the decomposition of TNEB could be
observed. It is believed that the boron ester is attacked by the ethylacetate containing in the VAAR binder
and the epoxy moieties containing in the Epon 828/Epikure 3140 binder system. Additionally, all
formulations were prepared without a binder and were investigated with regard to their stability exposed
to air moisture. Like the formulations using a binder they also started to decompose after several days. To
avoid the decomposition of TNEB and hence to ensure the stability of TNEB-containing formulations
paraffin was added to the formulations instead of binder. By mixing all solid formulation components
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with warm liquid paraffin the particle surface is assumed to be sealed and therefore TNEB is protected
from air-moisture.

In Table 1.6 the content of two formulations using only TNEB as oxidizer, boron carbide, magnesium and
paraffin are summarized. To increase the combustion temperature formulations 9 and 10 were prepared
using magnesium besides TNEB, B4C and paraffin. The content of both formulations 9 and 10 is shown
in Table 1.6. Both mixtures burned smokeless with an intensive green flame color.

Table 1.6. Formulations 9 and 10.

TNEB [wt%] B4C  [wt%] Mg [wt%] Paraffin [wt%]

9 75 10 8 7

10 79 10 4 7

The performances of both mixtures as well as the energetic and thermal properties are summarized in
Table 7. Formulations 9 and 10 reveal spectral purities of 85% and 86%, which exceed the spectral purity
of formulation 1 due to the absence of potassium nitrate. The luminous intensity of composition 9, which
shows a burn time of 4 seconds is 89 cd and higher than the luminous intensity of composition 10 with 50
cd and a burn time of 7 seconds. The comparison with formulation 1 showing a luminous intensity of 25
cd reveals that both formulations 9 and 10 possess higher luminous intensities, most likely due to the
presence of magnesium.

Figure 1.1: Burn down of formulations 9 (left) and 10 (right).

Table 1.7. Color performances and energetic and thermal properties of formulations 9 and 10.

burn time
[s]

Dw

[nm]

Sp

[%]

LI

[cd]

LE

[cdsg-1]
Impact

[J]
Friction

[N]
grain size

[μm]
Tdec

[°C]

9 4 562 85 89 593 > 40 > 360 < 100 168

10 7 561 86 50 583 > 40 > 360 < 100 170

The impact and friction sensitivities of both formulations were determined. Both compositions revealing
an impact sensitivity higher than 40 J and a friction sensitivity higher than 360 N, therefore can be
classified as not sensitive. The decomposition temperatures are found to be at 168°C and 170°C.
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In the following two formulations 11 and 12 amorphous boron was employed as fuel. In composition 11
(Table 1.8) only boron is used, whereas formulation 12 (Table 1.9) contains boron and boron carbide. The
ratios of oxidizer to fuel and binder are according to formulation 1.

Table 1.8. Formulation 11.

TNEB [wt%] B  [wt%] Paraffin [wt%]

11 83 10 7

Table 1.9. Formulation 12.

TNEB [wt%] B4C  [wt%] B  [wt%] Paraffin [wt%]

12 83 5 5 7

Formulation 11 shows a spectral purtiy of 80% and a luminous intensity of 13 cd (Table 1.10). Compared
to formulation 1 a higher spectra purity but a lower luminous intensity could be obtained. But both
performance values are below that of formulations 9 and 10 using boron carbide and magnesium as fuels.
Additionally an impact sensitivity of 10 J was determined.

Table 1.10. Color performance and energetic and thermal properties of formulation 11.

burn time
[s]

Dw

[nm]

Sp

[%]

LI

[cd]

LE

[cdsg-1]
Impact

[J]
Friction

[N]
grain size

[μm]
Tdec

[°C]

11 4 565 80 13 87 10 > 360 < 100 171

When using boron and boron carbide as fuels in combination with TNEB a long burn time of 8 seconds, a
low spectral purity of 45% and a lower luminous intensity of 10 cd were achieved (Table 1.11).
Compared to formulation 1 and formulations 9 and 10, mixture 12 shows a lower performance.

Table 1.11. Color performance and energetic and thermal properties of formulation 12.

burn time
[s]

Dw

[nm]

Sp

[%]

LI

[cd]

LE

[cdsg-1]
Impact

[J]
Friction

[N]
grain size

[μm]
Tdec

[°C]

12 8 563 45 10 133 40 > 360 < 100 178

2. Formulations based on copper iodate

In order to investigate blue-burning formulations using copper iodate as the oxidizer and colorant without
any additional chlorine-containing compound, an established blue-burning formulation was prepared and
compared with the new formulations.
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Shimizu´s blue formulation[12a] consisting of 68% potassium perchlorate, 15% copper, 17% polyvinyl
chloride and 5% starch (Table 2.1) was chosen and reinvestigated with the herein used equipment.

Table 2.1. Formulation A - Shimizu´s blue formulation.

KClO4 [wt%] Cu  [wt%] PVC  [wt%] Starch  [wt%]

A 68 15 17 5

The performance of formulation A is summarized in Table 2.2. The burn time, the dominant wavelength
(Dw), the spectral purity (Sp), the luminous intensity (LI) and the luminous efficiency (LE) have been
determined. The sensitivity towards impact and friction as well as the decomposition temperature (Tdec)
were measured. Although formulation A burned with an intensive blue flame color two dominant
wavelength values were measured appearing at 475 nm in the blue region and at 552 nm in the green
region, which can be attributed to the formation of CuOH during the combustion. A spectral purity of
61% and a luminous intensity of 54 cd were measured. Formulation A revealed an impact sensitivity of 8
J, a friction sensitivity of 324 N and a decomposition temperature of 307°C (Table 2.2).

Table 2.2. Performance and sensitivity of formulation A.

burn time
[s]

Dw
[nm]

Sp
[%]

LI
[cd]

LE
[cdsg-1]

Impact
[J]

Friction
[N]

Tdec

[°C]

A 4 475 (552) 61 54 8 324 307

In Table 2.3 the content of formulations using copper iodate and several different fuels is shown. In all
formulations the binder system Epon 828/Epikure 3140 is employed. Formulations 1 and 2 contain beside
the binder copper iodate and 5-aminotetrazole in different ratios. Both formulations did not burn but only
glowed down. Formulation 4 containing copper iodate and nitroguanidine as fuel and formulation 5
containing copper iodate, copper and starch did not burn as well and both only glowed down. In contrast
formulation 3 using copper iodate and the very reactive fuel amorphous boron self-ignited by grinding the
mixture in the mortar.

Table 2.3. Formulations 1, 2, 3, 4 and 5.

Cu(IO3)2

[wt%]
5-At

[wt%]
B

[wt%]
Nitroguanidine

[wt%]
Cu

[wt%]
starch
[wt%]

Epon 828/Epikure 3140
[wt%]

1 60 33 - - - - 7

2 80 15 - - - - 5

3 75 - 20 - - - 5

4 75 - - 20 - - 5

5 70 - - - 20 5 5
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While the use of boron makes a formulation to reactive, 5-aminotetrazole as the only fuel does not
produce the energy, which is required for the combustion reaction. To enhance the reaction temperature
formulations were prepared using copper iodate, 5-aminotetrazole and magnesium. The content of these
formulations is summarized in Table 2.4. Formulation 6, containing only 53% of copper iodate did not
burn but only glowed down. Formulations 7 and 8 burned with a blue flame color and some smoke and
residues could be observed. Formulation 9 burned also with a blue flame color, but some slightly red
smoke was observable and residues remained.

Table 2.4. Formulations 6, 7, 8 and 9.

Cu(IO3)2

[wt%]
5-At

[wt%]
Mg

[wt%]
Epon 828/Epikure 3140

[wt%]

6 53 35 5 7

7 65 15 15 5

8 75 5 15 5

9 75 12 8 5

Figure 2.1: Burn down of formulations 7, 8 and 9.

In Table 2.5 the performance data, the impact and friction sensitivities as well as the decomposition
temperatures of formulations 7, 8 and 9 are summarized. While formulations 7 and 8 revealed burn times
of 5 seconds, formulation 9 showed a burn time of 6 seconds. The spectral purities of all three
formulations are below 60% and therefore lower than that of formulation A. The dominant wavelength
values indicate, that beside the main blue emitter also green-light-emitting species occur, which are
responsible for the dominant wavelength values in the green region of the visible spectrum. Among these
three formulations mixture 7 shows the highest spectral purity of 58% and mixture 9 achieved the highest
luminous intensity of 80 cd. All three formulations are friction insensitive but very sensitive towards
impact and the decomposition temperatures are in the range from 164°C to 170°C (Table 2.5).

Table 2.5. Performance and sensitivity of formulations 7, 8 and 9.

burn time
[s]

Dw
[nm]

Sp
[%]

LI
[cd]

LE
[cdsg-1]

Impact
[J]

Friction
[N]

grain size
[μm]

Tdec

[°C]

7 5
468

(546)
58 45 375 10 > 360 < 100 164

8 5 480 51 76 633 10 > 360 < 100 167
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(555)

9 6
465

(532)
56 80 800 8 > 360 < 100 170

The next four investigated formulations 10, 11, 12 and 13 contain besides copper iodate, 5-aminotetrazole
and magnesium also copper iodide, which was used as an additional colorant. Formulation 12 contains
urea in addition. Formulation 13 consists of copper iodate, magnesium, copper iodide and copper instead
of 5-aminotetrazole. The content of these formulations is summarized in Table 2.6.

Table 2.6. Formulations 10, 11, 12 and 13.

Cu(IO3)2

[wt%]
5-At

[wt%]
Mg

[wt%]
CuI

[wt%]
Urea

[wt%]
Cu

[wt%]
Epon 828/Epikure 3140

[wt%]

10 65 7 15 8 - - 5

11 65 7 5 18 - - 5

12 65 7 5 10 4 - 5

13 65 - 13 10 - 7 5

Formulations 10 and 11 burned with a blue flame color and produced some smoke and residues.
Formulations 12 and 13 also showed blue flame colors and a slightly reddish smoke and residues
remained.

Figure 2.2: Burn down of formulations 10, 11, 12 and 13.

The burn times and the performance as well as the impact and friction sensitivities and the decomposition
temperatures of formulations 10, 11, 12 and 13 are summarized in Table 2.7.

Table 2.7. Performance and sensitivity of formulations 10, 11, 12 and 13.

burn time
[s]

Dw
[nm]

Sp
[%]

LI
[cd]

LE
[cdsg-1]

Impact
[J]

Friction
[N]

grain size
[μm]

Tdec

[°C]

10 4
470

(555)
59 67 447 10 > 360 < 100 173

11 4 473 65 42 280 5 > 360 < 100 161
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(555)

12 3
480

(527)
56 32 160 5 > 360 < 100 167

13 4
470

(551)
60 41 273 5 > 360 < 100 170

Formulations 10, 11 and 13 show burn times of 4 seconds and formulation 12 shows a burn time of 3
seconds. The spectral purities are found to be between 56% and 65%. While formulation 13 shows the
same spectral purity of 60% like formulation A, composition 11 possesses a spectral purity of 65%, which
exceeds that of formulation A. Among these four formulations, composition 10 reveals the highest
luminous intensity of 67 cd, which is higher than that of formulation A. Comparing these formulations
with formulations 7, 8 and 9, it can be assumed, that the addition of CuI improves the spectral purity. All
formulations show very high impact sensitivities but are not friction sensitive (Table 2.7). The
decomposition temperatures are from 161°C to 173°C.

J. Jennings-White reported a blue-burning formulation, which consists of 50% guanidine nitrate, 20%
parlon, 15% copper and 15% magnesium.[13] According to this formulation compositions containing
copper iodate and guanidine nitrate were prepared and investigated (Table 2.8). Formulations 14, 15 and
16 contain copper iodate, guanidine nitrate and magnesium. Formulation 17 contains no guanidine nitrate.
Except formulation 15, the other formulations contain 21% urea. Formulation 15 contains copper instead
of urea. The highest amount of copper iodate was used in formulation 17, the lowest in formulation 14.
While formulation 14 could not be ignited, formulations 15, 16 and 17 burned with an intensive blue
flame color. No smoke and no residues were observable for all three formulations.

Table 2.8. Formulations 14, 15, 16 and 17.

Cu(IO3)2

[wt%]
Guanidine nitrate

[wt%]
Mg

[wt%]
Urea

[wt%]
Cu

[wt%]
Epon 828/Epikure 3140

[wt%]

14 15 50 9 21 - 5

15 20 50 10 - 15 5

16 30 35 9 21 - 5

17 65 - 9 21 - 5

Figure 2.3: Burn down of formulations 15, 16 and 17.
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In Table 2.9 the performance data of formulations 15, 16 and 17 is shown. Also the impact and friction
sensitivities as well as the decomposition temperatures are summarized. Formulation 15 reveals a rather
long burn time of 8 seconds. Formulations 16 and 17 show both a burn time of 6 seconds. The spectral
purity of composition 16 is measured to be 63%. Like in the case of all previous discussed formulations,
compositions 15, 16 and 17 exhibit dominant wavelengths in the blue and green region of the visible
spectrum (Table 2.9). Formulations 15 and 17 show a slightly higher spectral purity of 64% (Table 2.9).
But compared to formulation A all three formulations possess an increased spectral purity. Although
formulation 15 exhibits the highest burn time, the highest luminous intensity of 80 cd was obtained as
well. Compositions 16 and 17 reveal luminous intensities of 78 cd and 74 cd, respectively. Formulations
15 and 16 containing a low quantity of copper iodate are impact insensitive, while formulation 17 with
65% of copper iodate is very impact sensitive. But all three formulations are friction insensitive. Among
these three formulations the decomposition temperatures decrease with increasing amount of copper
iodate. Formulation 15 shows the highest decomposition temperature of 198°C (Table 2.9).

Table 2.9. Performance and sensitivity of formulations 15, 16 and 17.

burn time
[s]

Dw
[nm]

Sp
[%]

LI
[cd]

LE
[cdsg-1]

Impact
[J]

Friction
[N]

grain size
[μm]

Tdec

[°C]

15 8
477

(555)
64 80 1067 > 40 > 360 < 100 198

16 6
476

(525)
63 78 780 > 40 > 360 < 100 180

17 6
475

(553)
64 74 740 5 > 360 < 100 151

Summary and Conclusions

The replacement of potassium nitrate by TNEB in pyrotechnic formulation leads to a significant increase
of the spectral purity and luminous intensity, when combining TNEB with boron carbide and magnesium.
These formulations are determined not to be impact and friction sensitive. Formulations using TNEB
combined with or without potassium nitrate and only boron carbide did not yield green flame colors. The
combination of TNEB and amorphous boron only shows a higher spectral purity than formulations using
potassium nitrate but also an increased impact sensitivity. The addition of paraffin instead of an epoxy or
VAAR binder protects from hydrolysis by air moisture.

Several blue-burning formulations using copper iodate as the oxidizer and colorant have been
investigated. Formulations combining copper iodate with a series of fuels such as 5-aminotetrazole,
magnesium, boron, nitroguanidine and copper and other additives such as copper iodide, urea and
guanidine nitrate were prepared and examined. Only formulations containing magnesium in addition did
burn. Different component ratios have been tested and investigated with respect to the combustion
behaviour. While low amounts of copper iodate impede the combustion, the use of higher quantities of
copper iodate seems to cause smoke during the combustion and high impact sensitivities. Best results
have been achieved when using copper iodate between 20% and 30% together with magnesium,
guanidine nitrate and urea or copper (Formulations 15 and 16). These two formulations show the highest
spectral purities of 64% and 63% as well as the highest luminous intensities of 80 cd and 78 cd revealing
also the longest burn times of 8 and 6 seconds at the same time. Furthermore, both formulations are
neither impact nor friction sensitive and possess the highest decomposition temperatures of 198°C and
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180°C as well. From the comparison with the performance of formulation A (Shimizu´s blue) it can be
concluded that for the generation of blue-flame colors not only the combination of copper or copper
compounds with a chlorine donor resulting in the formation of blue-emitting CuCl is necessary. Copper
iodate forming very likely CuI during the combustion also produces brilliant blue flame colors when
combining with magnesium and guanidine nitrate in a proper tuned formulation.

Experimental

TNEB was synthesized according to literature procedure.[4] Boron carbide, copper iodate, amorphous
boron, potassium nitrate, ammonium nitrate, potassium perchlorate copper, 5-aminotetrazole, magnesium,
urea and paraffin were purchased from Aldrich, Fluka and Acros and were used as received. ADN was
supplied by EURENCO, Karlskoga, Sweden. The pyrotechnical compositions were prepared by grinding
all substances in a mortar. Then the mixture was introduced to the Epon 828/Epikure 3140 binder system,
mixed by hand with a plastic spatula for 15 minutes and grinded in a mortar again. In the case of the
TNEB-formulations the mixtures were introduced slowly to warm liquid paraffin after grinding. After
cooling to room temperature the mixtures were grinded again. Pellets of 0.6 g each were pressed using a
consolidation dead load of 2000kg. The pellets were dried over night at ambient temperature. The
controlled burn down was filmed with a digital video camera recorder (SONY, DCR-HC37E). The
performance of each composition has been evaluated with respect to color emission, smoke generation
and the amount of solid residues. Spectrometric measurements were performed using a HR2000+ES
spectrometer with an ILX511B linear silicon CCD-array detector and included software from Ocean
Optics with a detector-sample distance of 1 meter. The dominant wavelength (Dw) and spectral purity
(Sp) were measured based on the 1931 CIE method using illuminant C as the white reference point.
Luminous intensities (LI) and luminous efficiencies (LE) were determined using pellets of 0.6g each. Five
samples were measured for each formulation and all given values are averaged based on the full burn of
the mixture. Decomposition points were measured with a Linseis PT10 DSC using heating rates of 5 °C
min-1.[14] The impact and friction sensitivity was determined using a BAM drophammer and a BAM
friction tester.[15-19] The sensitivities of the compounds are indicated according to the UN
Recommendations on the Transport of Dangerous Goods (+):[20] impact: insensitive >40 J, less sensitive
>35 J, sensitive >4 J, very sensitive 4< J; friction: insensitive >360 N, less sensitive = 360 N, sensitive
<360 N>80 N, very sensitive <80 N, extreme sensitive <10 N.
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Energetic Materials Standards – Chemical Compatibility

I.M.Tuukkanen1, Defence Forces Materiel Command, PO Box 69, FIN-33541 Tampere, Finland

R.H.B. Bouma, TNO, PO Box 6012, NL-2600 JA Delft, The Netherlands

ABSTRACT

Subgroup A Energetic Materials Team, SG/A (EMT), develops and maintains standards that
are relevant to all life-cycle phases of ammunition/weapon systems. STANAG 4147 is the standard
regarding chemical compatibility of explosives with munition components, and is a document of prime
importance. Currently the 3rd edition of STANAG 4147 has been sent out for ratification. Several
aspects of the assessment of compatibility are addressed in this paper, including test conditions
(temperature and duration), the mixing ratio of explosive composition and contact material, and
sentencing criteria. Future standard development may benefit from on-going research providing
experimental data, and possible directions are indicated.

Introduction

SG/A(EMT), supports the NATO Conference of National Directors (CNAD) Ammunition
Safety Group, AC/326. The core area of CNAD AC/326 SG/A(EMT) on Energetic Materials is to
develop and review standards and methodologies for energetic materials to assure their safe handling,
storage, transportation, manufacturing and use throughout their entire life cycle. Its main objective is to
provide guidance for the design, assessment and qualification of energetic materials [1].
STANdardization Agreement (STANAG) 4147 [2] on chemical compatibility is a key standard
providing information on the compatibility or incompatibility of an energetic material which has an
interface with another material being part of the munition. Whereas the other documents of SG/A(EMT)
are related to the qualification of explosives, specification of explosive ingredients, test methods for
their characterization and life-cycle related aspects of explosives, the chemical compatibility standard
is related to the reaction of the explosive with a material in direct contact or in close proximity. As each
explosive composition may be used in different munition designs, it may interface with a variety of
materials, which in turn requires specific attention towards chemical compatibility with each new
munition design, even when using qualified explosives. This underlines the importance of STANAG
4147 for the munition or type-classification process.

To gain an understanding of the chemical compatibility results it is necessary to distinguish
carefully chemical compatibility from other explosive-munition component interactions. The latter
interactions are not being covered by this standard. The distinction between physical and chemical
incompatibility is described in DefStan 07-85 [3] and examples of physical incompatibility are given.
Regarding chemical incompatibility the reference states “Chemically incompatible materials can
increase the rate of decomposition of the explosive causing self ignition, the formation of more sensitive
compounds, or impaired performance. These may, in turn, have safety implications.”
The experimental methods used in the assessment of chemical compatibility are often similar to those
applied in the assessment of the thermal stability of energetic materials or in the development of new
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curable compositions. STANAG 4147, however, does not address the chemical compatibility of
composition development.

In this paper several aspect of the chemical compatibility STANAG are treated in more detail,
including the five different test methods, their applicability to classes of explosives, pass/fail criteria
and test ratios.

The experimental methods

The experimental methods described in STANAG 4147 for the determination of the chemical
compatibility in STANAG 4147 are

 Vacuum Stability Test (VST),
 Heat Flow Calorimetry (HFC),
 Differential Thermogravimetric Analysis (TGA),
 Differential Scanning Calorimetry (DSC), and
 Chemical Analysis after ageing using High Pressure Liquid Chromatography (HPLC) for

nitrate esters based propellants.
VST is a widely used method. The measurement principle is based on the amount of gas that

evolves when the explosive and the contact material are tested at certain temperature for certain period
of time in an initial vacuum. Most tests are conducted at 100 ºC for 40 hours. The assessment of
compatibility is based on a comparison between the gas volume evolved from the contact pair and from
the explosive and the contact material when heated separately under identical conditions. VST is
applicable to solid high explosives and propellants. A disadvantage of VST is that it relies on the
explosive under test to produce gaseous components when it is incompatible with the material under
test.

HFC is a method that is based on the heat generated as function of time, under isothermal
conditions. HFC can be used to study the compatibility of high explosives, nitrocellulose (NC) based
and composite propellants with a variety of contact materials. The method is very sensitive and can
measure the heat produced by the reaction or decomposition of an explosive as a consequence of contact
or close proximity with the contact material under test. A disadvantage of HFC is that the heat
production curve cannot distinguish between the involved physical processes and/or chemical reactions.
Almost all physical and chemical processes are accompanied by heat release or absorption.

HFC and VST are used routinely in the characterization of the thermal ageing process of
nitrocellulose based propellants. The thermal stability testing is covered by other standards, including
STANAG 4582 [4] and AOP-48 [5].

TGA is widely used and is suitable for all classes of explosive except primary explosives. The
assessment of chemical compatibility is based on the sum of the weight losses of the explosive and
contact material compared to that of the mixture of the explosive and contact material at a selected
temperature. The greater the difference in percent weight loss the greater the degree of incompatibility
at that temperature. This test method is applicable to explosives in contact with plasticizers, fuels,
additives, and polymeric materials or other explosive materials. Three different procedures are
described in edition 3 of the STANAG, namely dynamic TGA, isothermal TGA and the determination
of kinetics using multiple heating rates. TGA is not applicable when incompatibility is not accompanied
by a (significant) weight loss.

DSC is typically performed at similar heating rates as TGA. Instead of an assessment of weight
loss, the shift in temperature profile is assessed. Three different procedures are provided,
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namely the temperature shift corresponding to the maximum in the DSC peak, the temperature shift
corresponding to a 10% heat release with reference to the relevant DSC peak area, and the determination
of kinetics using multiple heating rates. Shifts in the peak temperature of the lowest exotherm in the
mixture are examined. Additional peaks or disappearance of old peaks and changes in peak shapes are
also monitored. This test method is applicable to all classes of explosives.
Chemical analysis of NC based propellants after ageing with the material under test can be used for
assessment of chemical compatibility. It is based on the consumption of stabilizer during accelerated
ageing. Chemical analysis can also be used to study compatibility of other explosives, e.g. azides, where
specific reaction products may be anticipated and looked for by a chemical method. The latter
application is not covered however, in edition 3 of STANAG 4147 [6].

Some notes when applying STANAG 4147

There are various aspects to chemical compatibility testing. Here only the influence of
temperature, the mixing ratio of explosive and contact material in HFC as well as the relative or absolute
assessment of compatibility, the comparison of compatibility results with different test methods, and
the evaluation of experimental data with iso-conversion methods, are highlighted.

The influence of temperature
Many processes including decomposition and chemical reaction occur at higher rates when

temperature increases. Often an Arrhenius type relation is used to describe a specific process. For a
chemical reaction (at low conversion):

(1)

with k the reaction rate, A the frequency factor, Eact the activation energy, R the gas constant and T the
absolute temperature. The frequency factor and activation energy form a combination that is specific to
a process. Often these parameters are considered to be constant and no function of temperature2. The
applied temperature range in VST, HFC, TGA, DSC and chemical analysis after accelerated ageing is
relatively broad; other decomposition and reaction pathways, and physical processes may be dominant
when changing the test technique and applied temperature range.

Nitrocellulose and NC-based propellants are known to decompose. Surveillance of these
propellants is carried out by ageing at elevated temperatures. Results can be translated into the thermal
stability of the propellants at lower storage temperatures because information on the activation energy
as function temperature is available and a constant frequency factor is assumed. When using HFC in
compatibility testing of the same propellant in combination with a contact material, one may raise the
question whether similar elevated temperatures and test durations apply. In case of an incompatibility,
one should not only consider decomposition but also other reaction(s) occurring at the same time. As
the involved frequency factors and activation energies are not known a priori, 6 days at 85 °C (as
derived from thermal stability standards STANAG 4582 and AOP-48) is
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indicated as a convenient experimental condition. It implies one may need to deviate from this
condition. Compatibility measurements with NC-based propellants do not aim to guarantee a minimum
storage life, but aim to identify reactions of a specific contact pair, and provide guidance in munition
design and eventually their modification.

Currently, no sufficient experimental basis is established to give guidance in the compatibility
standard for temperature – test duration combinations for the other classes of explosives using HFC.

HFC: Assessing compatibility and the influence of mixture ratio
Compatibility testing is performed by testing the energetic material and contact material

separately, and by testing their mixture. The mixture ratio is typically 1:1 by weight. Assessment of
compatibility is done by comparing the behaviour of the mixture with respect to the behaviour of both
energetic material and contact material. For example in the HFC method, in edition 2 the parameter D
is used:

(2)

M, E and S, are the heat generation of the mixture of explosive and test material in J/g, respectively the
heat generation of the explosive and the heat generation of the contact material. It was explicitly noted
in edition 2 that the formula for D and criteria for compatibility are only valid in a 1:1 mixture by
weight. The sentencing criteria for nitrate ester based propellants are such that for D>3 the contact
material is considered incompatible with the explosive and such that for 2<D<3 another method than
HFC shall be used to asses compatibility.

In [8] experimental results are presented for non-1:1 mixtures of the double base propellant
K6210 and a bitumen lacquer. The compatibility calculations compare the amount of heat generated by
the mixture in J (instead of J/g) divided by the heat generated from explosive and test material
corresponding to the weight in the mixture:

(3)

mE and mS are the weight of the explosive and contact material respectively. For a 1:1 ratio equation 3
becomes equation 2. The experimental data are re-plotted in figure 1. It is clear from this figure that
near the 1:1 weight ratio the D’ value is largest. The propellant and lacquer are definitely incompatible
with a D-value far greater than 3.

STANAG 4147 is an experimental assessment of compatibility. The full description of reaction
schemes in case of incompatible materials should not be needed to interpret the experimental results.
Reaction chemistry involves the description of molar quantities of the reactants that are converted to
reaction products. It is therefore expected that if materials are incompatible that this will be most
prominently observed when explosive and contact material are mixed in a stoichiometric ratio which
corresponds to full conversion. Not knowing the reaction chemistry a priori, a 1:1 weight ratio in the
mixture of possible reactants (explosive and contact material) is a an adequate starting point for the
experimental methods.

In [8] it was observed that “… there is a nearly linear dependence of the D value from the
amount of contact material when its content is higher than 5 wgt %”. This statement is fully in line with
a reaction taking place following the stoichiometry of a reaction scheme, and with the reaction heat
becoming more prominent when sufficient contact material is involved in the reaction and at a
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level above the heat generation associated with pure propellant decomposition and processes occurring
in the pure lacquer at elevated temperatures.

Figure 1: D’ versus weight ratio of bitumen lacquer and propellant K6210 [8]. HFC
measurements are performed at 85 °C and heat generation is evaluated at 4.8 days (blue) and 7

days (red).

During the development phase of edition 3 of STANAG 4147 a different assessment of the D-value of
equation 2 was proposed, namely:

(4)

QR, QM, QE and QC are the energy release in J/g, for the mixture, the explosive and the contact material.
mE and mC are the weights of explosive and contact material when tested as mixture. Even though the
D-value is a relative assessment and the QR-value is an absolute assessment with the latter claimed to
be more valuable, both values essentially contain the same information for a 1:1 weight ratio, as one
can show through mathematical manipulation that:

� (5)

The data available from [8] have been recalculated according to equation 4, see figure 2. The
QR-value is around 80 J/g when evaluating data after 4.8 days and close to 100 J/g after 7 days. During
the development phase of edition 3 of STANAG 4147 a 30 J/g sentencing criterion for compatibility
was proposed. According to this criterion the propellant and lacquer are incompatible.
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More recently [9], the compatibility of seven different propellants with a bitumen lacquer has
been assessed according to equations 2 and 4. These data are reproduced in figure 3. One can see the
close resemblance of the two evaluation methods. One should note the statement in [9] that ”Only the
HFC relative criterion (D-value) erroneously indicates reduced compatibility …” is not supported here,
according to the sentencing criterion another method than HFC should be used to assess compatibility
of propellants 3 and 5.

Figure 2: Specific heat release versus weight ratio of bitumen lacquer and propellant K6210 [8].
HFC measurements are performed at 85 °C and heat generation is evaluated at 4.8 days (blue)

and 7 days (red).

Figure 3: Evaluation of compatibility of seven different propellants with bitumen lacquer by
HFC [9].

The evaluation of compatibility of propellants by HFC using either equation 2 or 4 is based on
the same experimental data. These equations present the same information and when proper
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sentencing criteria are set the compatibility assessment should be similar. The use of the QR-value bears
the risk however, that the focus will be put on the absolute value of released energy. The absolute value
of released energy is of course important in the thermal stability of propellants, e.g. in the calculation
of the safe propellant bed diameter for storage purposes. The aim of the compatibility STANAG
however is not to assess the thermal stability, but to determine if additional and unwanted reaction
pathways are introduced through a contact with another material. The wrong focus bears an additional
risk when using the QR-value, allowing non-1:1 mixture ratios and maintaining the 30 J/g sentencing
criterion for propellants. It is possible then to obtain a pass when mixing a highly incompatible contact
material with negligible amounts of explosive; even at full conversion of the incompatible contact
material the QR-value approaches zero on mathematical grounds because QR is calculated with respect
of the mixture weight, and this is not acceptable.

A relevant argument to use QR-values instead of D-values is given in [10]: a small increase in
the heat generation for a rather stable propellant may result in a large D-value indicating incompatibility,
whereas the same increase in heat generation for a less stable propellant may result in lower D-value
indicating compatibility. This would be resolved by assessing the QR-value. One may turn the argument
around, and state that where HFC is a good and well-known method to assess propellant stability, one
may exploit HFC sensitivity to assess compatibility of other classes of explosives rather than propellants
as eventual reactions are not masked by propellant decomposition.

For most other energetic systems there are very little reported data and the criteria used for
assessing compatibility/incompatibility have not been established. A deviation from 1 of the D-value
can be taken as starting point for any class of explosives that can be tested for compatibility by HFC.
Techniques for addressing the sentencing criterion for compatible vs. incompatible behaviour have been
reported elsewhere [11]. Systematic research is encouraged and publication of sentencing criteria is
recommended before these criteria can be considered in future updates of STANAG 4147.

The comparison of compatibility results with different methods
It is acknowledged in the STANAG that different test methods sometimes yield contradictory

results, and that whenever possible and necessary, at least two tests based on different principles are
used to assess compatibility. The standard covers a large variety of energetic materials that are used in
munitions. A separate paragraph indicates the applicability of each test method for specific classes of
energetic materials.

A comparison of VST, DSC and TGA and the outcome in terms of compatible, possibly
incompatible and incompatible for several explosive-contact material combinations is given in [12]. A
comparison of all the methods when applied to gun propellants, and providing a discussion on
limitations and pitfalls is given in [9]. Factors that might influence test results include grain size of both
energetic and contact material, preparation and/or curing of contact material, air or nitrogen atmosphere,
humidity, test temperature and duration.

The evaluation of data with iso-conversion methods
Specific evaluation methods are presented in STANAG 4147 for the interpretation of

experimental TGA and DSC data, and based on a fixed percentage of energetic material converted. This
evaluation is based on the Kissinger method, applicable to dynamic experiments. More information on
iso-conversion kinetic analysis can be found in [13] where the Friedman method, applicable to dynamic
and isothermal experiments, was used. These are not the only evaluation methods available for thermal
analysis. Seven different methods were applied in compatibility tests with TNT using DTA and TGA
[14].
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Discussion and recommendations

A new edition of STANAG 4147 is in the ratification process. Important to the user is to
understand the distinction between chemical compatibility and physical compatibility as well as,
between chemical compatibility and thermal stability. Understanding the possible chemical processes
in explosive-contact material combinations is essential in the selection of appropriate chemical
compatibility test methods. A combination of co-occurring reactions and decomposition is very
complex and may make it difficult to interpret experimental results. Knowledge of the chemistry of the
energetic material and contact material is the key as well as the understanding of the chemistry and
physical phenomena related to chemical compatibility. Often the energetic material or the contact
material is itself a mixture of materials including polymers and adhesives which may include a catalyst.
In addition, changes in the testing conditions may alter the rate of reaction or the change mechanism
completely or both. Depending on test method an assessment of compatibility can be made; it underlines
the importance of using at least two methods based on a different measurement principle to assess
compatibility as indicated. Not knowing the reaction pathways in case of incompatible materials, a 1:1
weight ratio in the mixture of possible reactants (explosive and contact material) is an adequate starting
point. Using other than a 1:1 weight ratio has the risk of not being able to detect an incompatibility.
Studies at different ratios may be undertaken for scientific purposes or in the assessment of risks when
confronted with incompatible materials, however strongly deviating ratios should not be used in the
determination of the assignment chemically compatible or chemically incompatible. Possible risks
include but are not limited to (enhanced) decomposition and self-ignition of the energetic material; the
formation of other and more sensitive energetic compounds as well as impaired performance.

Test procedures are detailed in the STANAG and are based on commercially available
equipment. Evaluation of data is likely to be an important candidate for a future STANAG update.
Before any improvement can be incorporated, experimental data should be gathered and made available
on compatibility testing and evaluation. In particular a systematic comparison of all or a selection of
methods is recommended. Data should be presented such that evaluation in both relative and absolute
criteria should be feasible. Although not explicitly mentioned in the paper, most of publicly available
compatibility testing is directed towards gun propellants and high explosives. Research dedicated to the
development of sentencing criteria for other energetic materials than nitrate ester based propellants like
e.g. pyrotechnics, rocket propellants, primary explosives, is required. With improved accuracy of
commercial equipment, attention may be directed to the comparison of methods used in iso-conversion
analysis of DSC and TGA data.
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ABSTRACT

The first production lot of the Grenade Visual & Infra-red L114A1 was manufactured in 2002 and given
an initial storage life of 10 years. Prior to the 2012 storage deadline, an in-service surveillance exercise
was conducted to determine whether the L114A1 stockpile remained safe for continued use. Six lots were
taken from magazine storage, the selection being based on age and previous surveillance testing. One
grenade from each lot was selected at random for visual inspection, followed by a breakdown assessment
to quantify any corrosion of the grenade or the payload, and to retrieve the key components for
subsequent characterization. A chemical analysis of extracted energetic compositions quantified the
proportion of active ingredients present and identified any degradation products. The remaining 31
grenades from each lot were characterized at an assessment trial to quantify the safety parameters
(grenade reliability, fuze delay, and burst point) and compared against the values listed in the Cardinal
Point Specification or the Manufacturers Product Specification.

This paper will describe the breakdown analysis of the grenade, the chemical assessment of the extracted
energetic compositions, and the conclusions from the assessment trial, along with recommendations made
regarding the future storage and use of the L114A1.

1 Introduction

A replacement for the Grenade Discharger Smoke Screening L8A4 was first instigated during 1996 with a
programme of computer modelling, laboratory assessment of payloads, and a field trial assessment of
commercially available products. During 1999, a series of assessment field trials compared the best
performing grenades from the 1996 assessment and determined the Maske EL (extended length) grenade1

manufactured by Buck Neue Technologien (BNT) as the preferred design (BNT is now part of
Rheinmetall Waffe Munition GmbH). Following a short programme to develop and optimize the design
(tailoring the burn profile for the pyrotechnic composition, increasing the payload mass, reducing the
down-range dissemination of the payload, and reducing the deployment radius of the payload), a contract
was placed during September 2001 to procure the Grenade Visual & Infra-red L114A1, shown in Figure
1. The L114A1 is an electrically initiated smoke screening grenade designed for use in all UK 66 mm
smoke dischargers fitted to Land Service Vehicles. When fired from the discharger, the grenade bursts
after a nominal 1.2 seconds, disseminating a mix of red phosphorus (RP) leaflets for a rapid bloom and
RP pellets to sustain the screen duration. The first production lot of L114A1 was manufactured in 2002
and was given a 10 year storage and operational life by the Defence Ordnance Safety Group (DOSG).

Monitoring of the L114A1 stockpile during 2008 identified a number of lots which had developed high
internal pressure following high temperature (71°C) storage. It was believed that the gas was being
generated by a reaction with moisture within the grenade. The lots exhibiting this phenomena were
refurbished, involving a breakdown of the grenade, forced-drying of the payload, replacement of the
lower O-ring by one having improved cold weather loading characteristics, revised labelling on the
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grenades (designated by R), and reassembly. The first delivery lot (BCK 01/02 003R) reached 10 years
old in January 2012 and data was required to enable DOSG to determine whether the stockpile remained
safe and suitable for continued use and to quantify any extension of the storage life.

Figure 1: Grenade Visual & Infra-red L114A1

2 Breakdown and chemical assessment

Six lots were taken from magazine storage (BCK 01/02 003R, BCK 02/02 005R, BCK 03/02 008R, BCK
08/02 010R, BCK 10/02 014, and BCK 03/03 015) and delivered to Dstl Fort Halstead, the lot selection
being based on age and previous in-service surveillance undertaken. One grenade from each lot was
selected for visual inspection, followed by a breakdown assessment to quantify any corrosion of the
grenade and retrieve key components. A chemical analysis of the energetic compositions quantified the
proportion of active ingredients present and identified any degradation products. The remaining 31
grenades from each lot were characterized at a functioning trial to investigate any safety issues, such as
grenade reliability, fuze delay, and burst point.

Phosphine measurement: The L114A1 contains a payload based on encapsulated red phosphorus (RP)
composition to minimize payload degradation and the evolution of phosphine, a very toxic gas. However,
prior to removing any grenade from an ammunition box, the presence of any phosphine (PH3) gas was
investigated, as a safety precaution. With the ammunition box upright, the lid was opened sufficiently to
allow the sampling tube from a phosphine sensor (PAC III PH3) to be inserted into the top of box. The
tube was placed as far as possible into the box and the maximum concentration was recorded. Phosphine
concentrations ranging from 0.2 ppm to 2 ppm were recorded, concentrations greater than the 15 minute
short-term exposure limit of 0.2 ppm recommended by the UK Health and Safety Executive (HSE)2. The
box was subsequently allowed to vent to atmosphere until no detectable phosphine remained, allowing a
grenade to be removed.

Inspection: All grenades selected for breakdown and chemical analysis appeared visually to be in
excellent condition with clear markings. There was no evidence of external damage to the grenades and
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there was no evidence of corrosion to the external electrical contacts. The grenades selected for
breakdown were radiographed to verify the build standard and to check the structural integrity of the
internal components, each grenade being radiographed in two orthogonal orientations. The radiographs
were compared against the manufacturer’s drawings, with no differences being noted.

The electrical resistance of the ignition circuit was determined using a calibrated safety ohm-meter
(Aeronautical & General Instruments Ltd safety ohm meter 1681). The results were found to lie within
the tolerance range of the fuze specification and are shown in Table 1.

Table 1: L114A1 circuit resistance
L114A1 identifier Lot Resistance ( )

1 BCK 01-02 003R 1.12

2 BCK 02-02 005R 1.14

3 BCK 03-02 008R 1.23

4 BCK 03-03 015 1.10

5 BCK 10-02 014 1.11

6 BCK 08-02 010R 1.17

Breakdown: Using the breakdown procedure provided by the manufacturer, the ejection unit containing
the gunpowder charge and fuzehead igniter was removed. No RP dusting was observed, indicating
minimal internal movement of the RP pellets and RP leaflets. A visual inspection of the ejection units
showed no signs of damage. The ejection units were cut open (see Figure 2) to extract the fuze head,
burster unit, and gunpowder (blackpowder) charge. The gunpowder samples were noted as being free
from visible contaminants, free flowing, and showing no signs of ‘whitening’ (an indication of moisture
induced oxidant migration). The mass of gunpowder recovered from each grenade was recorded and
found to be within the manufacturer’s specified tolerances, confirming minimal moisture absorption
(which would be indicated by a mass increase).

Figure 2: Dismantled base, fuze delay, and burster unit from L114A1

After removal of the burster unit, the presence of any phosphine gas within the grenade was measured by
inserting the sample tubing from the phosphine sensor as far as possible within the grenade (phosphine is
known to corrode any exposed copper wiring, which could disrupt electrical continuity in the firing
circuit, reducing reliability). The maximum phosphine concentration was recorded for each grenade and
found to range from a low of 3 ppm, to a high of 36 ppm.

A visual inspection of the internal surface of the grenade revealed no RP dust, indicating minimal internal
movement of the RP pellets and RP leaflets had occurred. To extract the RP payload the end cap was
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removed using a remote method, shown in Figure 3. Once removed, the internal surface of the end cap
showed no evidence of any RP dusting. The RP leaflets could then be tipped out from the grenade casing,
which revealed that some of the RP leaflets were stuck together. Although this is not a safety issue, it
would increase the time required to produce an effective screen (due to reduction of the burning surface
area).

The RP pellets were a tight fit within the case and the grenade casing was carefully peeled away to avoid
friction and damage to the RP pellets. Each RP pellet was visually inspected for any defects including
flaking, cracking, and pitting. The mass of selected RP pellets from each lot was measured and found to
be within the manufacturer’s tolerance. A sample of composition from a randomly selected RP pellet
from each lot was taken for subsequent thermal analysis.

Figure 3: Remote removal of end cap

Chemical analysis: Analysis of the burster composition indicated a reduction in the magnesium
concentration, which is a commonly documented aging phenomenon for magnesium fuelled pyrotechnics.
This reduction may be indicative of a long term moisture related aging process which generates hydrogen
gas, and was investigated further by thermal analysis.

Thermal analysis: Thermo gravimetric analysis (TGA) was used to determine the temperatures at which
major mass losses occur from a sample, thereby indicating the presence of an ingredient or contaminant,
an aging product, a contaminant phase change, or a reaction. The samples were heated from 30°C to over
650°C at a heating rate of 50°C.min-1.

No measurable mass decrease was observed for the burster composition at temperatures between ~50°C
and 110°C, indicating the compositions to be free of moisture contamination. At temperatures between
610°C and ~625°C, the samples exhibited a sharp mass decrease, indicative of ignition. An example of
the TGA data is shown in Figure 4.
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Figure 4: TGA of burster composition

TGA analysis of the RP pellet samples exhibited an initial mass loss between 350°C and 370°C, followed
by ignition between ~460°C and 470°C. An example of the TGA data is shown in Figure 5.

Figure 5: TGA of RP pellet composition

The fuze extracted from each grenade was functioned within a laboratory cabinet to determine the time
delay and the results were compared against the data recorded at the functioning trial (see Figure 6).

3 Functioning trial

31 grenades from each lot were characterized at an assessment trial as a function of pre-conditioning
temperature; 11 grenades were stored at ‘ambient’ temperature, 10 grenades stored at ‘hot’ (71°C), and 10
grenades stored at ‘cold’ (-46°C) for a minimum of 24 hours before testing. Prior to testing, the fuze
resistance of each grenade was measured. A single grenade was then loaded in the discharger, so that the
reliability, fuze delay, and the grenade burst point could be quantified.

226



Fuze resistance: The fuze resistance was determined by inserting the grenade in a spare discharger and
recording the resistance using a safety ohm meter (Aeronautical & General Instruments Ltd safety ohm
meter 1681). The resistances were found to be in good agreement with those measured in the laboratory
and within the specified tolerance for the fuze.

Reliability: It was noted that the ‘cold’ non-refurbished grenades (with the black lower O-ring) were
difficult to load into the discharger, as the rubber became hard. Of the 186 grenades tested, there were no
blinds, no mis-fires, and no deviations from the expected flight path, suggesting that the grenade
reliability has not degraded since being introduced for service use in 2002.

Fuze delay: The delay time was determined by analyzing the images recorded by a Phantom high speed
imager (typically 200 frames per second, 0.005 s resolution), calculated as the time interval between the
launch of the grenade and the initial deployment of the payload. The results are summarized in Figure 6,
with error bars indicating the degree of variation measured (being greatest for the ‘cold’ grenades). It can
be seen that the length of the delay is inversely proportional to the conditioning temperature. Figure 6 also
shows a decrease in delay time with increasing lot number, strongly suggesting that the delay time
increases with the age of the grenade.

Although an increase in the fuze delay is not a safety issue, the greater the delay, the longer it will take for
the grenades to form an effective screen, which reduces the effectiveness of the grenade on the battlefield.
Future in-service surveillance of the L114A1 should monitor any increase in the fuze delay which may
compromise its ability to rapidly achieve an effective screen and remain ‘fit for service use’. Increase in
fuze delay is a failure mode that could occur in the near-term timescale. It is suggested that future
surveillance includes an intermediate conditioning temperature between ‘ambient’ and ‘cold’ (-46°C), so
that if the fuze delay does continue to increase at reduced temperatures, it will be possible to identify this
reduction in capability and gradually introduce lot restrictions on the use of the L114A1 in cold climatic
conditions. No restrictions would apply for training use.

Figure 6: Fuze delay, measured during laboratory and trial assessment
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Burst point: The burst point for each grenade was determined by recording each test with a Phantom
high speed imager (typically operating rate of 200 frames per second). An array of 2 m marker posts (with
alternative 0.5 m black and white markings) within the imager field-of-view were used as reference points
for scaling the range and height information. A summary of the burst point for the ‘ambient’ conditioned
grenades is shown in Figure 7. As with the fuze delay, the burst point was dependent on the conditioning
temperature, such that the ‘hot’ grenades burst at a greater height and shorter range compared to the
‘ambient’ grenades, while the ‘cold’ grenades burst at a lower height and longer range compared to the
‘ambient’ grenades. This variation is due to the temperature dependence of the fuze delay and the extent
of travel along a ballistic trajectory, as the conditioning temperature appeared to have minimal effect of
the grenade expulsion velocities.

A number of grenades burst at ranges greater than 30 m, the number inversely proportional to the
conditioning temperature. Although this is not a safety issue, an excessive range will increase the time for
the screen element disseminated from each grenade to merge with others in a salvo to form a
homogeneous screen, and increases the occurrence and duration of ‘holes’ within the screen.

A number of the grenades burst at heights below 2 m, the number again being inversely proportional to
the conditioning temperature. Although a low burst height is not a safety issue, it reduces the probability
of a grenade salvo achieving the essential screen height to obscure a vehicle.

Figure 7: Burst point for 'ambient' conditioned L114A1 grenades

4 Summary

The L114A1 grenades selected for assessment appeared to be in excellent condition, with clear markings
and no evidence of corrosion. Phosphine was detected within the ammunition boxes, indicating that there
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had been some degradation of the RP payload and leakage through the grenade seals. Magazine staff and
users need to be reminded of the requirement to open any ammunition box containing a RP payload in a
well-ventilated area.

On breakdown of the rounds, no RP dusting was apparent, indicating that minimal internal rotation and
friction within the payload had occurred. Chemical analysis of the burster composition indicated a
reduction in the magnesium concentration, which is well documented aging phenomenon for magnesium
fuelled pyrotechnics. It was postulated that this reduction may be indicative of a long term moisture
related aging process which generates hydrogen gas, but thermal analysis of the burster composition
indicated the composition to be moisture free and stable up to the composition combustion temperature
greater than 600°C. However, continued degradation of the burster composition may lead to issues
regarding payload dispersion, screen performance, and grenade reliability.

Some of the RP leaflets were found to be stuck together, which would increase the time to produce an
effective screen. Thermal analysis of the RP pellets indicated that the composition is moisture free and
stable up to 350-370°C, followed by ignition between 460°C and 470°C.

The resistance of the fuze was found to be within tolerance, indicating no, or minimal, electrical
corrosion. The black O-rings fitted to the non-refurbished L114A1s became hard after being subjected to
‘cold’ conditioning, making it difficult to load the grenade into the discharger.

No mis-fires, blinds, or deviations from the expected trajectory were encountered during functioning of
186 grenades, suggesting there has been minimal degradation in the reliability of the L114A1 since being
introduced into service.

The fuze delay was found to be dependent on the conditioning (storage) temperature, with the ‘hot’
grenades having a shorter delay than the ‘ambient’ grenades, while the ‘cold’ grenades have a longer
delay than the ‘ambient’ grenades. In addition, the duration of the fuze delay was found to increase with
age. Although the data suggests the L114A1 would still achieve the requirement to produce an effective
screen within the desired timescale, if the delay time continues to increase with age, there will come a
point when the grenade will no longer remain effective for screening UK vehicles. This failure
mechanism appears to be the primary factor in determining when the L114A1 will cease to be deemed ‘fit
for service use’.

The burst point was found to be dependent on the conditioning temperature of the grenade with the ‘hot’
grenades bursting at a greater height and shorter range compared to the ‘ambient’ grenades, while the
‘cold’ grenades burst at a lower height and longer range than the ‘ambient’ grenades.

5 Recommendations

It was recommended that the L114A1 be granted a life extension of 2 years provided the grenade is stored
under ‘normal’ environmental conditions within a magazine environment. Consideration should be given
to replacing the O-ring in the non-refurbished grenades by one having improved cold weather
characteristics or avoid the use of these lots in cold regions.

It was recommended that the resistance of the fuze is monitored at future assessment trials to identify the
onset of corrosion (primarily by phosphine), although the evidence available suggests that corrosion will
not be a factor in determining when restrictions should be placed on grenade use.

Future in-service surveillance should include an intermediate conditioning temperature between ‘ambient’
and ‘cold’ (-46°C), so that if the fuze delay continues to increase with age and reduced temperatures, it
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will possible to gradually introduce lot restrictions on the use of the L114A1 applying to cold climatic
environments, while still being ‘fit for service use’.

(Note: DOSG has subsequently granted a 2 year life extension for the L114A1 grenade stockpile.)
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TALI-47 Low Temperature Autoignition Material for Active Mitigation for
Double-Based Propellant Systems

Scott Hall

Nammo Talley, Inc. Mesa, AZ, USA

ABSTRACT

Rocket motors, as well as many other ordnance devices, may be exposed to a variety of threats during
their life-cycle. In response to these threats the ordnance and energetics communities have moved towards
designs and materials to mitigate the violence of the system response to these threats. Mitigation methods
include passive, e.g. venting and active, e.g. chemical ignition. Passive mitigation is generally preferred,
since it minimizes energetic components to a system. However, there are some materials such as double-
based rocket propellants where active mitigation is preferred since it provides a simpler mechanical
system.

Double-base propellants typically have relatively low autoignition temperatures, are highly energetic, and
respond violently when exposed to heat from an external fire. Therefore, an active mitigation system must
reliably ignite well below the autoignition temperature of double base propellant. Over the past twenty
years, Nammo Talley, Inc. has developed a number of autoignition formulations originally used for
automotive airbag gas generators, which may be useful for active mitigation of double-base propellants.
Current automotive airbag developed autoignition materials have ignition temperatures too high for use
with double-base propellant. However, a new formulation, TALI-47, has been developed to autoignite
between 90-120°C and is intended to initiate double-base propellant well before more violent events
might occur.

1.0 Introduction

Automotive airbag devices require a means to mitigate loss of structural integrity and/or mass fire
risks arising from bulk autoignition of inflator gas generant main charge compositions when exposed to
external heating. Introducing an autoignition material (AIM) in the design mitigates the violence of the
response to heat by reliably autoigniting at temperatures safely below the gas generants autoignition
temperature (AIT), thereby functioning as a thermal switch to ignite the propellant. Ignition of the gas
generant at a lower AIT avoids fragmentation hazards of the inflator body during slow cook-off (SCO) or
fast cook-off (FCO) situations. The selection of an AIM component is dependent on the AIT of the
energetic material being used as the main charge. The predominant automotive airbag inflators in the
1990’s used sodium azide based gas generants, which had beneficial low combustion temperatures, gas
species, and high AITs (>200 °C). For these systems single base nitrocellulose powders were suitable
AIM materials for cook off mitigation. However, the azide based gas generants were phased out in the
1990s due to the desire to use less toxic ingredients, often with increased challenges for gas species and
combustion temperatures. The newer main charge compositions had AIT lower than azide systems
making single base powders unacceptable. In response Nammo Talley developed a new family of suitable
AIM formulations tailored to AIT characteristics of various main charge designs.
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Nammo Talley has released AIM formulations that function in three AIT ranges: 123-126°C,
155-165°C, and 175-190°C, corresponding to products TALI-44, TALI-45, and TALI-46, respectively.
Each of these AIMs are engineered to function in a relatively narrow AIT range and, through careful
system design, deliver sufficient energy to the “acceptor” charge to initiate reliable deflagration. One key
formulation factor is to exploit a reactant phase change at temperatures near the desired AIT as a means to
overcome the barriers to reaction that thermal stability at lower temperatures require. Using a phase
change as a thermal switch reduces AIT variability in response to temperature ramp rate.

TALI-44 has a relatively low AIT (123-126°C) and is well characterized, but is not sufficient to
reliably mitigate violent response of an “acceptor” charge comprised of a double base propellant or
similar related compositions with AIT as low as 170ºC. Nevertheless, TALI-44 was useful as a baseline
for the new lower temperature AIM development. TALI-44 exploits the silver nitrate/potassium nitrate
eutectic at 134°C and increased heat output and particle impingement from inclusion of Molybdenum.
This metal has a relatively thin oxide layer facilitating reaction at relatively low temperatures. Figure 1
below shows a phase diagram for the silver nitrate/potassium nitrate system, and is coupled to the strong
decomposition reaction as noted in the exotherm of the DSC, Figure 2.

Figure 1. SN/PN Phase Diagram Figure 2. TALI-44 DSC, 10 ºC/min

The DSC also shows a sharp departure from the baseline at the onset of endotherm preceded by
essentially no heat flow, as sign of no reaction. The practical value of this is precise AIM function, as
noted by TAL I-44 no-go testing: no reaction test at 115°C for 6 hours, an automotive requirement.
TALI-44 has also passed thermal aging at 93°C for 1000 hours corresponding to a 15 year service life.

The technical approach for the development of a new AIM suitable for doublebase applications
was to identify and evaluate formulations with suitable phase change in the range of 90-120 °C.
Additional attention was focused on selecting a metal powder reactive in a melt layer at these
temperatures. The characterization of candidates included autoignition behavior, energy output, moisture
sensitivity, ignition hazards sensitivity, and thermal stability screened by DSC. Autoignition behavior of
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interest simulate AIM functioning to mitigate violence of reaction during insensitive munition standard
tests for slow cook-off (0.056ºC/min) and fast cook-off (e.g. 2°C/min).

2.0 Experimental

2.1 Screening Study

2.1.1 Initial Metal/Oxidizer Selection

A screening study was performed by selecting candidate oxidizers and metal fuels, which were
thought to react in the area of interest, 90 °C to 120 °C. A good indicator of reaction potential is reactant
phase change within the temperature range. Among candidates considered for screening, combinations
that modify the eutectic of silver nitrate, SN, and potassium nitrate KN at 134 °C, and cupric nitrate
hemipentahydrate, melting point of 115 °C. Fuel selection included screening metals with minimal native
oxide layer and potential for ignition at relatively low temperatures: molybdenum, titanium, and
magnesium. Aluminum was screened out due to its relatively thick, thermally stable oxide coating.

Oxidizer melts were prepared by combining 2 or 3 oxidizers together (maximum 10 grams
combined) and heating at 160°C and 200°C in a 50 ml beaker, then allowed to re-crystallize on cooling
with continuous stirring. The candidates’ phase behavior in the temperature range of interest was screened
using a DSC.

2.1.2 AIM Mixture Autoignition Screening by DSC

One gram mixtures of AIM candidates comprised of metal fuel/oxidizer mixtures were prepared
by hand and characterized by DSC at 10°C/min. Mixtures with exothermic activity in the range of interest
were also characterized by DSC at other heating rates. Promising candidates were then characterized for
autoignition in larger samples.

2.1.3 AIM Mixture Autoignition Screening in Block Heater

Autoignition screening with 150 mg samples were performed using, dynamic (e.g. ramp) and
isothermal temperature profiles using a block heater and tube furnace shown in Figure 4 and 5,
respectively. Samples were loaded in stainless steel cups and sealed with mylar tape as shown in Figure 3.

Figure 3. Sample Preparation for Block Heater Test, before and after sealing

Dynamic testing was performed at ~ 3°C/min until autoignition. The block heater has a capacity
for testing 20 samples simultaneously with events captures by video camera including a reference sample
of TALI-44 AIM. Samples igniting within the desired range were down-selected for isothermal testing
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wherein samples were placed in two tube furnaces, one preheated to 90°C and the other to 120°C.
Formulations igniting below 90°C within 20 minutes or failure to ignite within 10 minutes at 120°C were
eliminated.

Figure 4 Block Heater (Temperature Ramp) Figure 5 Tube Furnace (Isothermal)

2.2 Characterization Study

The candidates identified from the autoignition screening study were further characterized as to
theoretical performance, ignition hazards, compatibility, and heat of reaction by calorimeter. NEWPEP
thermochemical equilibrium calculations were performed to provide theoretical heat output, flame
temperature, reaction species distribution, and theoretical maximum density. Ignition hazard sensitivity
was evaluated by performing thermal compatibility, friction, impact, and electrostatic discharge
sensitivity tests.

i. Thermal compatibility samples were placed in a 75°C oven for a minimum of 48 hours.
The weight was recorded before and after testing to determine weight loss. Formulations
that reacted or had a weight loss greater than 10% were eliminated from further testing.

ii. Friction testing was performed using a BAM friction tester. A test was considered
positive if a report, smoke, burning, or sparks were observed. The threshold friction value
was recorded as the highest force (N) that produced 6 consecutives negatives.

iii. Impact testing was performed using a Bureau of Explosives (BOE) test apparatus with a 2
kg weight. A test was considered positive if sparks or a loud report was observed. The
threshold impact ignition value (kg-cm) was recorded as the highest value that produced
10 consecutive negatives.

iv. Electrostatic sensitivity testing (ESD) was performed using an ETS Model 931 firing test
system. A test was considered positive if sparks, sound, or burning were noted. The
threshold ESD value was recorded as the highest value that produced 10 consecutive
negatives.

A double based propellant (DB) compatibility study using M7 was also performed using thermal
compatibility (i) and DSC methods on 50:50 mixtures to determine any adverse reactions. DSC analysis
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was performed according to STANAG 4147 method four. Heat of reaction was measured using Parr
Isoperibol 1266 Calorimeter.

2.3 Accelerated Aging/Temperature Cycling Study

A short term aging study was performed to screen for potential duding or increased sensitivity in
advance of longer term aging studies. This consists of thermally aging 1 gram samples, vented and sealed,
at 82°C for 4 days and characterized for changes in appearance, weight, and thermal behavior by DSC
The accelerated long term aging study was performed to simulate a 7 and 15 year ambient shelf life using
both vented and sealed samples at 1:10 and 1:20 AIM:Headspace v/v ratios in an oven at 82°C for 42 and
90 days. Responses of interest are change in autoignition behavior and energy output

Candidates were also exposed to eight 2 hour temperature shock cycles over 4 days
between -65°F and 160°F. Sample response to autoignition, heat of reaction, and pellet break strength (if
applicable) testing were compared to baseline values.

2.4 System Level Trade Study

System level trade studies were performed by testing a prototype configuration at various heating
rates. The configuration was a glass tube loaded with ~ 500 mg of AIM with and without stabilizer. The
tube was placed in an aluminum block and the heating rate was set to 2°C/min, 0.2°C/min, and
0.056°C/min (insensitive munition SCO heating rate).
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3.0 Results and Discussion

3.1 Screening Fuel/Oxidizer Combinations

Results for TALI-44 analogs were prepared by replacing a portion of oxidizer SN/KN with AN or
LN are shown in Table 1.

Table 1 Low Temperature AIM Screening Study Results

ID
Oxidizer

Comelt (weight
ratios)

Comelt
Endotherm

(°C)

DSC Exotherm
onset

10°C/min
(°C)

DSC Exotherm
onset

1°C/min
(°C)

Block Heater
3 C/min

AIT
(°C)

TALI-44
SN/KN

134 138 134 133-134

429-152-1
AN/SN/KN
(mixture 1)

123 136 124 126-127

433-146-3
AN/SN/KN
(mixture 2)

114 134 *Not tested 119-120

433-146-2
AN/SN/KN
(mixture 3)

110 127 *Not tested 117-118

429-152-5
AN/SN/KN
(mixture 4)

107 109 109 110-113

429-152-2
AN/SN/KN
(mixture 5)

101 132 106 110-111

432-65-1
LN/SN/KN
(mixture 1)

103 144 133 116-119

429-141-6
LN/SN/KN
(mxiture 2)

110 142 138 133-135

*Note: Not tested as of 4/15/14 due to time constraints. Testing will be performed in the near future.
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Figures 6 and 7 show the project target AIM function AIT, 90 to 120ºC, and the autoigniton
behavior for the TALI-44 AN and TALI-44 LN analogs, respectively. The TALI-44 AN analogs show
consistent behavior between the comelt endotherm by DSC, and exotherm/ignition behavior by DSC and
block heater performance. The autoignition behavior for the AN analogs containing between 20 to 50%
AN fall in the autoignition target range of 90 to 120°C.

Figure 6 TALI-44 AN Analog Autoignition Behavior

Figure 7 TALI-44 LN Analog Autoignition Behavior

The TALI-44 LN analog performance was much less predictable than the AN analogs. Adding
10% LN to the oxidizer lowered the comelt melt onset, the DSC exothermic onset, and the block heater
autoignition achieving 103, 133, and 117°C, respectively. However, increasing to 25% raised the block
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heater AIT. The analog with 10% LN did meet the autoignition metric, 90 to120°C, based on block heater
AIT. The three TALI-44 analogs carried forward for further characterization contain 30% and 50% AN,
as well as 10% LN, now designated TALI-47A, TALI-47B, and TALI-47C, respectively.

3.2 TALI-47 Low Temperature AIM Characterization Study

Characterization of the three low temperature AIM candidates included short term thermal aging.
Short term thermal aging was performed to detect chemical changes in the material that occur slowly at
elevated temperature well short of the AIT and representing many years of service within normal
environmental ranges. Since the AIT for this material was relatively low, AIT drift to lower temperature
may overlap storage and qualification temperatures. Nammo Talley developed a short term aging
procedure for evaluating new AIM compositions and has demonstrated in previous efforts that undesired
chemical changes and/or reactivity typically occurs within the first 72-96 hours at elevated temperatures.
Since the new AIMs were chemically similar to previous AIMs it was thought that short term thermal
aging would be an effective screening method, since long term thermal aging consumes a considerable
amount of development time (6 to 13 weeks). Therefore, a series of AIM configurations were tested at
82°C for 4 days to verify the configurations prior to long term thermal aging.

To mitigate possible performance degradation in sealed configurations due to autocatalytic
reactions during thermal aging the use of stabilizers was investigated. If successful this also improves
packaging of devices by lessening minimum headspace requirements. Three proprietary stabilizers (A, B,
and C) were evaluated and only stabilizer A showed favorable performance in short term thermal stability
results as shown in Table 2.

Table 2 TALI-47 Series Thermal Stability Results After 4 Days at 82 °C

Formulation
Oxidizer
(wt ratio)

Vented
Sealed

(1:10 v/v)

Sealed
StabilizerA
(1:10 v/v)

Sealed
Stabilizer B

(1:10 v/v)

Sealed
StabilizerC
(1:10 v/v)

TALI-47A
AN/SN/KN
(mixture 5)

No
Reaction

Autoignited Autoignited Autoignited Autoignited

TALI-47B
AN/SN/KN
(mixture 4)

No
Reaction

Autoignited No Reaction Autoignited Autoignited

TALI-47C
LN/SN/KN
(mixture 1)

No
Reaction

No Reaction
but slight
darkening

No Reaction
No Reaction

but slight
darkening

No
Reaction
but slight
darkening

Data shows TALI-47A was thermally stable when vented, but reacted when sealed, regardless of
stabilizer type or level so was eliminated from further study. Surviving candidates exhibiting “No
Reaction” were verified by DSC to have not shifted in AIT post aging. The properties of remaining
candidates TALI-47B and TALI-47C are summarized in Table 3 including TALI-44 baseline.
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Table 3 TALI-47 Low Temperature AIM Characterization Results

PROPERTY TALI-47B TALI-47C TALI-44 (baseline)

Fuel Mo+QNO
3

Mo+QNO
3

Mo+QNO
3

Oxidizer AN/SN/KN LN/SN/KN SN/KN

Density (g/cc)

TMD

Poured

Tap

Pellet

2.76 2.95 2.98

1.50 1.46 1.49

1.60 1.58 1.63

2.51 2.39 Not pressed

DSC (10 C/m) exothermic onset 109 C 144 C 138 C

TGA (10 C/m) exothermic onset 116 C 129 C 141 C

Block heater AIT 107-113 C 115-119 C 125-134 C

Tube furnace AIT 103-107°C 110-115 °C 123 – 126°C

Heat of Reaction 586 20 cal/g 566 20 cal/g 545 20 cal/g

Time to Autoignition at 120 C 1 – 3 minutes 1 – 3 minutes NA

Time to Autoignition at 140 C NA Not tested 2 – 4 minutes

Flame Temperature 1703 C 1722 C 1722 C

% Gas Production 29.2% 29.0% 29.5%

Electrostatic Discharge (ESD) 3.33 J 1.56 J > 6.25 J

Impact > 200 kg-cm > 200 kg-cm > 200 kg-cm

Friction (BAM) > 360 N > 360 N > 192 N

Compatible with M7 Double based Yes* Not tested Not tested
*Compatibility Testing:

Oven compatibility results showed a 6.5% weight loss, but had no change in sample appearance.
Nammo Talley procedure states a weight loss <10% with no change in appearance indicates the material
is compatible. During the DSC compatibility testing per STANAG 4147 the exotherm for TALI-47B
shifted from 122ºC to 130 C at 2ºC/min when M7 was added. The STANAG requirement specifies any
shift in exotherm >4ºC to a lower temperature indicates signs of incompatibility may exist and further
testing is necessary.

3.3 TALI-47 Low Temperature AIM Accelerated Aging Results

Selected candidates were conditioned at 82°C for 42 and 90 days as a simulation of ambient
temperature shelf life for 7 and 15 years, respectively. Each configuration was prepared in duplicate.
Table 4 below shows the sample matrix.
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Table 4 Accelerated Aging Test Matrix
Formulation TALI-47 B TALI-47C

Vented Configuration
AIM alone

No additives
AIM alone

No additives
Sealed Configuration

Set 1
1:10 v/v

AIM + Stabilizer A
1:10 v/v

AIM + Stabilizer A
Sealed Configuration

Set 2
Not performed*

AIM alone
No additives

*Note: Not performed due to autoignition without stabilizer during initial short term thermal stability study (Table 2)

The accelerated aging test results and temperature cycling tests for TALI-47B and for TALI-47C
are provided in Tables 5 and 6, respectively.

Table 5 Accelerated Aging Results for TALI-47B

Formulation/Configuration/
Calculated Ambient Age

Heat of
Reaction

(cal/g)

Heat of Reaction
Change (%Un-

aged)

Tube Furnace
5 trials

At 95 °C

Tube Furnace 5
trials at 120 °C

TALI-47B/Open/Un-aged Baseline 587 - >20 min 3-5 min

TALI-47B/Open/7 years 590 +0.5% >20 min 4-5 min

TALI-47B/Open/15 years 542 -7.7%
*Run 1: 19:45

Runs 2-5:
>20 min

5-6 min

TALI-47B/Sealed + Stabilizer A/
7 years

630 +7.3% >20 min 4-5 min

TALI-47B/Sealed + Stabilizer A/
15 years

572 -2.6% >20 min 4-6 min

TALI-47B/Sealed Stabilizer A/
Temperature Cycling

587 0.0% > 20 min 3-5 min

*Note: Possible sample contamination during open container accelerated aging may have occurred and led to an autoignition on the first trial.

Data shows TALI-47B met the performance metrics post thermal aging with all changes noted
being within acceptable range of the baseline values.
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Table 6 Accelerated Aging Results for TALI-47C

Formulation/Configuration/
Calculated Ambient Age

Heat of
Reaction

(cal/g)

Heat of Reaction
Change (%Un-aged)

Tube Furnace
Time to Ignition

At 95 °C

Tube Furnace
Time to Igniton

at 120 °C

TALI-47C/Open/Un-aged Baseline 564 - >20 min 3-5 min
TALI-47C/Open/7 years 572 +1.4% >20 min 4-5 min

TALI-47C/Open/15 years 542 -3.9% >20 min 9-11 min
*TALI-47C/Sealed/7 years 225 -60.1% >20 min >20 min

TALI-47C/Sealed + Stabilizer A /
7 years

610 -8.2% >20 min 5-7 min

TALI-47C/Sealed + Stabilizer A /
15 years

563 0.0% >20 min 12-14 min

TALI-47C/Sealed + Stabilizer A /
Temperature Cycling

613 +8.6% >20 min 15-20 min

*Note: TALI-47C sealed with no stabilizer appeared darkened and agglomerated after thermal aging.

TALI-47C samples aged for 42 days (simulated 7 year ambient) showed minimal difference in
performance. However, the samples aged for 90 days (simulated 15 year ambient) showed significantly
longer time to ignition during tube furnace testing than the unaged samples, even though the heat of
reaction results indicate little or no energy loss. The reason for this is unclear; however speculation leans
towards excess slow oxidation of molybdenum to the point where it was slightly more unreactive. In
summary, the TALI-47C samples did not meet the performance metric for autoignition at 120°C in less
than 10 minutes for both the 15 year ambient shelf life study and the temperature cycling study.

3.4 Prototype Device Testing

Prototype device testing was performed using 5 cc vials containing 500 mg AIM, sealed with a
stopper, and heated at several rates. Current customers of AIM have evaluated 100 to 1000 mg of material
in their devices so it was decided a sealed container with 500 mg was an effective analog. Heating rates
were 0.056°C/min (insensitive munition SCO rate per STANAG 4382), 0.2°C/min and 2°C/min. These
temperature ramp rates provide a performance profile for the AIMs for a wide range of temperature ramp
rates. Due to the duration of the test the slow ramp rate began with a 10 minute soak at 75°C followed by
a 0.056°C/min ramp to ignition. All other tests were started at ambient (~ 25°C). Table 7 below shows the
test results.
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Table 7 Prototype Testing Results for Various Temperature Ramp Rates

1It has been reported from outside sources that TALI-44 SCO is 123-128°C.
*Test only performed on most promising candidates due to length of test

Data highlighted in the table shows TALI-47B is the only formulation to meet the target
autoignition requirement of 90°C to 120°C for the SCO heating rate in both the powder and
powder:stabilizer form. The formulation also meets autoignition requirement for heating rate 35 times
faster than SCO, that is 2ºC/min, which demonstrates the capability of the AIM to function in FCO
scenarios. In addition, adding stabilizer A to the formulation increased the AIT and provided a tighter
range of AIT across all temperature ramp rates. TALI-47C produced acceptable results, but not as reliably
as TALI-47B. For TALI-47B SCO response showed an induction period, wherein an initial release of gas
was followed by a rapid self-heating approximately 1 to 2 minutes prior to autoignition. This observation
will be investigated in future efforts. Based on both accelerated aging and prototype tests TALI-47B is
recommended as the AIM for future double base cook-off mitigation applications.

4.0 Summary

Studies were completed to identify oxidizer blends and metal fuels suitable for reliable
autoignition between 90 and 120ºC for application to doublebase family systems. Three candidate
formulations TALI-47A, TALI-47B, and TALI-47C met unaged screening test requirements and had
sufficient caloric output. Characterization studies including heat aging led to selection of TALI-47B as
the best composition for initiating active mitigation devices where systems are exposed to heat flux
ranging from SCO to FCO. When properly configured, TALI-47B can achieve a relatively stable
autoignition temperature (110-113 °C) over a wide range of heating rates from 0.056 °C/min to 2°C/min.
Further refinement is ongoing indicating a loading density in the active mitigation device of 10:1 is
achievable.
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The author would like to thank the Joint Insensitive Munitions Program (JIMTP) for funding to
help in the development of a new autoignition material to meet DB active mitigation requirements.

TALI-X Description Configuration
AIT (°C) @

2 °C/min
AIT (°C) @
0.2 °C/min

AIT (°C) @
0.056°C/min

(SCO)
47B AN/SN/KN Powder 112 105 92
47B AN/SN/KN Powder: Stabilizer 113 110 110
47B AN/SN/KN Pellet 113 106 Not Tested*
47B AN/SN/KN Powder: Open 116 108 Not Tested*

47C LN/SN/KN Powder 122 115 >125
47C LN/SN/KN Powder: Stabilizer 130 125 >125
47C LN/SN/KN Pellet 119 117 Not tested*
47C LN/SN/KN Powder: Open 123 119 Not tested*

44 SN/KN Powder 128 125 123-1281

44 SN/KN Powder: Stabilizer 128 Not tested Not tested*
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ABSTRACT

In order to improve the safety of energetic compositions, whether we have to work with less
sensitive materials that are often less powerful nor we have to improve the purity and the microstructure
quality of high energetic materials crystals. A way to modify the crystal quality of an energetic material is
to structure the matter on the nanoscale: the crystals size reduction should induce impurity modifications
in the particles. That is one of the reasons why we came interested in nanoenergetic compositions that
contain high energetic material (≥90% wt) and an organic matrix (≤10%wt) that take part in constraining
the explosive to organize itself on the nanoscale. The key point is to find or synthesize the matrix. In the
course of this study, we first formulated ammonium perchlorate compositions structured on the nanoscale
(150 nm AP particles (80%wt) dispersed in an organogel matrix (20%wt)). The formulation process was
based on the impregnation of porous organogels with a saturated aqueous solution of ammonium
perchlorate followed by freeze drying. The overall composition had an oxygen balance equilibrated
towards CO2. These AP nanocompositions show better safety behavior during combustion than there
equivalent macrocompositions while they burn more rapidly, with no degradation of their impact and
thermal sensitivity properties.

The formulation process of RDX nanocompositions is more complex as the solvent used is -
butyrolactone which can’t be directly frozen dried. However, first RDX nanocompositions have been
formulated and characterized using differential scanning calorimetry (DSC), scanning electron
microscopy (SEM), X-ray powder diffraction and small-scale safety tests. Lately compressions of these
RDX compositions have been performed, prior to gap-test experiments.

1. INTRODUCTION

In the field of insensitive munitions and energetic materials, we are following a permanent quest
for safe matter for propulsion or explosive purposes. With the improvement of energetic devices
compactness, we search compact and high performance energetic materials as well as an alternative to
new energetic molecules which are often difficult to synthesize and costly.

For a few ten years literature describes interesting works on ways to desensitize high energetic
materials (HEM) by improving their purity and the microstructure quality of crystals. In 2000, SNPE
published first works on Insensitive RDX (I-RDX) [1]. Three years later an international inter-laboratory
comparison (Round Robin) on reduced sensitivity RDX (RS-RDX) was launched for three years [2]. To
desensitize HEM, two ways can be followed: improvement of the crystal quality by recrystallization [3,4],
or formulation of nanocrystalline high energetic material [5]. In all cases, the result is a significant
desensitization of the formulations containing the improved material, towards mechanical aggressions
(shock or impact).

When we began to study nanoenergetic compositions in 2003 we intended to reach propulsion as
much as explosives applications. Therefore the idea was to find a common way to produce compositions
containing whether AP nanoparticles or RDX nanoparticles. The concept was based on the use of some
kind of a mould that would guide the charge (Ammonium Perchlorate (AP) or RDX) dissolved in a
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solvent, in its nanosized pores. During drying, the charge particles, constrained by the mould walls
couldn’t grow. The key point of this concept is the mould (matrix): it has to be able to constrain the
charge to organize itself on the nanoscale.

In the case of a composition for propulsion the nanostructuring matrix has to be a reductant
matrix so that the mixture AP/matrix will have an oxygen balance of 0 %. The aim is to improve the
combustion behavior without degradation of safety. In the case of a composition for explosive
application, whatever the nanostructuring matrix, the ratio matrix/explosive has to be as little as possible
to avoid degradation of the energetic performances. The aim is to improve the safety without degradation
of the performances.

In this study we have been working on compositions for propulsion containing 80 wt% of
ammonium perchlorate (AP) nanoparticles and compositions for explosive purposes containing 75 wt%
and up to 90 wt% of RDX nanoparticles.

Below, the formulation of nanocompositions is first described. Later, the microstructural and
energetic characterizations are displayed. The behavior of all nanocompositions has been compared to the
corresponding macroscopic equivalents.

2. EXPERIMENTAL METHOD

2.1. Formulation of nanocompositions

The materials we prepared consist in nanodispersions of ammonium perchlorate (AP) or RDX
nanoparticles (called charge) in a matrix.

Matrix

The chosen matrix is a mesoporous low-density energetic organogel with a consistency that
makes it possible to use to incorporate and nanostructure the necessary amount of charge (AP or RDX).
This amount is limited by the density of the gel and the solubility of the charge in a solvent that will be
chemically compatible with the gel. Therefore to nanodisperse 80 wt% AP, 75 wt% RDX or even later 90
wt% RDX we used 0.07 g/cm3 gels synthesized from phloroglucinol (P) and nitrophloroglucinol (NP) as
precursors and formaldehyde as reagent (Figure 1). The P/NP molar ratio we selected is 7/3. Therefore the
matrix is called P/NP(7/3)F.

Figure 1. Synthesis of a P/NP(7/3)F matrix.
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The BET specific area (SBET) and the pore size distribution of the P/NP7/3F gels, preliminary
dried under supercritical CO2, were determined using nitrogen adsorption analyses and subsequent
calculations. High SBET (690m2/g) and a pore size range of 10 to 50nm were observed. The synthesis of
this matrix has been scaled up on a 600 g/batch scale. The matrix is used under its gel form, cut into
pieces and washed with ethanol, to get rid of non reacted or partially reacted precursors.

Matrix impregnation with charge in solvent

The impregnation process consists in the immersion of pieces of gels in a saturated solution of AP
(in water) or RDX (in -butyrolactone (GBL)) (Figure 2): the solution diffuses through the gel open pores
network. This works well with the polar solvents we used as the wall of the matrix open pores are covered
with hydroxyl chemical groups. This operation can be proceeded between 63 °C and 93 °C depending on
the amount of charge we want to insert inside the matrix (Table 1). This process has been scaled up on a
400 g/batch scale.

Figure 2. Impregnation process.

Table 1. Impregnation process temperature.

Nano AP
80wt%

Nano RDX
75wt%

Nano RDX
90wt%

Impregnation T (°C) 63 63 93

Charge crystallization and drying process

After impregnation, the saturated solution residues present on the gel pieces are delicately and
quickly mopped up before cryotransfer in liquid nitrogen. At that time, numerous charge (AP or RDX)
crystal nuclei are formed. These nuclei can’t grow as they are not surrounded with charge solution.
Therefore the charge particle size reached during the cryotransfer designs the final size of charge particles
in the P/NP(7/3)F/charge nanocomposition.

If crystallization and drying process is very simple in the case of AP charge (cryotransfer and
freeze-drying figure 3), in the case of RDX things are more complicated: the solvent used is -
butyrolactone and it can’t be directly frozen-dried. So GBL has to be exchanged with water which is the
only industrially freeze dryable solvent. The challenge is to reduce as much as possible the growth of
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RDX nuclei during the solvent exchange. Therefore we decided to perform a first exchange with ethanol
at -20 °C and secondly carry out the exchange with water at ambient temperature (figure 4).

Figure 3. AP crystallization and drying process. Figure 4. RDX crystallization and drying process.

After freeze-drying, the cryogels are mildly crushed in a vibratory ball mill and subsequently
characterized. The crystal size distribution of the crushed powder is 50μm to 200μm. Therefore we
assume that crushing doesn’t disturb the organization of the charge nanoparticles inside the protective
matrix. This process has been scaled up on a 125 g/batch scale in the case of AP nanocompositions and on
a 50 g/batch scale in the case of RDX nanocompositions. The RDX nanostructuration process could be
improved in terms of duration and efficiency: at present we are looking for a way whether to substitute
the last cryotransfer and freeze drying by a classical drying at ambient pressure and temperature or to
introduce RDX during gelation.

Equivalent AP and RDX macrocompositions were prepared by mixing powders of P/NP7/3F
frozen dried gel and AP 3 μm or RDX 0-100 μm.

2.2. Characterization methods

All nanocompositions were characterized using elementary analysis, differential scanning
calorimetry (DSC), scanning electron microscopy (SEM), X-ray powder diffraction and impact response.
80 wt% AP nanocompositions were additionally characterized using combustion tests and 90 wt% RDX
nanocompositions were additionally characterized using small-scale gap test. For all these tests,
comparisons of the nanocompositions with their macroscopic equivalents i.e. powder mixtures with the
same weight ratio, have been done.

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 is evaluated by the classical up-and-down
method. In addition, the maximal pressure PMAX released by the decomposition gases is measured in the
closed impact chamber of the apparatus. These pressure values were used to estimate the impact reactivity
of the sample. In addition, we performed some friction sensitivity tests using a Julius Peters apparatus: we
determined the friction force F50 using the same method than impact tests.

Combustion tests have been performed in a closed-vessel apparatus. Pellets of 2 g have been
ignited with a small quantity of black powder and pressure in the closed-vessel of 64 cm3 has been
monitored during the combustion. In addition, measurements of the linear combustion rate have been

247



done at the National Center of Aerospace Research (ONERA) by means of an ultrasound method on 10 g
pellets.

In order to quantify initiation behavior under shock, small-scale gap tests (SSGT) using M702
detonator (Nexter Munitions) as a donor and aluminum alloy Au4G as a barrier have been performed.

3. RESULTS AND DISCUSSION

3.1. First characterizations

Elementary and thermal analysises have been performed on the nanocompositions charged with
AP and RDX. Elementary analysis is a mean to estimate the amount of charge crystallized inside the
matrix: the cryogel matrix is first analysed alone, followed by the nanocomposition. Table 2 summarizes
results obtained on the three nanocompositions groups studied.

Table 2. Elementary analysis on nanocompositions.

Sample P/NP(7/3)F (wt%) AP (wt%) RDX (wt%)
P/NP(7/3)F/AP 20 ± 3 80 ± 3 /

P/NP(7/3)F/RDX 30 ± 5 / 70 ± 5
P/NP(7/3)F/RDX 10 ± 3 / 90 ± 5

DSC is used as a safety test. We observed no evolution of the thermal stability of
nanocompositions compared to macrocompositions: both have such thermal stability that the matter can
be handled. X-ray diffraction measurements confirm that AP or RDX particles dispersed in all
P/NP(7/3)F cryogels have an average size of about 100-150 nm. The SEM images show a good
homogeneity of the AP and RDX cryogels microstructure (Figure 5 and 6).

Figure 5. SEM image of 80 wt% AP nanocryogel. Figure 6. SEM image of 90 wt% RDX
nanocryogel.

The AFM image of RDX nanocryogel shows that main particles are divided into fine entities on
the hundred nanometer scale (figure 7).
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Figure 7. AFM image of 90wt%RDX nanocryogel.

Impact results for P/NP(7/3)F/AP formulations containing 80 wt% (Table 3) show that AP
nanocompositions are less sensitive than mixture of powders (macrosized formulation). Moreover, during
decomposition, the pressure released by the decomposition process is higher in the case of nanosized
formulations.

Table 3. Drop-weight results on AP formulations.

Sample Impact (H50 (mm) / PMAX (MPa))

P/NP(7/3)F/AP 20/80
Macro Nano

215 / 0.106 500-700 / 0.2-0.33

Table 4 describes the sensitivity tests results for P/NP (7/3)F/RDX formulations containing 75
and 90 wt%. Impact sensitivity of nanosized formulations is slightly higher than sensitivity of macrosized
and even of intrinsic RDX (0-100 μm) ones but the difference is not really significant. When the RDX
weight percentage is under 90, the pressure released by the decomposition is lower in the case of
nanosized formulations. The dispersion/dilution of RDX in the matrix in the case of nanocompositions
can explain this phenomenon. When increasing the part of intrinsic explosive of the composition up to 90
wt%, reactivities of macro and nanoformulations are all the same and they are close to the pure RDX
reactivity.

Friction sensitivity threshold of nanosized formulations with 90 wt% of RDX is greatly better
than RDX one. We also see an improvement in comparison with macrosized formulations. A combined
effect of the size of the RDX particles and the protective role of the matrix towards the aggression can
explain these results.
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Table 4. Sensitivity tests on RDX formulations (drop-weight and friction).

Impact
H50 (mm) [confidence limits 95%]

PMAX (MPa)

Friction
F50 (N) [confidence limits 95%]

Macro Nano Macro Nano

P/NP(7/3)F/RDX 25/75 138 [131 - 145]
0.211

130 [124 - 136]
0.148 / /

P/NP(7/3)F/RDX 10/90 170 [154 – 186]
0.485

99 [83 – 115]
0.460 340 [306 – 382] >> 353 N

(9/30 at 353 N)

RDX 0-100 μm 159 [128 – 189]
~ 0.5 / 228 [205 – 253] /

3.2. Combustion behavior of AP formulations

Closed-vessel combustion

These tests have been performed on nanocryogel and mixture of powders. After a few
preliminary tests on mixtures of powders, a pressing sequence of 3x100 MPa with a temperature of 60°C
has been selected to obtain pellets of nanocryogels and macrocryogels with a density of 1.65 g/cm3 from
powders issued from dry crushing and powder mixing. For these experiments, two different
nanostructuring matrixes were tested [6]: a PF matrix synthesized from phloroglucinol (P) and
formaldehyde (F) and the P/NP(7/3)F matrix described in the first part of this article. Whatever the
matrix, the nanoformulation process was the same as described in the experimental part above.

For all the different formulations, the linear combustion rate has been estimated as a function of
pressure making strong assumptions on the burning surface of the pellets during the test. Results are
presented in Error! Reference source not found..

Whatever the pressure and whatever the type of structuring matrix, the burning rate of nanosized
formulations is about two or three times higher than the one of mixtures of powders and the combustion is
regular. These results are in agreement with drop-weight tests: nanostructuration allows a significant
improvement of the decomposition by combustion of the formulations. In addition, nanostructuration
guarantees a stable combustion all over the explored pressure range (pressure exponent < 1).

The two nanosized formulations burn regularly. But, for one of the mixtures of powders (PF/AP),
we are confronted with the well-known phenomenon of deconsolidative burning above a critical pressure
of 50 bars despite the high density of the pellet. The pellet cracks due to thermal stress during the
combustion inducing a sudden increase of the burning surface, which is materialized by a break-up of the
pressurization speed slope above a certain pressure. It’s not the case with P/NP(7/3)F as a matrix probably
because of its different thermomechanical properties.
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Figure 9. Ultrasonic method: burning rate vs.
pressure.

Ultrasonic method

The ultrasound method used by ONERA is similar to the classical emission/reception non-
destructive technique [7]. An ultrasound transducer emits a mechanical wave, which travels through the
sample. This wave is reflected on the burning surface and comes back to the transducer. A specific
electronic device allows one to follow the displacement of the burning-surface echo from its initial
position up to the end of burning. Therefore, it is possible to get in one shot the linear combustion rate of
solid propellants vs. pressure in a large range. For this experiment the cylindrical surface of the pellet is
inhibited with a resin.

Such experiment has been performed on nanocryogel P/NP(7/3)F/AP (20/80 wt%) and equivalent
mixture of powders under pellets form. To obtain pellets (10g) of 16 mm diameter with a density of 1.78
g/cm3, a pressing sequence with a temperature of 60 °C and triple cycle pressure has been applied. The
pressure was 110 MPa for nanocryogels and 150 MPa for macrocryogels. No binder has been used. The
density of the pellets is different than the one of closed-vessel pellets because we need to reduce as much
as possible the residual porosity to prevent the penetration of the resin in the pellet.

The results obtained (Figure 9) confirm the closed-vessel experiments ones: the burning rate of
the nanosized formulations is about two or three times higher than the one of mixtures of powders and the
pressure exponent is lower in the case of nanosized formulations all over the explored pressure range. In
the case of mixture of powders, the heterogeneities of the matter induce noise in the burning rate
measurement.

3.3. Small-scal gap tests (SSGT) on RDX formulations

The SSGT is performed using the experimental device described Figure 10. The donor is a 7 mm
diameter detonator and the sample is a 10 mm diameter pellet.
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Figure 10. Experimental device for SSGT.

The key point of this device is the barrier that isolates the donor from the explosive sample. The
sample itself lies on a witness plate. The barrier is characterized by its thickness (e50: the thickness for
which 50% of the donor shock wave induces the initiation of the explosive sample). The evaluation is
normally performed by a classical up-and-down method on 30 samples. The smaller the e50, the less
sensitive is the composition.

Each sample tested was preliminary processed into pellets. The challenge was to define the
residual porosity volume of the compositions as we know it is the key-point for initiation studies. We
decided to set it to 5 %, which corresponds to a density of 1.65±0.02 g/cm3. Pellets of 10 mm diameter of
nanocryogel P/NP(7/3)F/RDX (10/90 wt%) and equivalent mixture of powders have been obtained by
uniaxial pressing without any additional binder. A pressing sequence of 5x200 MPa has been applied on
nanosized formulations and 1x150 MPa on the macrosized ones. The temperature was 60 °C for both
sequences. For each formulation, eight pellets have been prepared.

Table 5 summarizes the gap test results for nanosized and macrosized 90 wt% RDX compositions
free of binder, compared with results obtained previously on a formulation containing HMX, TATB and a
fluorinated binder.

Table 5. SSGT results.

Formulation e50 (mm) Confidence limits 95 %
P/NP(7/3)F/RDX

(10/90) 95 % TMD
macro 2.70 [2.52 - 3.01]
nano 1.84 [1.51 - 2.22]

HMX/TATB/technoflon
(65/30/5) 98 %TMD

1.88 [1.78 - 2.00]

Despite large confidence limits, due to the reduce number of pellets available, we can assert that
pellets of nanocryogel are significantly less sensitive than the equivalent pellets of mixture of powders.
When RDX is nanosized, e50 decreases: the smaller the RDX particles, the safer the RDX composition is.
It is expected that such behavior is partly related to the smaller void size remaining in the nanosized RDX
particles as described by Stepanov et al. [8]. But, these results need to be confirmed and additional
experiments such as critical diameter determination have to be carried out. We know that the critical
diameter of the RDX, near its theoretical density, is about 1 to 2 mm. If we consider the values of e50 of
Table 5, the SSGT will not be biased by troubles of propagation in the pellet just after the gap if the
critical diameter of the tested compositions is the same than RDX. But, if it’s not the case, we will have to
perform gap test with a higher diameter to confirm these first results.

The RDX crystals of the macrocompositions can be damaged during the pressing sequence
because of the lack of binder and the size of the cystals. Some additional defects can be introduced which
can sensitize the macrocompositions pellets to shock and then amplify the measured e50 difference
between macro and nanocompositions. Nevertheless, the pressing sequence of the nanosized formulations
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needs more pressure and more cycles to obtain the same pellet density so it remains difficult to conclude
about the effect of pressing on shock response.

That’s why we rather compared the pressed nanocryogel  containing 90 wt% nanosized RDX
(nitramine), no binder and 5 % residual porosity with a pressed PBX formulation containing HMX
(similar nitramine as RDX on a shock sensitivity point of view), 30 wt% TATB,  and only 2 % residual
porosity. Their sensitivity thresholds are nearly the same so it’s a good illustration of the potential of high
energetic material nanostructuration to reduce the shock sensitivity.

4. CONCLUSION

A nanodispersion process allowing nanostructuration of up to 90 wt% charge (AP or RDX) in an
organogel matrix has been developed. XRD and SEM analysis have been used to demonstrate that the
charge is homogeneously nanodispersed. The potential of this process is its changeability: in case of
propulsion application it is possible to change the amount of AP depending on the expected oxygen
balance. In the case of explosive applications, it is possible to adapt the process conditions (temperature,
duration, drying, and solvent) to change the charge nature or increase its ratio. It could also be interesting
to mix different charges in a same matrix, or even improve the intrinsic energetic performances of the
matrix.

On an energetic point of view, when organogels impregnation is performed with saturated
solution of AP, the impact sensitivity of dried nanoformulation containing 80 wt% charge is significantly
lower than macroformulation one and their decomposition is more powerful. For RDX nanoformulations,
the impact sensitivity is quite equivalent to macroformulations whatever the RDX wt%, but the reactivity
is lowered as soon as the RDX wt% is below 90. Friction sensitivity is greatly reduced for 90 wt% RDX
nanoformulations in comparison with RDX one.

According to the results obtained using the closed-vessel experiment or the ultrasonic method
(ONERA), 80 wt% AP nanocompositions show a stable increase in the burning rate compared to their
macro equivalent. Thus, we have been able to demonstrate that AP nanoenergetic materials have an
interesting energetic potential compared to their macroscopic equivalent.

In the case of RDX, the works we performed on 90 wt% nanoformulations prove that RDX
nanostructuration induces a significant benefit in terms of safety towards mechanical aggressions of the
formulation. Next the steady-state detonic behavior of the 90wt% RDX compositions (nanosized and
macrosized) will be studied (critical diameter, detonation front curvature, pyrometry, …).

The 90 wt% RDX nanoformulations are produced today as macroscopic powders. These powders
could be used directly without further processing in detonators. To enlarge the use of these desensitized
high energetic materials in boosters or as loading explosives, the mechanical properties of the
formulations will have to be improved using a binder. Therefore, we intend to have a look on the
formulation of plastic-bonded explosives containing a 90 wt% RDX nanoformulation. Moreover we
expect to compare as soon as possible the behavior towards shock of a PBX formulation containing our
nanosized 90 wt% RDX and an equivalent PBX formulation containing reduced sensitivity RDX [9].
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Abstract

Reactive Metals International, Inc. (RMII), a fully owned subsidiary of Mach I Inc. has designed,
built and tested a Pneumatic Impact Testing Apparatus (PITA) for qualitative and quantitative analysis of
the impact ignition threshold energies for consolidated reactive materials. The PITA has proven to be an
essential tool for routine, cost effective impact testing of reactive materials. The PITA can launch a spherical
(0.375” diameter) steel projectile at energies ranging from 10 Joules to greater than 450 Joules corresponding
with projectile velocities of 100 fps to greater than sound speed. A calibration curve of projectile velocity vs.
launch gas pressure has been generated and is utilized in determining impact energies. Ignition is detected
through a Si photodetector and overpressure from the ignition event is measured using a piezoresistive
pressure transducer. Both detectors are mounted to the wall of a catch box in close proximity to the sample,
which is mounted against a steel target plate. The ignition threshold energy was demonstrated for several
compositions including a thermite type material, a metal-metal intermetallic and a metal-metalloid. Samples
were prepared by high energy ball milling and consolidated into 0.250” pellets using a hydraulic press. The
effectiveness of the PITA is exemplified by its accuracy, high throughput and low cost for the routine
evaluation of impact- ignition sensitivities/energies for reactive materials. Typically, ignition threshold
energies for reactive materials can be determined with a sensitivity of a few Joules. The time necessary to
produce the ignition data for a material can be done in a single day using 20-30 rounds.

I. Introduction

A variety of Reactive Materials (RM’s) are currently being developed with applications in areas such as
enhanced blast, reactive armor, liners and multifunctional frangible casing. “Reactive materials” are defined as
materials that do not detonate, but are capable of rapid exothermic reactions. General interest in reactive materials
includes nanocomposites of intermetallic and thermite type systems. Reactive Metals International Inc. (RMII)
produces these composites through mechanical milling using a high energy planetary mill. Preparation1 by
mechanical milling offers a unique set of advantages, including a readily scalable and inexpensive manufacturing
method, versatility in selecting material composition, and readily adjustable material sensitivity and other physical
properties such as density or strength. RM ignition can occur through different stimuli such as thermal, electrical or
mechanical. RMII is predominantly interested in ignition through mechanical methods because materials currently
produced by RMII are primarily made for applications needing ignition upon impact.

As new materials were identified and began to be produced, an effective and simple impact testing method
was needed for routine determination of the impact sensitivity of the RM. In addition to determining the ignition
threshold for RM’s, a device was desired that also could measure overpressure resulting from gas producing RM’s.
During the execution of a US Army SBIR Phase I program, RMII developed and built a Pneumatic Impact Testing
Apparatus (PITA) that satisfied the testing requirements for characterizing the ignition of materials made at RMII. 2,3

The early materials studied were primarily of interest to the Army. As RMII continued to expand its commercial and
research material portfolio, it became essential to have a device that could not only give basic ignition data, but

1 Senior Research Scientist, 340 East Church Rd. King of Prussia, PA, 19406
2 Engineer, 340 East Church Rd. King of Prussia, PA, 19406
3 President, 340 East Church Rd. King of Prussia, PA, 19406
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could be readily modified and expanded to study different ignition events. The need for limited distribution of
information about materials development for the US Army and Air Force has necessitated the use of generic
terminology in this paper. It is the objective of this paper to inform interested readers about the development,
working characteristics, and availability of the PITA instrumentation at MACH I/RMII.

There exist numerous impact testing devices throughout the US, but in most cases these devices are
developed for specific materials and applications, or to run certain specified test protocols, e.g. safety testing. (e.g.,
ref 4 and 5) Cost effective impact measurements are not readily available with the existing devices for high
throughput screening of RM’s. So RMII set out to develop a robust, effective, high throughput testing device that
could be marketed as a service to the materials community.

In recent years there has been a high level of interest in using reactive composite materials for various
structural applications such as munition/warhead cases to produce enhanced effects on target.(6-8) The primary
challenge of producing reactive structural composites is to achieve adequate mechanical strength of consolidated
reactive powders along with tunable reactivity. An important consideration is how the reactivity is affected with
increasing consolidation. As materials become more consolidated, their ignition threshold should become greater,
and accurate measurement of this reactivity is essential to develop the methods to produce useful materials.

Also of interest in the development of the PITA device is the ability to have techniques to quantitatively
validate ignition/initiation mechanisms for reactive materials. This need may necessitate the future incorporation of
specialized instrumentation such as a spectrometer or high speed camera to study the ignition event. Effective
incorporation of this refinement would require a more detailed study where information can be determined on the
relationship between loading, ignition and propagation of the RM.

Quantitative measurement of gas production has not yet been optimized, but it is recognized that this
information would be an important tool for understanding the properties of gas generating RM’s. RMII is continuing
to engineer a device that serves to measure ignition energies, ignition mechanisms and gas production.

II. Experimental

Binary intermetallics - The general preparation of the intermetallic compounds consist of high energy ball
milling using a Retsch PM 400 planetary mill and 500 ml stainless steel milling jars. In an inert atmosphere glove
box, the metals are typically combined in the milling jars at ratios varying from 20:80 to 40:60, with the harder
metal at lower concentration. The metal powders are normally -325 mesh but in the case of zirconium, 50um
granules were used, and boron was 1um. Milling is typically done with a 3:1 ball to powder mass ratio, and process
control agents (PCA) were used at 1-5 weight % of total powder mass. The milling parameters are 350 rpm for 3-6
hours. All materials for the intermetallic composites and thermites were used as received from the suppliers.

Thermites - The general preparation of the thermite composites consist of high energy ball milling the
metals and metal oxide at stoichiometric proportions and up to 4 fold excess of fuel. All materials are combined in
custom made high pressure 150 ml milling jars in an inert atmosphere glove box. Milling is typically done with a 3:1
ball to powder mass ratio with PCA added at 10-15 weight % of total mass. The milling parameters are 350 rpm for
20-40 minutes.

The ¼”pellets for impact testing were made using a 12 ton manual, bench-top Carver press.

III. Results and Discussion

A. Project Development

The Pneumatic Impact Testing Apparatus (PITA) was developed to determine the impact-ignition threshold
of consolidated energetic composite materials made for a US Army Phase I SBIR project. This development
benefited existing work at RMII, which makes a variety of energetic materials. A device was needed that could
quickly give useful information on the impact ignition sensitivity for the consolidated materials. Based on the PITA
generated ignition sensitivities the high energy ball milling processing variable can be varied, effectively tuning the
ignition threshold to the desired level. While the design of the PITA was focused on the need for determining the
ignition threshold of a RM, measuring overpressure from the ignition was also a goal. Ignition is triggered by the
impact of a spherical steel projectile on a pellet or fragment of a RM mounted inside a target box against a steel
target plate. The early development and proof-of-concept tests for the PITA are described and clearly demonstrate
the utility of this device for determining impact ignition threshold.
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The occurrence of an ignition event is detected using a Si photodetector. The photodetector is attached to a
manual lever actuated iris for scaling the intensity of light output if necessary. The ignition over-pressures are also
measured using a piezoresistive pressure transducer mounted inside the target box. Figure 1 below shows a
generalized schematic of the components that constitute the PITA.

Figure 1. Schematic of the PITA

The primary non-analytical components of the PITA consist of the projectile launcher and target box. The
projectile launcher is capable of holding up to 3000 psi of launch gas, which is well beyond the pressure required to
launch the projectiles in excess of sound speed. Helium gas is typically used, because it gives much greater
projectile velocities than other inert gases such as nitrogen or argon, due to the fact that helium does not form a
condensed phase at the pressures and temperatures involved. (In this application helium is essentially a non-
compressible gas) The target box consists of a steel target plate where the sample to be analyzed is mounted, the
pressure transducer is positioned perpendicular to the target plate holding the sample and the Si photodetector is also
positioned 90o to the sample. Light and pressure measurements from the photo cell and pressure transducer are
monitored remotely using a software program called DASYLab. The portion of the target box lid covering the
compartment containing the light detector and pressure measurement equipment is sealed. The compartment is not
sealed completely, because of the necessity of the hole for the projectile to enter. The entire PITA facility is
surrounded by a mil spec. 1/2” Lexan enclosure for safety, as it is located in an occupied production area. The PITA
facility is now fully operational, with successful projectile velocity calibration and ignition testing of reactive
composite materials having been performed. Figure 2 below is a photo showing the actual PITA configuration inside
the Lexan enclosure.

Also apparent in the Figure 2 photo is a gray “catch box” behind the target box. This feature is a
permanently mounted projectile trap that is used only when velocity calibration is performed. The catch box is filled
with compacted shredded tires and has 2” of sand and 2” of compressed paper at the rear as an additional projectile
stopper. The highest velocities used have not resulted in projectiles penetrating over 1/2 of the length of the
calibration catch box.  The chronometer for velocity measurements is visible at the left of the figure.
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Figure 2. Overhead View of the PITA

B. Projectile Velocity Calibration
The PITA design makes the calibration of projectile velocity very simple. Calibration involves sliding the

target box out of the way on the fixed mounting rails. The Competitive Edge Dynamics model M2 chronograph is
then placed in the projectile path between the projectile launcher and the catch box to measure projectile velocity.
Calibration data for projectile velocity as a function of launch gas pressure is presented in Figure 3 for argon,
nitrogen and helium. The correlation of pressure and velocity is not linear over the entire velocity, so pressure
calibrations of the gas gun are best described as a power function to accurately calculate velocity with the
corresponding gas pressure. As mentioned previously, helium is typically used because it gives greater projectile
velocities, but calibration was done using the different gases to test the velocity response with the installed launcher.
The diminishing increase in projectile velocity with increasing launch pressure occurs for all gases tested, but it is
very pronounced beyond 700 psi in the case of argon and nitrogen. For example, in the case of argon, at gas
pressures below 700 psi, a 100 psi increase in gas pressure produces about a 50 fps increase in velocity, whereas
above 700 psi the increase in projectile velocity is reduced to about a 30 fps increase with a corresponding 100 psi
increase in launch pressure. In the case of helium the projectile velocity is increasing monotonically with increasing
launch pressure up to maximum pressures used to date. Excess wear on the projectile stop plate currently makes
launching with helium at greater than 1500psi undesirable and in ignition studies of most reactive materials of
interest to RMII, unwarranted. In the case of helium, about 700 psi launch pressure is necessary to launch the
projectile at sound speed, compared with about 1700 psi using argon or nitrogen. Projectile velocities on the order of
1500 fps at 1400 psi launch pressure can be achieved routinely using helium as the launch gas. The launch gas
reservoir of the PITA is rated to 3000 psi, leaving plenty of safety margin for foreseeable future work.
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Figure 3. Projectile Velocity Launched with Different Gases

At sound speed, the force upon impact of the projectile on the target plate is sufficient to compress a flat
surface on the spherical ball projectile equal to about 2x the diameter of the ball. The resulting projectile shows
small fracture lines on its outside perimeter. Table 1 below shows the force exerted on the sample target plate by the
54 grain (3.5 gram), hardened steel, spherical projectile at different velocities. Impact energy of 207 Joules would
result from this projectile being launched at 1128 fps (sound speed). The steel projectile can be launched at
velocities as low as 200 fps, corresponding to impact energy of less than 10 Joules. Data has been obtained on
projectiles traveling at up to 1700fps. Although the data in Table 1 was collected using argon instead of helium as
the launch gas, the energy of impact is dependent only on the velocity and mass of the projectile. For comparison,
the data in Table 2 shows the velocity calibration for helium gas and the corresponding impact energy. Achieving
sound speed in the PITA device using helium gas requires roughly one half the launch pressure required for argon.

Table 1. Projectile Velocity and Impact Energy for the PITA Using 3/8”, 54 grain, Steel Projectile Launched
Using Argon Gas

Launch Pressure (psi) Projectile Velocity (fps) Joules Upon Impact

25 260 11
50 330 17

100 420 29
200 540 47
300 620 62
400 680 75
500 740 89
600 785 100
700 830 112
800 870 123
900 905 133

1000 940 143
1100 970 153
1200 1000 163

1700* 1128 207
*Calculated Pressure Required to Launch the 54 grain Projectile at Sound Speed
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Table 2. Projectile Velocity and Impact Energy for the PITA Using 3/8”, 54 grain, Steel Projectile Launched
Using Helium Gas

Launch Pressure (psi) Projectile Velocity-(fps) Impact Energy-Joules

20 164 4.4
40 267 12
60 346 19
80 410 27

100 460 34
200 655 70
300 795 103
400 900 132
500 995 161
600 1075 188
700 1146 214
800 1205 236
900 1275 264

1000 1320 283
1100 1380 310
1200 1425 330
1300 1470 351
1400 1510 371
1500 1550 391
1600 1598 419
1800 1675 460
2000 1740 497

C Ignition Detection
Ignition detection is accomplished using a high speed Si photodetector. The photodetector was initially set

up in-line and perpendicular to the mounted sample, but the residue from ignition made cleaning the sapphire
window time consuming. The photodetector has recently been moved so the sapphire window is out of the in-line
“blast zone”.

Initial testing of the Si photodetector was done using pellets of the reactive thermite nanocomposite
2Al:Fe2O3. The reactivity of this material made it useful for testing both the sensitivity of the photodetector and the
relative quantities of material required for detection. The ignition of 2Al:Fe2O3 was evident both visually and with
the photodetector at the lowest launch pressure studied. The initial pellets made for testing the PITA were on the
order of 350 mg and it was immediately apparent that this amount represented a significant excess of material. This
first test series demonstrated that pellet mass could be less than 100 mg with most types of RM. In the case of the
thermite-type materials it appears especially important to minimize the sample size because of the heat output in
addition to the light output. In the case of the thermite material, with 100mg pellets the ignition gave a very large
signal from the photodetector and ignition was also readily evident from the light and sparks escaping the target box.
The visual evidence of ignition and photo detection are represented in Figure 4 and Figure 5 respectively for tests on
samples of a metal-metal intermetallic nanocomposite. In most cases it can be expected that the ignition event will
be detected using pellets made as small as can be practically handled. Of course there is a dependence on the
reactivity and combustion efficiency of the material being tested. In the event that the light output of a particular
quantity of a particular material is too intense for the photocell, it can be reduced using the attached iris. Materials
have been tested using 30mg pellets with more than sufficient light output for detection with the current setup.

In Figure 5, the x-axis of the plot displays the time from the inception of data collection, with the actual
ignition event lasting about 350 ms. The extended data collection time prior to and after the ignition provides
sufficient data to plot a baseline. The y-axis value is not quantitative in this or any other experiments performed to
date.
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Figure 4. Ignition of a Reactive Metal in the PITA

Figure 5. Impact Ignition Detection for a Reactive Metal Using the Si Photodetector.

D. Overpressure Detection
The PITA has been designed for incorporation of a pressure transducer for detecting the overpressure

resulting from ignition of the test material, although a limited amount of data is available because the optimum
placement and orientation of the pressure transducer is still being investigated. Only a few pressure signals were
detected and the pressure transducer was damaged due to the vibration resulting from the projectile and plate impact.
The improved design will involve mounting the pressure transducer so it will be isolated from the impact vibration
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of the catch box. The target box has been configured to contain much more of the blast event than is evident in
Figure 4.

Differentiating between dynamic air overpressure from the launching of the projectile and the pressure
spike caused by gas evolved by the combustion of a reactive material was an initial concern. The nature of the PITA
device does not allow for the measurement of static pressure like a sealed combustion bomb. A series of alterations
to the target box were tested to reduce the launch gas dynamic pressure near the sample. To determine the dynamic
pressures that would be experienced, a simple water manometer was attached to the target box using the connection
port that usually holds the pressure transducer. A liquid water column gives poor dynamic response, but it serves to
estimate the magnitude of the dynamic air blast from the gun and the overpressure from ignition, to allow selection
of piezoresistive and piezoelectric transducers of the correct ranges.

Reduction in the dynamic pressure from the launch gas was done incrementally. The first step was
installing one partition in the target box between the projectile entry hole and the sample holder. A hole slightly
larger than the projectile diameter was drilled through the partition. The gun was actuated without a projectile at
pressures ranging from 400 psi to 1200 psi, and the pressure in inches of water was recorded manually for each shot.
Using one partition reduced the dynamic pressure considerably, on the order of 30-40%. The next step was to put a
second partition in the target box. The use of a second partition had a negligible additional effect on the dynamic
pressure, reducing the pressure only a few percent more. The final step was removing the lid near where the
projectile enters the target box. Removing the lid reduced the dynamic pressure at the sample from the launch gas to
very minimal levels. Table 3 shows the decrease in pressure near the sample with each incremental change to the
box. The incremental changes to the box include; total pressure with an empty target box (PE), total pressure with
one partition installed in the box (P1), total pressure with two partitions installed (P2), total pressure with the two
partitions and the lid near the entry port of the box removed (P2L) and the total pressure with the partitions and lid
removed and a live round fired at the target plate (P2LP). For manual pressure measurements the P2LP is considered
the baseline pressure response at the corresponding launch pressure and is subtracted out form all overpressure
measurements of RM’s. The reduction in dynamic gas overpressure allows a determination of the overpressure from
the RM ignition.

Table 3. Total Dynamic Pressure Inside the PITA Target Box from Launching of the Projectile.

Launch Pressure
(psig)

PE (bar) P1 (bar) P2 (bar) P2L (bar) P2LP (bar)

400 0.0265 0.0188 0.0178 0.0038 0.0050
600 0.0335 0.0248 0.0245 0.0063 0.0066
650 0.0073
750 0.0078
800 0.0423 0.0295 0.0285 0.0078 0.0093

1000 0.0453 0.0315 0.0315 0.0085 0.0110
1200 0.0473 0.0345 0.0355 0.0095 0.0115
1430 0.0143

Live measurements were done using thermite and intermetallic type compounds. The manometer pressure
measurement is considered to be only relatively accurate. These experimental data show the accuracy and
reproducibility of the PITA for pressure measurements, which was demonstrated by varying the pellet mass for a
thermite type of material and measuring the overpressure. Table 4 below shows the measured pressure upon ignition
of various masses of pellet for the generic thermite 2. All of the pellets were tested using 800 psig launch pressure to
ensure sufficient ignition. The baseline value (P2LP) for 800 psig launch pressure shown in Table 3 above was
subtracted out from the total measured overpressure. As expected a smaller sample size results in less overpressure
with ignition, while the pressure as a function of mass is relatively consistent. The pressures measured
manometrically appear to be low, but their consistency demonstrates that reproducible, accurate data can be
produced with a properly chosen pressure transducer resulting in precise reliable data.
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Table 4. Overpressure of Thermite 2 as a Function of Sample Mass.

Grams of Thermite 2 Overpressure (bar) Overpressure (bar/g)
0.177 0.045 0.25
0.176 0.045 0.25
0.181 0.062 0.34
0.174 0.061 0.35
0.049 0.014 0.28
0.072 0.024 0.330
0.068 0.019 0.28
0.050 0.012 0.25

Additional overpressure measurements were performed using the 2Al:Fe2O3 thermite and intermetallic
compounds. The aluminum iron oxide thermite and thermite 2 both produced a significant amount of pressure over
the baseline. Table 5 below shows the pressure measurement for the two thermites along with that of intermetallic 1
and intermetallic 2. Intermetallic 1 and intermetallic 2 are dense zirconium and niobium containing RM respectively.
In each case a launch pressure of 800psig was used because it was sufficient to ignite the samples and allow for a
direct comparison of the pressure at ignition. An inert reference material (pelletized paper) was also tested at
800psig launch pressure to compare with the materials that have a definite ignition with impact. The aluminum-iron
oxide thermite shows considerably more overpressure compared with thermite 2. The intermetallic compounds do
not undergo a gas producing reaction upon ignition so the data is consistent with the expected result.

Table 5. Overpressure for Ignition of Nanocomposite Materials

Nanocomposite Overpressure (bar/g)
Al2Fe2O3 0.41

Thermite 2 0.28
Intermetallic 1 0.08
Intermetallic 2 0.16

E. Measuring Impact Ignition Sensitivity and Ignition Variability for Nanocomposites
The reactive materials made at RMII are produced using the Arrested Reactive Milling (ARM) method in a

high energy planetary mill.(1) The ARM method gives great flexibility in using a range of processing variables to
make composites with varying ignition and consolidation characteristics. In many examples the milling conditions
can have as great an effect on the ignition characteristics as the composite stoichiometry. The variable milling
conditions include; milling duration, rpm of milling jars, grinding media to material ratio, type and quantity of
process control agent (PCA), which all can affect the ignition characteristics. The effect that stoichiometry and
milling conditions have on the ignition sensitivity of a reactive material can be demonstrated using the PITA.

One example of the effect that the PCA can have on the sensitivity of the material is demonstrated by the
comparison of different PCA’s, which is shown in Table 6. These tests were done with a metal hydride RM
processed in the high energy planetary mill. The metal hydride was processed with all milling conditions identical,
but in one case a halogen PCA was added in addition to a hydrocarbon PCA. With the addition of the halogen
material there is less grinding action. No ignition was observed at impact energies up to 153 joules on material made
with the mixed PCA system, compared with ignition at only 12 joules for the material milled with the hydrocarbon
PCA alone. It is evident from the PITA measurements that the reduced milling action in the presence of the halogen
PCA results in the creation of a less impact-sensitive material.

Table 6. Hydride-Type Nanocomposite Ignition Data from the PITA

Composite PCA & Mill Time Impact Energy (Joules) Ignition Result
Metal Hydride MH2 hydrocarbon + 30 minutes 12 I

Metal Hydride with
PCA Mixture MH2

.X
PCA Mixture + 30 minutes 153 NI

*I=Ignition  NI=No Ignition
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A host of materials are demonstrated in Table 7 with different PCA resulting in different impact ignition
sensitivities. Milling time and rpm of the milling jars were not varied for any of these studies. The most extreme
example is represented by the different ignition energies for thermite 2, milled using an halogen PCA, polymeric
PCA and hydrocarbon PCA separately. With the hydrocarbon PCA the composite is very sensitive to ignition by
impact and has a corresponding low impact ignition energy, whereas the impact sensitivity is reduced significantly
when the polymeric and halogen PCA are used.

Adjusting the Process Control Agent (PCA), milling media and milling duration are not the only
parameters that will have an effect on the ignition sensitivity. Just as important is the nanocomposite stoichiometry,
which can be adjusted to effectively tune the ignition and density to desired levels. As the ratios of the thermite
constituents approach stoichiometric, the materials become more sensitive. It is typical in the case of the thermites
studied here that an increasingly fuel rich nanocomposite results in decreased impact sensitivities. This same trend is
also seen in decreased Electrostatic Discharge (ESD) sensitivities. The changes in ignition sensitivities are
demonstrated by the thermite labeled 1 and 1A in Table 7. The materials are zirconium containing thermites, with
thermite 1A containing a two-fold stoichiometric excess of zirconium compared with thermite 1. The thermite
containing an excess of the zirconium fuel component did not ignite at an impact energy of 29 J, whereas the
thermite containing less zirconium fuel predictably ignited at this same energy level.

Table 7. Thermite-Type Nanocomposite Ignition Data from the PITA

Composite PCA & Mill Time Mass (mg) Impact Energy
(Joules)

Optical Signal
(Relative Intensity)

Ignition
Result*

Thermite 1A
4% Halogen
30 minutes

497 29 1.1 NI
495 62 12.2 I
492 89 34 I

Thermite 1
4% Halogen
30 minutes

507 29 15 I
489 62 7 I
518 89 25 I

Thermite 2
4% Halogen
30 minutes

344 62 0 NI
351 89 0 NI
518 123 0.4 NI

Thermite 2
2% Polymeric 30

minutes
348 47 0.25 NI
360 62 0.7 NI
345 89 16.8 I

Thermite 2
Hydrocarbon
30 minutes

353 29 40 I
354 62 108 I
393 100 934 I

*I=Ignition   NI=No Ignition

In addition to reaction stoichiometry, milling conditions and milling parameters, the PITA was used to
demonstrate compositional tuning of the impact ignition sensitivity. This effect was demonstrated with zirconium
containing intermetallics. Most of the materials containing zirconium are very sensitive to impact, even when 50um
particle size material is used for milling, which is typically the case at RMII. In most cases with typical milling
times and conditions, there exist significant quantities of sub 2 um zirconium produced after high energy ball milling,
which in some cases makes the materials difficult to handle. The amount of sub 2 um zirconium produced can be
minimized by reducing the duration of milling or using a higher proportion of PCA. The zirconium containing
materials are even more sensitive when they are milled with amorphous boron powder. A few zirconium:boron
composite materials were made and they were not stable in air even when milled for only 20 minutes using a higher
proportion of organic PCA than is typically used. Composite production of useful materials containing zirconium
typically requires them to be milled with a relatively softer material than boron. Relatively softer metal oxides or
metals form a soft matrix around the hard zirconium, limiting the extent of small particle formation. This is
demonstrated with the addition of flake aluminum to the zirconium intermetallic.

In the case of the zirconium containing material labeled as intermetallic 1, the composite is very sensitive
to ignition by impact. Ignition was observed at an impact energy of only 11 Joules, which corresponds to a projectile
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velocity of only 260 fps. The ignition sensitivity could be decreased and tuned by blending intermetallic 1 with flake
aluminum. This was also demonstrated with intermetallic 2, which contains a nearly 50% by volume blend of the
flake. With the blended flake the impact energy necessary for ignition is increased to 55 Joules. In addition to the
ignition tuning achieved through the flake aluminum, the flake also makes consolidation of the composites much
easier.

F. Ignition Threshold Determination
The ignition threshold is defined as the minimum impact energy, which will reliably result in the ignition of

the consolidated material. In the RMII test procedure, if a particular level of impact energy fails to ignite the
material once in 5 shots, the impact energy is increased until all five shots reliably ignite the material. The ignition
tests described previously have only involved enough data collection to determine relative ignition sensitivity for the
nanocomposite material. Determination of the ignition threshold initially requires testing a few samples of the RM
for relative ignition sensitivity, which brackets the ignition threshold energy. Once the ignition threshold is
bracketed, additional pellets can be tested to determine the actual ignition threshold. Table 8 shows the preliminary
ignition data for the thermite-type materials, labeled as thermite 1 and thermite 2. In the case of thermite 2 the data is
similar to that in Table 7 above, but is put side by side with data derived from thermite 1 for comparison of the
similar PCA and milling duration. Table 9 contains the data that was used to determine the approximate ignition

Table 8. Preliminary Ignition Data

Composite PCA & Mill Time Mass (mg) Impact
Energy(Joules)

OpticalSignal
(Relative Intensity)

Ignition
Result*

Thermite 1
2% Polymeric

30 minutes
461 17 0.75 NI
479 29 9.5 I
490 62 9.5 I

Thermite 2
2% Polymeric

30 minutes
348 47 0.25 NI
360 62 0.7 NI
345 89 16.8 I

*I=Ignition  NI=No Ignition

Table 9.  Impact Ignition Threshold Determination for Nanocomposite Materials

Composite PCA & Mill Time Mass (mg) ImpactEnergy
(Joules)

Optical Signal
(Relative Intensity)

Ignition
Result*

Thermite 1
2% Polymeric

30 minutes

160 46.7 590** I
153 38.2 26 I
197 32.8 29.5 I
188 29.8 1.6 I
158 28.8 0.4 NI
157 28.8 0.6 NI
179 28.8 25 I
167 26.8 32 I
171 24.7 2.1 NI
159 24.7 0 NI

Thermite 2
2% Polymeric

30 minutes

163 89 22 I
161 85.4 30 I
160 85.4 12 I
172 82.1 10 I
180 78.9 4.8 I
179 77.1 14.5 I
181 76.5 62 I
166 75 0.15 NI
166 75 2.2 I
190 73 2.5 I

*I=Ignition  NI=No Ignition
**Non-attenuated signal

265



12

American Institute of Aeronautics and Astronautics
Unclassified-Distribution A – Approved for Public Release: Distribution Unlimited

threshold for thermite 1 and thermite 2, highlighted in red. Thermite 1 has an approximate ignition threshold of 29.8
Joules, while thermite 2 has an approximate ignition threshold of 76.5 Joules. The velocity of the projectile that
resulted in the ignition of the thermite 1 at 29.8 Joules was 420 fps, while the thermite 2 required a projectile
velocity of nearly 700 fps to reliably ignite the pellet at 76.5 Joules. The fuel component of the two generically
labeled thermites is composed of different metals, thermite 1 being a zirconium-based thermite while thermite 2 is
an aluminum-based thermite.

V. Conclusions

RMII has built a PITA facility and demonstrated that it is a practical device for routine determination of the
impact energy required to ignite a consolidated reactive material. The RMII PITA device has a number of benefits
that can serve the energetic materials community, these include; high throughput of 20-30 shots/day, ability to
identify relatively low ignition threshold and small sample sizes.

The ignition threshold of a number of materials has been determined to within a couple of Joules. Certain
thermite type materials, particularly those containing zirconium, have been demonstrated to have very sensitive
ignition energies. Tuning of the ignition threshold through processing parameters, degree of consolidation and
nanocomposite composition can be accurately and routinely measured with this device. Determining the precise
threshold ignition energy for the reactive materials requires replicate testing at different impact energies to find a
“Go/No Go” point or region. The relative intensity of the ignition event detected by the photodetector suggests
pellets or pellet fragments can be made as small as can be practically handled. For the materials studied to date, this
limit is on the order of 50 mg. The size of the pellet or pellet fragment will be more dependent on practical handling
size, than on having enough material to detect ignition. Basic overpressure measurements using a water filled
manometer demonstrates that the compartment where ignition takes place is confined and sized appropriately to
measure overpressure from the reactive material ignition.

We propose to improve our PITA’s firing system, the data collection hardware and the method of sample
detonation. Regarding the firing system, we are currently limited in upper velocity by the gun design, which is
tailored for use as a rifle in the field for hunting.  This end-use forces a compact arrangement of the air chamber and
barrel.  Consequently, the compressed gas path in this arrangement makes two 90 degree turns before arriving at the
projectile.  These two turns attenuate the force available to do work.  Since we are not limited by any such restraints,
We believe an entirely new chamber and reservoir could be fabricated to work in conjunction with a high pressure,
electrically operated solenoid.  A system like this would provide high pressure helium gas directly to the projectile,
eliminating both 90 degree turns.  This would negate the power losses inherent in moving gas around corners and
would boost the projectile velocity significantly, perhaps to more than twice the speed of sound (Mach 2.)

Another firing system improvement would be to install a commercial Self Contained Breathing Apparatus
(SCBA) compressor for charging the PITA's gas reservoir.  We are currently using helium cylinders to charge that
reservoir.  After several shots, gas cylinder pressure decreases and we need to install a fresh cylinder to attain the
high pressure and associated high velocities we often desire.  Consequently, we are left with numerous helium
cylinders on site that we can't use because their remaining pressure is too low.  We need to be able to salvage that
unused gas and compress it into the PITA reservoir.  This will eliminate wasted helium, the cost of which is
significant.

As far as data collection in the target box proper, there are fairly simple improvements that would be
desirable.  Using a visible light gathering device, as we are currently doing, is acceptable for reactive metals that
burn clean.  Many of our samples, however, burn with quite a lot of smoke and debris.  These combustion
byproducts block the photon path to the CCD collector, which causes inconsistent and low light readings. We think
that a better way to measure energy of ignition is with an infrared detector, which would be less affected by the
combustion debris and smoke.  It would probably be beneficial to have two infrared detectors positioned in different
positions, both gathering data, which could then be averaged to give us more confidence in the numbers.

Measuring generated pressure is another area of data collection which will be improved.  Our target box is
not sealed well enough to give consistent pressure readings.  If the target chamber were gasketed, the only opening
would be the incoming projectile hole, which never changes.  With the chamber's lid sealed by a gasket or "O" ring,
the resulting pressure readings would be much more consistent and meaningful.  This change would necessitate a
redesign of the target box.

Finally, we believe our system of impacting a flat sample of reactive metal with a ball bearing can be made
more efficient.  If we had a high speed camera watching the target plate as the ball bearing hits the sample, we
would see our sample fracturing, with pieces of unreacted material flying off in all directions. We believe we are
not reacting the entire sample because a round ball only contacts the sample at one small point, and we need to
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impact the total surface of the sample to ensure complete detonation. We believe we should evaluate installing the
reactive metal samples in the nose of the projectile.  Delivering a flat sample, in the nose of a projectile, to the flat
target plate, at high velocity, should ensure complete sample involvement and ignition.

With the above proposed improvements, we are confident that our future PITA configuration will enable us to better
determine the reactivity of any reactive metal we are presented with for testing. If you have questions or are
interested in running tests in this facility, please contact the corresponding author at 610-279-2340,
bernie@machichemicals.com
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ABSTRACT

Paper is focused on the study of the effect of the capacitive Electrostatic Discharge (ESD) driven
through the granular bed of the energetic material causing an initiation of the tested sample. The response
of the sample is observed using an optical probe which converts the light emission in to the electrical
signal.  Sample is subjected to the well-defined ESD discharge using a volt-ampere discharge diagnostics
which allows measuring of the exact amount of the electrostatic energy driven through the tested sample.
The effect of the discharge energy on the reaction delay is studied in the two classes of the energetic
materials. From the class of primary explosives were studied those were known to be very ESD sensitive:
lead styphnate (LS) and silver acetilide (SAc). From the class of pyrotechnic compositions were studied
these compositions: zirconium/potassium perchlorate (ZPP), zirconium/potassium perchlorate/potassium
picrate (ZPPkP) and zirconium/red lead/viton (ZRV) and zirconium/red lead/nitrocellulose (ZRNc). The
effect of the discharge energy was studied using different energy levels varying from the critical energies
(minimum initiation energy-MIE) up to several multiples of critical energies. Even with the comparable
critical energy levels for all of the tested substances, there was observed a large difference in the period
between energy delivery and sample activation among these groups of EM. Pyrotechnic mixtures present
clear evidence of dependence of reaction time on the arc energies. Compared with the primary explosives
where the evidence of ignition delay dependence on the activation energy is not so obvious among the
group of primary explosives especially for the silver acetilide.

Introduction

Electrostatic spark is one of the most frequent causes of the accidental initiation of energetic
materials during their manufacture and processing in the raw (granular) form involving all types of the
processes during the production and manufacture(1). There has been developed several tests, standards
and evaluation methodologies which examine different substances/items exposed to electrostatic
discharge (ESD)(2)(3). At the moment there are used several test methods and standards used to examine
sensitivity of energetic materials eg.(4)-(6). Unfortunately, data obtained from the various test methods or
testers are often inconsistent and inconclusive in the nature due to variability of test conditions and ESD
testers’ designs used in the required methodologies. In general all testing methodologies utilize a
capacitive discharge driven in to/through the granular bed of tested sample. As the parameter defining
energetic material (EM) ESD sensitivity is often used the minimum capacitor (discharge) energy at which
the powder ignites which is referred as the minimum ignition energy (MIE). There has been suggested
several principles of the interaction between the sample granular bed and a discharge and the potential
ignition mechanism (7)(8). Skinner (9) in his work suggests that the spark represents a thermal source
capable to heat individual sample particle to temperature where the thermal runaway occurs. These works
in general assumes a pure energy transformation stored in the firing capacitor in to form of capacitive
discharge, in the other words a 100 % efficiency of the ESD tester. It has been proven by one of the
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authors (10), that the transformation of the energy stored in the capacitor in to a form of capacitive
discharge depends on the several variables including design of ESD tester, sample nature and properties
and test conditions. These test variables alters ESD tester efficiency according to the specific test
conditions. In order to get information about the exact amount of the arc energy which struck the tested
sample has to be utilized additional discharge diagnostics (10). Usually a volt-ampere method is relatively
easy applicable and with the suitable ESD tester and the spark gap design imposes relatively low
engineering efforts. Despite the fact of the knowledge on the exact discharge energy it still remains
unclear how the spark heats the sample particles, which portion of the discharge is being transferred to the
sample and by which mechanism. The spark itself doesn´t behave as a steady heat source and the energy
distribution is expected to change with both time and location (11). In order to understand effect of
relatively short lived discharge and its variations on the sample initiation governed by runaway chemical
reactions was added together with the standard volt-ampere discharge diagnostic an optical probe
capturing all the light signals in the area of the spark gap, or sample granular bed respectively. Previous
work (13)(14) has shown the advantage of the optical measurement in the energy balance assessment in
the case the complicated discharge scenario (multiple consecutive discharges). It was also found a limited
applicability of the optical method in the case of secondary explosives where the rapid oscillation
discharge is utilized, where the light producing event occurs only in the active phase of discharge. From
this reason were for the purposes of this work used materials where the thermal runaway reaction is easily
to be reached; typically primary explosives and pyrotechnic compositions. In the previous tests (14) was
observed a delay period between the active discharge phase and the first light signals where the energetic
material was initiated. This period, ignition delay, was also observed by Belony (12) in the bare metal
powder dusts stuck by the ESD discharge. Belony is not giving any further attention on this effect in his
work; the nature of the tested samples (high electrical/thermal conductivity) and the different
decomposition mechanism (combustion in air) is differing from the tests with the energetic materials. The
aim of this work is to study more in detail effect of discharge energy on the ignition delay in the chosen
energetic materials.

Experimental

As the source of the capacitive discharge was used Electrostatic Discharge Tester ESD 2008Mil,
made by OZM Research, CZ. Tester was later modified in order to host additional diagnostics probes and
harness. Test apparatus is schematically shown at the Figure 1. Energy is stored in the firing capacitor C,
which represents capacity of the capacitor bank build in the ESD 2008Mil unit together with the
additional capacitors inserted separately. Capacity Cs presents a stray capacity of the tester, thus the
energy stored in the firing capacitor, E1 has to be corrected according to the Equation 1:

Equation 1

where E1 is the energy available for discharge, U0 is initial voltage on the firing capacitor C.
The voltage at the anode of the spark gap was measured by the two HV dividers Tektronix type P 6015A.
Discharge current is measured via CVR resistor RCVR = 10 . Current and voltage records are than used to
evaluate an exact amount of energy passed through the spark gap or the sample respectively. Discharge
energy ESA is evaluated using Equation 2:

Equation 2
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where uA is measured anode voltage, uCVR is the voltage measured at the CVR resistor.
Working voltage on the firing capacitor was varied in the range 0 – 10 kV, where the useful voltage range
is between 4 – 10 kV, which is capable to break through the spark gap and the placed granular bed of
sample. In order to tailor the discharge parameters (4) (arc duration) with the respect to the main initiation
processes in the chosen types of EM, was used a damping resistor RD in series with the spark gap in order
to prolong discharge duration.

There was used a fixed spark gap with the height of 1 mm and with the both flat electrodes. The
flat anode Ø 1,6 mm was covered with a upper rubber sleeve. Sample holder consists from the transparent
plastic cylinder with the dimensions Ø 4 x 1 mm. Sample holder and upper rubber sleeve are used in order
to keep constant confinement of samples to prevent formation of dust cloud from sample particles, thus
the spark gap geometry during each of the trial remains constant. The scheme of the used spark gap is
shown on the Figure 2.

The light radiation from the area of the spark gap was captured using a plastic optical probe in the
adjustable length from the spark gap in the range 1 – 10 mm. Light signal were processed by the optical
converter/transmitter HFBR-2526(15) which is coupled with the 1 mm plastic optical fiber. The HFBR-
2526 receiver is equipped with the analogue interface with the 125 Megabaud transfer capacity. It has
defined AC voltage/power response at the wavelength λ = 650 nm with dependence on the radiant power
Φe, which is given as ~ 4 mV/μW. The radiant flux defines the radiant power output and, therefore it is
expressed as wattage. The radiant energy Qe is defined as the integral of radiant power output passing
through a specified surface during a certain time interval. It has to be pointed out that in the course of the
monitored (evaluated) phenomenon (case, event) both, the intensity of radiant power output at the
individual wavelengths and the volume of tested object are changing in the time course. The above-
mentioned transmitter type used in these complex conditions is sampling the radiant power output just at
the one given wavelength, thus not covering the whole range of emitted spectra during the sample
ignition. Nevertheless, chosen method has significant advantages: easy access of the necessary POFs
(optical probes) into the area of testing tool and the fast response of measuring channel to sudden changes
of radiant power output generated by the transient initiation events. The advantage of the plastic fibers is
also relative ease of manipulation compared to the standard glass optical fibers. Signals from the probes
were recorded by the two digital phosphorus oscilloscopes Tektonix, having a 200 MHz bandwidth. One
2 channel oscilloscope was used for the discharge monitoring (DAQ2) and the other (DAQ1) was used to
record signal from the optical converter together with  the anode voltage, where the falling edge of the
anode signal (moment when the arc break through the spark gap) was used to trigger both oscilloscopes
simultaneously. Reaction delay ti was measured as the time between beginning of the arcing and the first
light signal measured by the optical converter.

In the Table 1 is the list of the tested samples. All samples were chosen among the others due to
their known high/extreme ESD sensitivity. From the group of the pyrotechnic compositions were chosen
mostly compositions containing zirconium as the metal fuel. From the group of primary explosives were
chosen Lead Styphnate in the “rehydrated form” having the form of the irregular crystals with the particle
size D50 = 22 μm. Silver Acetilide is having a form of the amorphous agglomerates. All pyrotechnic
compositions were used in their granular form, except the ZPP and ZPPkP compositions which have a
form of the agglomerated particles.

Table 1 List of the studied samples of pyrotechnic compositions and primary explosives.

Components ZRV ZRNc ZPPkP ZPP LS SAc

Zr 22,9 23,5 35 40
KClO4 72,1 74,5 40 60

K-Picrate -- -- 25 --
Viton B 5 -- -- --

Nitrocellulose -- 2 -- --
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Figure 1 Scheme of test unit ESD 2008MIL and the diagnostic equipment in the position of
discharge from capacitor C into a spark gap.

Figure 2 Geometry of the used spark gap.
(1- Cathode (ground), 2- sample holder sleeve, 3- tested sample, 4- upper rubber sleeve, 5- anode electrode)

RESULTS and DISCUSSION

Results of reaction delay for the tested materials are presented in the Table 2. A minimum
ignition time ti was derived from the parameters for the asymptotic exponential fit of the times measured
in the whole range of energies. Energy levels for the given test were chosen as the multiples of the
minimum initiation energy for the specific sample. The energy levels E1 were increased until a small
scatter in the ignition delays were reached, until the energy level 50-80x MIE was reached. Complete data
for all the samples are presented in the Table 2.
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Table 2 List of measured MIE for the samples and the minimum ignition delay.

ZRV ZRNc ZZPkP ZPP LS Sac
MIE [μJ] 240 450 256 31 35 17.3

ti [ms] 4810 2380 1590 192 77.7 6.39

Figure 3 Ignition delay of the ZRV pyrotechnic
composition.

Figure 4 Ignition delay of the ZRNc pyrotechnic
composition.

Figure 5 Ignition delay of the ZPPkP
pyrotechnic composition.

Figure 6 Ignition delay of the ZPP pyrotechnic
composition.
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Figure 7 Ignition delay of the Lead Styphnate. Figure 8 Ignition delay of the Silver Acetilide.

A representative record of discharge and the signal from the optical probe is presented on the
Figure 9.  In the record can be distinguished several discharge phase. At the moment t1 is created as arc in
the spark gap and the discharge occurs. Within the interval t1 –t2 is delivered ESD energy in to the spark
gap in the form of the electric arc. At the moment t3 first light emission was recorded. From the presented
record is clear that the light produced by the discharge itself is not captured by the optical probe which is
characteristic for the used method. Ignition delay is given by the time interval t1 – t3, which is the time
between spark gap break through and the first light emission occurrence. Period t3 – t5 presents a thermal
run away reaction, or in other words sample burn. At the time t4 presents moment when the residual
charge stored at the capacitor is bleed to ground potential. In some cases if the conductivity of the
combustion products is large enough to create was observed a consecutive discharge. This discharge, if
occurred in the time longer than t3 is not considered as the contribution to the overall energetic balance of
discharge event.

All tested samples present similar behavior in the interaction with the ESD discharge. There was
observed a characteristic exponential decay limiting to the certain time, where in the energy levels
reaching the several multiples of MIE is the ignition delay stabilized at the certain value. It seems this
value is specific constant for the each sample and reflecting the chemical composition/structure of the
material. Characteristic asymptotic curve of the dependence of ignition delay on discharge energy
assumes existence of the power-energy relationship similar to the initiation systems utilizing the thermal
decomposition as the main initiation mechanism. This is in agreement with the theory of the damped
discharge, where the heat stimulus is the main effect of the ESD discharge in the granular bed
environment. Than the heat conduction might be a key mechanism of energy transfer between the arc and
the sample. The only difference from the characteristic observed ignition delay dependence was observed
with the Silver Acetilide sample. There was observed extremely short ignition delay which is practically
constant over the whole range of the tested energies. This very short time, 6,39 μs, could be explained by
the fast decomposition of the acetilide molecule, where the decomposition can be realized much faster
compared to the Styphnate molecule where more chemical bonds needs to be broken. Thus the
decomposition acceleration can cause almost instant sample decomposition. The other explanation of this
behavior can be based on the sample conductivity, where the joule energy flow through the sample
particles may occurred before the arc is created, thus joule heating of the particles may occur. The high
sample conductivity can also explain a fast energy transfer from the capacitor to sample; where no
residual charge is presented on the end of ESD event – the whole charge stored in the capacitor is
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transferred in to the discharge circuit. On the other hand energies measured by the volt-ampere method –
thus energy for the active discharge phase were varying between 40 - 90 % of the available energy E1

compared with the rest samples where the efficiency of discharge was between 90 - 98 %. A inconsistent
discharge efficiency for the discharges through acetilide sample is proving the different energy transfer
mechanism between the arc and sample. A characteristic record for Ag2C2 sample is presented at the
Figure 10.

Figure 9 A characteristic record of the current, voltage and optical signal;
LS, Esa = 247 μJ (270 pF/7 kV), ti = 82 μs.

Figure 10 Record for SAc; ESA = 50 μJ (23 pF/7kV), ti = 9,1 μs.
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SUMMARY and CONCLUSIONS

An ESD sensitivity of the several pyrotechnic compositions and two primary explosives was
measured. Based on the measured MIE levels were materials exposed to the ESD discharges with the
energies up to several magnitude higher. An ignition delay ti of the materials exposed to these discharges
was measured using the optical probe collecting the light emitted from the spark gap, or sample container
respectively. It was found a dependence of the ignition time on the discharge energy which was delivered
in the form of an arc in the spark gap area. For all the tested material was calculated a limit time value
where the ignition delays period is constant. The only exception of this asymptotic decay behavior is the
silver acetilide where the ignition delay is almost constant. Dependence of the time when the sample is
driven in to a thermal runaway reaction on the discharge energy indicates to the process of energy transfer
between a discharge and the granular bed sample based on the thermal conductivity process. The limit
initiation time is having a specific value for the each individual samples, the dependence of this value on
the other material parameters needs to be further examined. There is also necessary to put some attention
on the possible existence of the power energy relationship, which could be indicated by the ignition time
results. The hypothesis of the joule heating of the silver acetilide needs to be further examined on the
some other silver explosive salts.
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ABSTRACT

Chemical time delay detonators are used to control blasting operations in mines and quarries. Slow
burning Si-BaSO4 pyrotechnic delay compositions are employed for long time delays. However,
soluble barium compounds may pose environmental and health risks. Hence anhydrous calcium
sulfate was investigated as an alternative “green” oxidant. EKVI simulations indicated that
stoichiometry corresponds to a composition that contains less than 30 wt.% Si. However combustion
was only supported in the range 30-70 wt.% Si. In this range the bomb calorimeter data and burn tests
indicate that the reaction rate and energy output decrease with increasing silicon content. The
measured burn rates in rigid aluminum elements ranged from 6.9 to 12.5 mm s 1. The reaction product
was a complex mixture that contained crystalline phases in addition to an amorphous calcium silicate
phase. A reaction mechanism consistent with these observations is proposed.

INTRODUCTION

Delay detonators are used extensively in mining, quarrying and other blasting operations in order to
facilitate sequential initiation of the explosive charges in a pattern of boreholes [1]. The timing of the
sequential initiation events are carefully chosen in order to control the fragmentation and throw of the
rock being blasted. This approach also reduces ground vibration and air blast noise [1]. Both chemical
and electronic time delay detonators are used to achieve the required time delays. The simplicity
ruggedness and low cost of pyrotechnic delays makes them particularly attractive for high volume
mining applications.

Numerous delay compositions comprising mixtures of fuels and oxidizers have been developed and
successfully applied to different delay applications [1,2]. Some commercial pyrotechnic compositions
contain heavy metal-based oxidizers, e.g. lead, barium and chromate compounds [3,4]. Such
compounds are deemed environmentally unfriendly and pose a potential health hazard [4]. This has
led to the tightening of environmental as well as occupational health and safety legislation and
concerted efforts to find “green” replacements [3,5,6]. Silicon is a common fuel used in time delay
time detonators [7-9]. Si-Pb3O4 and Si-BaSO4 are currently commercially employed for short-time and
long-time delays respectively. However, since both lead and barium based oxidants have been
earmarked marked for replacement, alternative oxidants for silicon are being sought. Hence
anhydrous calcium sulfate was investigated as a potential alternative “green” oxidant.

EXPERIMENTAL

Materials
Ball milled Type 4 silicon was supplied by Millrox. The d50 particle size was 2.06 μm (Mastersizer
Hydrosizer 2000) and the specific surface area of 11 m2/g (Micrometrics Tristar II BET, N2 at 77 K).
Anhydrous calcium sulfate was supplied by Merck. It had a d50 particle size of 3.78 μm (Mastersizer
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Hydrosizer 2000) and a specific surface area of 3.49 m2/g (Micrometrics Tristar II BET, N2 at 77 K).
X-Ray Diffraction (XRD) analysis of the silicon and calcium sulfate used in the experiments
confirmed that both materials were of high purity.

Composition preparation and delay element preparation
The Si fuel content in the Si – CaSO4 pyrotechnic composition was varied from 30 to 70 wt.%. The
powders were mixed by brushing them several times through a 75 μm sieve. The compositions were
pressed into aluminum tubes with a length of 25 mm and internal diameter of 3.6 mm . The filling
process started with two increments of a proprietary starter composition pressed with a 100 kg load.
This was followed by repeated steps of adding two increments of the delay composition and pressing
it with the same load until the tube was filled.

Burn rate measurements
Burn rates were determined in commercial detonator assemblies. These consisted of the initiating
shock tube coupled to the rigid aluminum time delay element. The outer shell of the detonator
contained increments of lead azide primary explosive and pentaerythritol tetranitrate (PETN) as the
secondary explosive. The actual delay time was determined with a photoelectric cell which recorded
the flash of the shock tube as the initiating signal and a pressure transducer which recorded the
pressure rise when the PETN exploded as the end point of the timing sequence [10].

Characterization
X-Ray Diffraction (XRD) analysis was carried out on a PANalytical X-pert Pro powder
diffractometer. The instrument featured variable divergence and receiving slits and an X'celerator
detector using Fe filtered Co K radiation (0.17901 nm). X'Pert High Score Plus software was used
for data manipulation. A ZnO standard was added to the sample in order to quantify the amorphous
content.

Thermogravimetric Analysis (TGA) was performed on a Mettler Toledo A851 TGA/SDTA using the
dynamic method. About 15 mg of powder sample was placed in open 70 μL alumina pans.
Temperature was scanned from 25 to 1300°C at a rate of 10 °C/min with nitrogen flowing at a rate of
50 mL/min.

Enthalpy measurements were carried out using a Parr 6200 calorimeter utilizing a 1104 (B) 240 mL
high strength bomb. Two grams of tap compacted test composition was initiated using 0.2 g of a
proprietary starter that was ignited with an electrically heated 30 gauge nichrome wire. The tests were
carried out in a 30 bar helium atmosphere. The variation of pressure with time was followed using a
NI piezoelectric transducer. A Parr Dynamic Pressure Recording System was used for data collection.
The recording frequency was 5 kHz and 30000 data points were captured. All pressure readings
shown were relative to the initial 30 bar He fill. In order to establish the reproducibility of both the
energy and pressure measurements, each sample was tested at least three times.

RESULTS

Thermal stability of reactants

Figure 1 shows the thermal stability of the silicon and calcium sulfate in a nitrogen atmosphere. The
silicon showed no significant changes in mass between 25 and 600 °C. However, a mass increase
associated with the formation silicon nitride was noted above 600 °C. The anhydrous CaSO4 was
stable beyond 1000 °C with the onset of decomposition above 1100°C. Previous TGA results indicate
that the onset temperature for the decomposition falls in the range 1080 to 1300 °C [11, 12].
Depending on the partial pressures of SO3, SO2 and O2, the thermal decomposition of CaSO4 takes
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place according to either Scheme I or Scheme II. The presence of silica lowers the decomposition
onset temperature of calcium sulfate [11]. Complete decomposition to CaO results in a theoretical
mass loss of 59%.

CaSO4 (s) → CaO (s) + SO2 (g) + ½ O2 (g)

Scheme I: Thermal decomposition of anhydrous calcium sulfate resulting in CaO (s) with a
combination of SO2 and O2 as gaseous products

CaSO4 (s) → CaO (s) + SO3 (g)

Scheme II: Thermal decomposition of anhydrous calcium sulfate resulting in CaO (s) and SO3 as the
only gaseous product

Figure 1: TGA residual mass of Si, calcium sulfate in nitrogen atmosphere

Experimental and Theoretical Energy output measurements

The effect of the fuel content on the energy output of the Si-CaSO4 formulations in a helium
atmosphere is shown in Figure 2. The energy output decreases in a more or less linear fashion with
increase in Si content in the range tested. The outputs ranged from 3.87 to 1.97 kJ/g. The results
obtained indicate that the 30 wt.% Si composition is the closest to stoichiometry as it has the highest
energy output [13]. Thermochemical predictions made with the EKVI thermodynamic software
package are also shown in Figure 2. The calculated exothermicity values from the EKVI program
agreed well with the measured heats of reaction recorded in the helium atmosphere. The agreement
between the experimental and simulated results implies that the metal-oxidant reaction proceeded by
the thermodynamically favored pathway.
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Figure 2: Comparison of energy outputs obtained from the bomb calorimeter measurements for
the Si-CaSO4 and EKVI simulations in helium atmosphere

Figure 3: Pressure–time profiles of Si – CaSO4 compositions obtained for different fuel
compositions
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Pressure – time analysis

Pressure-time profiles were collected over the test range of 30 to 70 wt.% silicon. The results shown
in Figure 3 reveal a clear trend in which the rate of pressure rise as well as the maximum peak
pressure decreases with increasing silicon content. This trend correlates well with the observation of
decreasing energy with increasing silicon content in this range. There was a noticeable time delay
before the pressure rises. This time lag was almost similar regardless of the fuel content used in the
composition. Figure 3 reveals a higher residual pressure at the end of the pressure test for the 30 and
40 wt.% silicon formulations compared to the other three compositions. This could be due to a higher
residual temperature as a result of higher energy outputs or to the generation of more gas. The residual
pressure after cooling to room temperature was estimated assuming that all the calcium sulfate present
in the test sample decomposed completely according to Scheme II. The total pressure of the bomb was
calculated to vary from 30.96 to 30.41 bar over the composition range of 30 to 70 wt.% Si. This
represents only a slight increase in pressure given that the bomb was pressurized to 30 bar initially.
The experimentally measured residual pressures were actually lower than these theoretical
expectations. This indicates that not all of the sculpture was released in the form of SO2. The
calculations may suggest that the slightly higher residual pressures for the 30 and 40 wt.%
compositions can be attributed to gas formation rather than heating effects.

Table 1: Energy output and adiabatic reaction temperatures predicted by thermochemistry
simulations (EKVI) and peak pressures and the time to reach same extracted from the pressure-
time profiles measured in the bomb calorimeter

Burn Rates

Figure 4 shows the effect of stoichiometry on the linear burn rate of the Si – CaSO4 composition.
Burning was sustained for compositions ranging from 30 to 70 wt.% Si. The burn rates steadily
decreased with increasing silicon content. The composition with 30 wt.% Si had the fastest burn rate
(12.5 mm s-1) whilst the 70 wt.% Si composition had the slowest burn rate (6.9 mm s 1). This burn
rate range compares well with the burn rates of the Si-BaSO4 compositions (4-9 mm s 1) [14] but they
are much slower than those of the Si-Pb3O4 composition (40-257 mm s 1) [15].

XRD analysis of reaction products

X-Ray diffraction (XRD) analysis was carried out in order to determine the phases and purity of the
reactants. It was established that all the materials used are pure as no major impurities were detected.
XRD was also carried out on the reaction products of various compositions with the aim of
identifying and quantifying the reaction products formed. This information could be helpful for
deducing the reaction mechanism and establishing whether the combustion products are
environmentally benign or not. The major crystalline products detected were oldhamite (CaS),

Si content (wt.%) 30 40 50 60 70

Energy output (kJ/g) 3.87 3.62 2.98 2.55 1.97

Adiabatic reaction temperature (°C) 1684 1429 1300 1058 810

Pmax (MPa) 2.06 1.76 1.41 0.65 0.49

tmax (s) 1.20 1.28 1.28 1.84 2.08

281



pseudowollastonite (Ca3(SiO3)3) and unreacted silicon. Traces of bismuth metal were also detected but
these were attributed to the proprietary bismuth oxide based starter that was used to ignite the various
formulations. Table 2 shows a summary of the quantitative analysis carried out on the reaction
products of the various compositions. These results reveal the presence of a significant amount of
amorphous phase in the reaction products. There was also a noticeable absence of unreacted calcium
sulfate in the analyzed reaction products. This was attributed to the thermal decomposition of the
calcium sulfate that takes place during the high temperature reaction. Perusal of the results revealed
that the experimental silicon conversions were consistently higher than the predictions of the EKVI
thermochemistry simulations. See Figure 5 for details.

Figure 4: Effect of stoichiometry on the burn rate of the Si – CaSO4 composition
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Figure 5: Comparison of the conversion of silicon based on XRD reaction products and the
reaction products predicted using the EKVI thermodynamics software

Table 2: Quantitative analysis of the reaction products identified from the Si–CaSO4

pyrotechnic composition using XRD

Phase Formula 30 40 50 60 70
Silicon Si 2.92 10.71 23.12 37.80 47.91
Pseudowollastonite Ca3(SiO3)3 15.82 10.09 4.82 13.97 3.45
Oldhamite CaS 10.16 13.50 15.04 7.54 6.71
Bismuth Bi 0.38 0.79 0.84 X 1.34
Amorphous 70.72 64.91 56.19 40.69 40.59
Total 100 100 100 100 100

DISCUSSION

Pseudowollastonite (Ca3(Si3O9)) was one of the major reaction products for the Si-CaSO4

composition. This is a high temperature derivative of pure wollastonite which has the chemical
formula (CaSiO3). Wollastonite occurs naturally as a common constituent of a thermally
metamorphosed impure limestone. Most of natural occurrences of wollastonite result from the
reaction between calcite and silica with the loss of carbon dioxide:

CaCO3 + SiO2 → CaSiO3 + CO2

Gladun and Bashaeva [16] conducted a thermodynamic analysis of possible reactions for high
temperature synthesis of wollastonite. They found that it can be formed in the temperature range 1273
to 1673 K. In addition, taking into account the XRD and TGA results obtained by Mu & Zaramba
[17] we propose Scheme III to explain the results obtained presently.

CaSO4 + 2Si → CaS + 2SiO2 (1)

CaSO4 → CaO + SO2 + ½ O2 (2)

Si + O2 → SiO2 (3)

SiO2 + CaO → CaSiO3 (4)

Scheme III: Proposed reactions steps taking place in the reaction of the Si-CaSO4 pyrotechnic
composition

CONCLUSIONS

Calcium sulfate was shown to be a viable oxidant for silicon in time delay compositions. The energy
outputs, pressure-time profiles and burn rate measurements all showed a general trend where the
reactivity of the composition decreased with increase in silicon content. An analysis of the reaction
products using XRD revealed that the products were a composite mixture of crystalline and
amorphous phases. The EKVI simulation results were comparable with experimental data suggesting
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that the reaction proceeds by the thermodynamically favored pathway. Both the reactants and the
products of the composition tested were found to be environmentally benign.

ACKNOWLEDGEMENTS

This work is based on the research supported in part by AEL Mining Service and by the National
Research Foundation of South Africa (Grant 83874). The opinions, findings and conclusions or
recommendations expressed in this publication are those of the authors, and neither AEL Mining
Services nor the NRF accept any liability whatsoever in this regard.

References

[1] Beck, M.W.; Flanagan, J.; US Patent 5147476 1992.
[2] Davitt, A.L.; Yuill, K.A.; US Patent 4374686 1983.
[3] Wilharm, C.K.; Chin, A.; Pliskin, S.K.; Prop. Explos. Pyrotech. 2013, 35, 1-7.
[4] Poret, J.C.; Shaw, A.P.; Csernica, C.M.; Oyler, K.D.; Vanatta, J.A.; Chen, G.; ACS Sustainable

Chem. Eng. 2013,1, 1333-1338.
[5] Klapötke, M.; Steinhauser, G.; Angew. Chem. Int. Ed. 2008, 3330 -3347.
[6] Cramer, R.; Proceedings of the 38th International Pyrotechnics Seminar 2012 (Denver,

Colorado, USA, 10-15 June).
[7] Rugunanan, R.A.; PhD Thesis, 1991 (Rhodes University, Grahamstown, South Africa).
[8] Ricco, I.M.M.; Focke, W.W.; Conradie, C.; Combust. Sci. and Tech. 2004, 176, 1565-1575.
[9] Kalombo, L.; Del Fabbro, O.; Conradie, C.; Focke, W.W.; Prop. Explos. Pyrotech. 2007, 32,

454-460.
[10] Ilunga, K.; del Fabbro, O.; Yapi, L.; Focke, W.W.; Powder Technol. 2011, 205, 97-102.
[11] Newman, E.S.; J.Res.Nat.Stand. 1941, 27, 191-196
[12] Van der Merwe, E.M.; Strydom, C.A.; Potgieter, J.H.; Thermochim. Acta.1999, 340, 431-437.
[13] Berger, B.; Prop. Explos. Pyrotech. 2005, 30, 27–35.
[14] Beck, M.W.; ICI explosives group technical report no. 684, Ardeer Site. 1989
[15] Goodfield, J.A.C.; Rees, G.J.; Fuel, 1981, 60, 151-154.
[16] Gladun, V.D.; Bashaeva, L.A.; Proceedings of the 21st International Pyrotechnics Seminar 1995

(Moscow, Russia, September11-15).
[17] Mu, J.; Zaremba, G.; Thermochimica. Acta. 1987,114, 389-392.

284



Development of M42 Percussion Primers Based on an Environmentally
Benign Nanoenergetic Composite

Matthew Puszynski1, Zac Doorenbos1, Gartung Cheng2, Neha Mehta2, and Jan Puszynski1,3

1Innovative Materials and Processes, LLC Rapid City, SD USA
2Armement Research, Development and Engineering Center, Picatinny Arsenal, NJ, USA

3Chemical and Biological Engineering Department, South Dakota School of Mines and Technology,
Rapid City, SD, USA

ABSTRACT

New environmentally benign lead free M42 percussion primers are based on metastable interstitial
composites (MIC). The main constituents of MIC are aluminum and bismuth trioxide nanopowders. The
patented water based processing of MIC based formulations provided the necessary foundation for the
development of the automated dosing system. The dosing system allows for a precise and fully automated
loading of MIC based formulations directly into the primer hardware. This novel technology, can be applied
to a variety of primer and detonator products.

The M42 MIC-based primers were manufactured using an automated system, dried and
consolidated using the IMP three step consolidation process. The produced primers were characterized for
sensitivity and pressure output. In the case of the M42 primers, tetrazene was used as an additional
sensitizer. The M42 primers did not need to be specially tuned for additional pressure output, but additives
such as HMX or RDX could be added for extra gas generation. Characterization was based on impact testing
and pressure output. The IMP developed M42 primers were tuned for sensitivity within the required military
specifications.

Introduction

During the last decade there has been an increase in R&D efforts to replace the lead based mixtures
in percussion primers with environmentally benign substitutes. One possible replacement for the lead based
mixtures is a nanothermite material.  Nanothermites also called metastable interstitial composites (MIC)
have excellent performance characteristics such as; impact sensitivity, high temperature output, low ignition
temperature and tunable reaction properties.  These tunable reaction parameters are what give
nanothermites the desired properties required for the ignition of traditional propellants.  The most prominent
advantage of nanothermite materials is their ability to eliminate environmentally unfriendly compounds
used in the current primer mixtures, like lead styphnate. Traditionally the nanothermites were mixed in
organic solvents, however; this approach has caused problems with regards to safety when scale-up was
considered.  To ensure the safe processing of the nanothermite composite system, a water-based processing
method has been developed and has previously been reported1.

The nanothermite processing technology and innovative automation solutions have been applied to
the manufacturing of M42 percussion primers2. The nanothermite slurry is loaded into the M42 primer
hardware using an automated dosing system capable of producing high volumes of primers. This dosing
process is highly repeatable and precise ensuring a high quality end product.

The M42 nanothermite primers produced with the automated system are characterized for
sensitivity and pressure output. Sensitivity is determined using a ball drop device and the Neyer testing
method. It has been shown that primer sensitivity can be easily tuned by altering the concentration of
tetrazene. This method has been demonstrated by tuning sensitivities throughout a wide range. The pressure
output was determined by using a closed pressure cell and an oscilloscope as a recording device. During
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this study, it was determined that tetrazene concentration has a slight effect on primer pressure output. In
order to tune the pressure output of the primers in a wider range other organic additives are required.

Experimental

Nanothermite Mixing

The M42 primer MIC formulation consists of two major components; nanoaluminum (80 nm
purchased from NovaCentrix) as the fuel and bismuth trioxide (200 nm purchased from Accumet) as the
oxidizer. To increase the impact sensitivity, tetrazene was added to the MIC based M42 primers.  The
sensitivity can be tuned within a broad range of values by varying the weight percentage of this energetic
compound. The MIC based M42 primer formulation also contains a binder and an aluminum stabilizer.

Water based preparation of the MIC slurry formulations were conducted using a Resodyn LabRAM
acoustic mixer. The MIC components (fuel, oxidizer, sensitizer, binder and stabilizer) were combined in a
stainless steel mixing vessel. The mixing vessel was inserted into a cooling jacket and the cooling water
temperature was maintained between 7-8oC. The cooling jacket is necessary to prevent overheating of the
slurry during mixing in order to prevent the reaction of nanoaluminum with water. At temperatures above
30oC, the nanoaluminum fuel will begin the oxidation reaction with water, producing hydrogen gas and
degrading the reactive content of the aluminum.

Before the mixing process starts, the mixing vessel is subjected to vacuum. This step is critical for
preventing aeration of the MIC slurry, thereby reducing loading variation in MIC material weights after
primer cup dosing and drying.

After the mixing cycle is complete (20-30 minutes), the slurry is transferred to a material
holding/supply tank of the automated dispensing system.

Primer Cup Loading

The automated dosing system is comprised of a Nordson EFD XYZ robot, valve and controller
system, and a material supply tank. The material supply tank holds the MIC slurry and delivers it to the
valve system. A photograph of the automated dispensing robot can be seen in Figure 1.

The M42 primer cups are loaded into trays of 100 and the trays are arranged on the XY platform.
The Nordson EFD robot is programmed for individual dosing points which directly correlate to the matrix
of arranged primer trays and the layout of primer cups within each tray. A dwell time is programmed to
allow for the valve to dispense the desired volume in each dosing point location.

Dosing volume of the MIC slurry for each individual M42 primer cup is set to 25 μL. The dispensed
volume is a function of key parameters which include holding tank air pressure, valve open time, valve
stroke height and dispensing tip size. The parameters have been experimentally determined and the dosing
volume was always verified on a small sample set prior to running the full dispensing program.

The IMP dispensing system currently fills 1000 primers per program run. This dispensing rate is
about 4000 dosed primers per hour, operating with only one valve. The XYZ robot and valve controller are
able to run 4 valves simultaneously. After the dispensing program has completed the full run of 1000
primers, the primer trays are transferred to a convection drying system.
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Figure 1. Photograph of the automated dispensing robot.

IMP has constructed a custom convection drying system which controls the air flow rate and the
relative humidity within the dryer (see Figure 2). It is critical for the temperature within the dryer to stay at
ambient temperatures or below due to the increased reactivity of the aluminum with oxygen in air and water
above 30oC. The relative humidity should not exceed 30% RH within the system. High RH levels will slow
down the drying process which could lead to an extended time where the aluminum is in contact with water.
The drying of the loaded primer trays is completed within 3 hours.

After the drying cycle is complete, the primer trays are relocated to a zero humidity desiccator
storage for a minimum of 24 hours. This last step of drying removes any water content which was not
expelled within the convection dryer.

Figure 2. Photograph of the IMP designed and built convection dryer.
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Material Consolidation

IMP has developed a three step consolidation process for the small caliber percussion primers. This
process consists of flat pressing, shape pressing and anvil insertion.

The flat pressing step uses a flat press punch to evenly distribute the dried MIC material within the
primer cup. A flat shaped punch in a pneumatic press is used at a medium pressure (75 lbf) to a full stop. It
serves as the preparation step for the shape pressing. Skipping this step would increase the variability of
bridge heights in the shape pressed primers, sometimes producing primers with no bridge at all.

The second step is a shape pressing to prepare the material for anvil insertion. The shaped punch
was designed to conform the MIC material within the primer cup to the shape of the anvil, while providing
a consistent bridge height in each primer cup. The shape pressing of the MIC material is conducted using a
pneumatic press calibrated in such a way that the punch stops at a consistent height every time a primer is
pressed.  The bridge height was determined from calculations using the primer cup height, anvil height, and
the desired location of the anvil tip in relation to the material within the cup.  The press height calibration
is a function of the pneumatic press air pressure and the press set stop height. The pressing force is
approximately 300 lbf. Each bridge height is measured during the pressing process using a digital gauge
and any nonconforming primers with bridge heights varying more than 0.001” to either side of the
population mean are discarded. This step further decreases the variation of the final product.

After shape pressing the anvil is inserted to approximately 0.001” above the cup rim. This allows
the anvil tip to hang in the final position it has been designed for. Placing the anvil into the final position
upon insertion, further decreases the variation of the primers by ensuring that the anvil position is the same
throughout the entire lot.

Figure 3. Diagram of the 3-step consolidation process. (A) flat press, (B) shape press, and (C) anvil
insertion.

The consolidated M42 primers are inserted into the application using a pneumatic press set to 300
lbf. The primer is inserted so that it bottoms out in the application primer pocket.  The press stop should be
set to the maximum allowable insertion depth below flush, following the formula; insertion depth below
flush = application pocket depth – total primer height

Primer Characterization

The M42 primers were characterized through drop ball impact testing and closed bomb testing.
Impact sensitivity testing was conducted using a ball drop device and the Neyer testing method. For each
production lot a sample set of 30 primers is sufficient for Neyer sensitivity testing. The testing parameters
included a 1.94 oz drop ball and a 0.040” diameter firing pin. A photograph of the ball drop device is shown
in Figure 4 (left).
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Figure 4. Photograph of the ball drop device (left) and the pressure cell device (right).

Pressure output characterization was conducted using an IMP designed pressure cell device. The
device utilizes a closed bomb pressure cell, a PCB piezoelectric pressure transducer (model #102A) and an
oscilloscope to measure the pressure output. A primer is inserted into a 5.56 case stub and screwed into the
pressure cell. The ball drop device is used to initiate the percussion primer using a 0.040” diameter firing
pin at an all fire height, and the data is recorded using an oscilloscope. A photograph of the closed bomb
pressure cell is shown in Figure 4 (right).

Results and Discussion

The latest IMP MIC based M42 primers tested at a Neyer sensitivity of H-bar = 4.8 inches with a
sigma of 0.9 inches. Tetrazene was used to tune the sensitivity to the desired level. The sensitizer additive
was added within the 1 wt% to 5 wt% range.

MIC based M42 primers produced between 1300 to 1500 psi in the IMP designed pressure cell.
Figure 5 shows a recorded dynamic pressure curve for a selected M42 primer. Pressure of the M42 MIC
percussion primers is slightly affected by the presence of the sensitizer, tetrazene. A pure MIC primer has
an output pressure of approximately 1000 psi as compared to a M42 MIC based primer of about 50% higher
pressure output. Additional pressure output can be achieved through the addition of nitramine compounds
such as HMX or RDX. Commercial M42 primers, tested in the IMP pressure cell device, generated a
pressure output in the range of 1800 psi to 3400 psi.
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Figure 5. Pressure output profile from a MIC based M42 primer fired in an IMP designed closed
pressure cell device.

Summary

With the successes in the development of the MIC based M42 percussion primer, the core
technology shows much potential for other primer and detonator applications. The tunability of the MIC
based formulations allow for a wide range of sensitivities and pressure outputs. IMP has successfully
demonstrated the application of this core technology to #41 small caliber percussion primers and PA520
medium caliber electric primers. The environmentally benign energetic MIC system and water based
processing coupled with automated dosing technology create a very powerful fully integrated product which
could potentially be applied across a wide variety of applications.
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ABSTRACT

A novel yellow smoke formulation, based on the environmentally benign dye Solvent Yellow 33, has
been validated as a replacement for the current formulation specified for the M194 yellow smoke
handheld signal. Sieve testing has revealed a fine granulation for the candidate mixture, centered at 53
μm. In addition, compressive strain testing has shown that the mechanical (crush) strength of pellets
derived from the candidate mixture was 391 kg. Both of these properties validate the viability of the
candidate composition during manufacturing and deployment. Extensive static burn testing in full sized
prototype signal assembly hardware provides insight into new ignition train concepts. The full sized
prototype assembly has also been demonstrated by flight tests in actual system hardware containing the
rocket motor and associated propellant.

Introduction

In recent years, there has been a growing trend toward making military pyrotechnics more
sustainable throughout the entire armament lifecycle1-3. Recent efforts in our laboratory have entailed the
replacement of chemical ingredients that pose risks to different phases of the product lifecycle such as
supply chain, manufacturing, and demilitarization4-14. Recently, we reported on the development of a new
formulation, based on Solvent Yellow 33 instead of the toxic yellow dyes formerly specified, intended for
incorporation into the US Army’s M194 yellow smoke hand held signal (HHS)15-16. Table 1 below shows
a modified version of this previously reported composition, one without fumed silica hereafter referred to
as formulation A. This formulation consists of:  Solvent Yellow 33 (colored smoke dye), sucrose (fuel),
potassium chlorate (oxidizer), stearic acid (lubricant, processing aid), and hydromagnesite
(Mg5(CO3)4(OH)2·4H2O, endothermic coolant).

It is particularly noteworthy that this formulation does not specify a discrete binder and is
comprised of all solid ingredients. Thus, blending of formulation A can be achieved by simply combining
all of the solid ingredients into a container and tumbling end-over-end, with no need for any organic
solvents that may pose an additional environmental hazard. Then the resulting formulation can be
consolidated at high pressure into a cardboard tube, affixed with a parachute, and finally loaded into hand
held signal hardware capable of sending the assembly ~800 feet in the air. At this apex, the yellow smoke
candle begins to burn producing a highly visible stream of yellow smoke for 9 – 18 seconds15-16.
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Table 1. Chemical makeup of formulation A
Ingredients Wt.-%

Solvent Yellow 33 37.5

KClO3 34.5

Sucrose 21.5

Mg5(CO3)4(OH)2·4H2O 5.5

Stearic acid 1.0

Although formulation A has been demonstrated statically with acceptable results, some additional
testing of the candidate replacement formulation was necessary to assess the viability of our dry
processing method before transitioning to production and subsequently testing in actual system hardware.
Our initial concern was that formulation A, with a lack of a discrete binder, would not be amenable to
manufacturing due to dust formation. In addition, candles derived from formulation A may not have
sufficient mechanical strength to sustain the force exerted upon launch from the rocket motor. Thus,
additional information was needed regarding such physical properties as granulation and mechanical
strength. Accordingly, we report here on the next stage of development efforts for formulation A,
including measurement of promising physical properties as well as outdoor performance testing results in
actual system hardware.

Results and discussion

Sieve analysis

The granulation of a novel pyrotechnic formulation is always a useful property to evaluate in
order to gain some insight into the propensity for it to generate dust. This property becomes especially
important when transitioning a formulation from the pilot plant to manufacturing scale, the latter typically
performed at ~54.5 kg. Accordingly, formulation A was added to a vertical stack of sieves, arranged from
top to bottom in descending order of pore size, which was then mechanically agitated. The fraction
retained on each sieve was weighed and the percentage corresponding to each fraction is reported below
in Table 3. Note especially that the mass recovered for formulation A is within 1% error.

As shown in Table 2, the mass of formulation A was distributed in a bell-shaped fashion centered
at the 270 mesh sieve, corresponding to a pore size of 53 μm.18 This value reflects the average particle
size of the major individual components of the mixture: sugar, KClO3, and Solvent Yellow 33 (see
Materials & Methods section). This means that the processing of formulation A does not appear to
introduce any self-agglomeration among the granules even in the presence of the sugar (sucrose) and
waxy stearic acid additive. Also, we observed a lack of significant dust formed during any of the three
100 g trials with the mechanically agitated sieve stack. In summary, the granulation properties of
formulation A seemed acceptable to advance to production.
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Table 2. Sieve analysis of formulation A

US Standard
Sieve No.

Percent
Retained

40 0.16
70 1.11

140 11.01
270 61.07
325 19.23
Pan 6.63

Total 99.21

Compressive testing of miniature pellets

The next step to validate formulation A was to assess its mechanical integrity when packed into
the hand held signal form factor. This is important to ensure the full-sized candles can sustain the impulse
subjected to the payload when launched from the signal rocket motor. Accordingly, small pellets derived
from formulation A were pressed into a cylindrical geometry and subjected to compressive testing. The
crush behavior exhibited by formulation A was uniform between all pellets tested and a representative
trace is presented below in Figure 1. Notice how the load steadily increases after the pressure transducer
makes initial contact with the pellet until the sample becomes plastic and can no longer sustain an applied
load.

Figure 1. Representative crush trace of a pellet derived from formulation A. The right y-axis corresponds
to a load range from 0 – 680.4 kg.

The average results of compressive testing of formulation A are summarized below in Table 5.
Despite the lack of a formal binder, small 3-gram pellets derived from formulation A proved quite robust,
breaking at a force of 391 kgf. While the impulse from the actual handheld signal expelling charge cannot
be easily calculated for comparison, this crush strength test provides a figure of merit for the ruggedness
of candles derived from formulation A.
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Table 3. Compressive stress test data for formulation A

Formulation Load at Break
(kg)

Compressive Stress at Break
(kPa)

A 391.0 30,268

Outdoor Static Testing

After having assessed the mechanical properties of formulation A, the next step was to conduct
static burn testing in the full-up signal assembly hardware. Although we have previously reported
laboratory testing in the cardboard tube format,15 the current aim was to include the protective discs and
the cotter pin roll-crimped into the bottom of the candle. This was necessary to ensure that the specified
signal assembly hardware will remain intact during the ignition and combustion propagation phases of
burning as they would occur during flight.

To this end, formulation A was consolidated into a slightly modified version of the currently
specified signal assembly format, depicted below as the baseline configuration in Figure 2. This format
stipulates folding a 27.94 cm strip of quickmatch in half, insertion of the folded end into the central
candle core flush with a fiberboard protector disc, and lacing both ends of the quickmatch around another
fiberboard protector disc at the ignition end of the candle. Also, a thermate-based ignition slurry was
filled into the inner core of the candle and also applied to the top face of the protector disc at the ignition
end of the candle to make contact with the folded quickmatch ends. There are only two key differences
between the current specification and this new configuration:  1) the tube is now composed of cardboard
instead of stainless steel, and 2) the quickmatch strand is no longer laced through the plug end protector
disc. Both of these modifications were made to reduce lifecycle costs and, particularly for the first
modification, to minimize collateral damage that could be inflicted if the tube were reclaimed and
repurposed by an enemy.

Figure 2. Cross-sectional depiction of the baseline configuration with quickmatch arms (hashed)
wrapped around protector disc (buff-colored)
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After consolidating formulation A into this configuration, ten candles were conditioned hot (71
°C), another ten cold (–54 °C), and ten more at ambient temperature (~21 °C) overnight. The three sample
sets were tested statically the following day and these results are summarized below in Table 4. Not
surprisingly, our previous laboratory results at ambient temperature were validated as each assembly
burned within the required time range of 9-18 seconds. Similarly for the heat-treated samples, no
deviation from the 15-second burn time was observed and a steady fountain of yellow smoke was
produced with sufficient color quality. In the cold-treated samples, however, there was a substantial
extension of the burn time to 17.79 seconds. This burn time extension at low temperature is common for
many pyrotechnic items and is caused by the greater difference between the combustion temperature of
the energetic material and the temperature at which the sample is conditioned. In other words, at lower
initial temperature it takes longer to heat material ahead of the burning front to an appropriate combustion
temperature19.

Table 4. Variable temperature performance testing of formulation A in the baseline configuration

Conditioning
Temperature

Range

Burn Time
(s)

Plug failure rate
(%)

Ambient 15.52 40
Hot 15.74 40
Cold 17.79 20

Despite the versatility exhibited by formulation A across three different temperature ranges, a
systemic problem arose during the ignition process in many of the tested candles in each range – ejection
of the bottom anchor plug from the signal assembly (Figure 3). In every instance, ejection occurred
immediately after the ignition event, just before the propagation front migrated to the yellow smoke
candle. Presumably, the ejection was caused by the voluminous gases produced by an excessive amount
of ignition complex (quickmatch + igniter slurry) loaded within the central bore of the candle. This
hypothesis is validated by the fact that the plug failure rate drops from 40% at hot and ambient
temperatures down to only 20% at the cold temperature. Clearly, the reduced rate of gas production at
cold temperature is correlated with reduced gas pressure within the signal assembly. This ejection of the
anchor plug comprises a catastrophic system failure because, when inserted into the full-up system
hardware and launched by the rocket motor, the signal assembly would no longer be suspended by a
parachute and simply fall to the ground before burnout. In light of this problem, some alternate ignition
train designs were considered.
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Figure 3. Candle image, post-burn; note absence of top protector disc and anchor plug.

With the problems encountered with formulation A in the baseline configuration, two alternate
ignition train configurations were developed and tested. In both new configurations, the top protector disc
was redesigned with a central 0.794 cm bore to accommodate ventilation of the gases produced by
ignition. Specifically for one of the new configurations, the inner candle core contains only ignition
slurry, while the top of the candle bore has a short length of quickmatch held in place perpendicular to the
candle bore by a small dollop of ignition slurry (configuration I, Figure 4). In the other new configuration,
the inner candle bore contains a single strand of quickmatch within the candle bore held in place by
ignition slurry coating the inner wall, while the top of the candle bore also has a small dollop of ignition
slurry (configuration II in Figure 5).

A B

Figure 4. Depictions of full-sized configuration I:  A) Cross-sectional drawing with quickmatch (hashed)
and slurry (brown), B) Image of actual candle in configuration I.
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A B

Figure 5. Depictions of full-sized configuration II:  A) Cross-sectional drawing with quickmatch
(hashed) and slurry (brown), B) Image of actual candle in configuration II.

The outdoor static burn test results of formulation A in the two new ignition train configurations
are shown below in Table 5. Ten samples in each configuration burned for approximately 15 seconds, on
average, and with adequate color quality. Most importantly, both ignition configurations proved to be
viable solutions to the system problem described above since none of the samples in either configuration
exhibited ejection of the anchor plug from the signal assembly (i.e. plug failure rate of 0% for both
configurations I and II).

Table 5:  Static burn test results in configurations I and II

Configuration Burn Time
(s)

Plug failure rate
(%)

I 15.67 0
II 15.28 0

Figure 6 below shows the images of the signal assembly after burnout of the yellow smoke
formulation, representative of both configurations I and II. Note how both the anchor plug and cotter pin
remain roll-crimped to the bottom of the candle (Figure 6A), while the bore protector disc retains an
interference with the walls of the ignition end of the tube (Figure 6B). With the survival of the signal
assembly hardware during static burn testing, additional dynamic burn testing was critical to assess the
viability of configurations I and II in the actual hand held signal hardware.
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A B

Figure 6. Candle images, post-burn (configurations I and II):  A) plug end with roll-crimped anchor plug
and cotter pin intact, and B) ignition end with protector disc intact.

Flight Tests

With acceptable static burn test results for formulation A in full-up signal assembly hardware,
some preliminary flight tests in full-up HHS hardware were performed to gain insight into the
performance of formulation A during ballistic testing. Accordingly, one signal assembly derived from
each of the configurations (baseline, I, and II) was loaded into the full hand held signal hardware
containing the rocket motor and propellant, and then deployed on an outdoor test range. Each signal
assembly was examined at midburn via digital camera and then again visually after reaching the ground,
in order to assess any unusual burning behavior (i.e. plug ejection, erratic burn pattern).

Table 6 below shows the performance of all three configurations during the ballistic testing. As
expected, the signal derived from a candle in the baseline configuration suffered the same ejection
problem as before. However, this signal exhibited another fundamental problem; the candle burst into
three fragments upon burning of the expelling charge. Figure 7 below shows how the fragments, no
longer suspended from a parachute, simply burn while falling in a parabolic path to the ground.

Table 6:  Flight test results for signals with candles in configurations Baseline, I, and II

Configuration Burn Time
(s) Notes

Baseline 13.84 Candle burst
I 24.51 Incendiary effects
II 15.62 No issues
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Figure 7. Aerial image of a burning smoke assembly in the baseline configuration.

Another unexpected result ensued from firing the signal derived from a candle in configuration I.
This time, the payload burned outside the burn time range at about 24 seconds and the resulting stream of
smoke was remarkably thin. In addition, this configuration gave an unexpected result during launch; the
anchor plug and parachute survived, but substantial incendiary effects ensued at midburn (Figure 8).
Retrieval of the assembly upon burnout and reaching the ground showed that the signal assembly
cardboard tube had singed considerably. This may be attributed to excessive ignition composition applied
to the candle that may have transferred to the tube during flight. While additional flight tests will be
needed for further evaluation, these initial results may pose an additional manufacturing challenge for
configuration I.

Figure 8. Aerial image of a burning smoke assembly in configuration I.
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The signal loaded with a candle in configuration II, however, gave excellent results with
formulation A, providing a dense yellow smoke cloud well within the required time range. Figure 9 below
shows how the parachute is still visibly attached to the signal assembly at midburn. Upon burnout of the
yellow smoke payload the parachute floats to the ground after about a minute, still attached to an empty
signal assembly. In addition, no undesirable incendiary effects were observed during the aerial burning of
the signal assembly in this configuration.

Figure 9. Image of a burning smoke assembly in configuration II.

Conclusion

In summary, we have advanced a yellow smoke formulation, targeted for insertion into the M194
hand held signal, from pilot plant operations to a production run. Some mechanical properties of the
mixture were assessed, and minor system hardware problems were addressed. Particularly noteworthy are
the two novel ignition train configurations that have been demonstrated here in the hand held signal, but
may also be extended to many other colored smoke form factors. Furthermore, configuration II proved to
be the best ignition train configuration for this form factor as it passed static ignition tests and the flight
test.

Experimental section

Materials. Potassium chlorate (MIL-P-150D, Grade B, Class 7), sugar (MIL-AA-20135D, Type 1, Style
C), were purchased from Hummel Croton, Inc., along with a technical grade preparation of stearic acid.
Solvent Yellow 33 (MIL-DTL-51485B(EA), Type II) was purchased from Nation Ford Chemical, Inc.
Hydrated basic magnesium carbonate was obtained from Pine Bluff Arsenal (Pine Bluff, AR). All of the
pyrotechnic candles were encased in uncoated kraft cardboard tubes.

Preparation of Yellow Smoke Formulations. Granulation studies were performed by adding a 100 g batch
of formulation A to the top of a vertical stack of sieves, arranged in descending order of pore size, and
mounted onto a Rotap® sieve shaker. The stack was then mechanically agitated for five minutes and the
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fractions retained on each sieve were weighed. The retention percentages reported above in Table 2
reflect the averages obtained from testing three 100 g batches of formulation A.

Miniature pellets for compressive stress testing were prepared by pressing 3 g of each formulation
into a cylindrical geometry (diameter = 1.27 cm, height = 1.45 cm) at 4,545.4 kg dead load, four second
dwell. The pellets were crush-tested using an Instron Series 5584 Testing Machine (Instron:  Norwood,
MA) equipped with a 50 kN load cell. Once each test was started, the load cell was lowered at a rate of
2.54 cm/min until the end of each trial. The end of each trial was indicated by the sensitivity of the load
cell, measured here as 40% of the rate of load from the beginning of each trial. The results presented in
Table 3 represent the average values obtained from testing 20 pellets derived from formulation A.

Formulation A was prepared via a previously reported dry-blending procedure. Full-sized 70 g
candles derived from formulations A were pressed into non-coated kraft cardboard tubes by our
previously reported loading operation or slight modifications thereof.15 The resulting pyrotechnic candles
contained 63.9-72.7 g of energetic material and were coated with a thermate-based ignition slurry
consisting of:  33.0 wt % potassium nitrate, 24.5 wt % silicon, 20.8 wt % black iron oxide, 12.3 wt %
aluminum, 3.8 wt % charcoal, and 5.6 wt % nitrocellulose in acetone. Quickmatch and ignition slurry15-16

were applied as described above in the Results and Discussion Section for all three configurations
(baseline, I, and II).

Full-up hand held signals were loaded with one candle, pressed in the same manner described
above and previously15-16. Burn times reported above reflect values measured from only one full hand
held signal derived from each of the ignition configurations (baseline, I, and II).

Characterization. Candles were remotely ignited with an electric match for static ignition tests, or lit by
the pyrotechnic train of the full hand held signal during flight tests. Static ignition test data reflect
averages from testing 10 candles in each configuration (baseline, I, and II). Flight test results reflect times
measured from deployment of one hand held signal in each of the three ignition trains described in the
Results and Discussion section (baseline, I, and II). Burn times were measured with a digital stopwatch.
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Developmental Environment, Safety and Occupational Health Evaluation
(DESHE) for Munitions

Noah Lieb (USA)

Abstract

Understanding the potential environment, safety and occupational health (ESOH) impacts of new
energetic formulations early in the research, development, test, and evaluation (RDT&E) process
is vital to sustaining the DoD mission. Traditionally, Army and Department of Defense (DoD)
regulations have not addressed adequately the ESOH risks of new materials and technologies
during RDT&E.  The U.S. Army Research, Development, and Engineering Command
(RDECOM) Environmental Acquisition and Logistics Sustainment Program (EALSP) published
guidance for the Developmental Environment, Safety and Occupational Health Evaluation
(DESHE) process for researchers to gather, generate and document ESOH data for new
technologies.  This data will support further understanding of the potential risks of implementing
these materials, processes and systems concurrently with technology development.

The DESHE provides a method for collecting data to assist researchers, lab managers, Program
Managers (PMs) and other acquisition program personnel in evaluating the environmental risks
associated new technologies. The data gathered by the DESHE process can be used in risk
assessments and other environmental documents, including Programmatic Environment, Safety,
and Occupational Health Evaluations (PESHEs), Heath Hazard Assessments (HHAs), and
National Environmental Policy Act (NEPA) documentation. The DESHE process provides a
step-wise approach in gathering data so that the level of effort is proportional to the technology
maturity. In early levels of development, researchers should gather basic information on the
chemical and physical properties for technologies through available computer models or
literature searches. More robust data will be required to evaluate technologies that are closer to
implementation, including full toxicity screens, experimental fate and transport studies, and
potential exposure routes.

By gathering ESOH data earlier in the RDT&E process, the DoD will be able to reduce life-cycle
costs, limit program delays, and avoid or at least understand the potential ESOH impacts of new
materials and systems developed in the Army centers and laboratories.  The DESHE will provide
valuable data to ensure that researchers are informed of the potential risks of new technologies
and are protected from occupational hazards.

304



  

Environmentally Benign Energetic Time Delay Compositions: 
Alternatives for the U.S. Army Hand-Held Signal 

 
Jay C. Poret,*,a Anthony P. Shaw,*,a Eric J. Miklaszewski,b Lori J. Groven,c 

Christopher M. Csernica,a Gary Chena 
 

a Pyrotechnics Technology and Prototyping Division, 
U.S. Army RDECOM-ARDEC, Picatinny Arsenal, New Jersey 07806 

b School of Mechanical Engineering, Purdue University, West Lafayette, Indiana 47907 
c Chemical and Biological Engineering Department, 

South Dakota School of Mines and Technology, Rapid City, South Dakota 57701 
 

* corresponding author emails: jay.c.poret.civ@mail.mil; anthony.p.shaw.civ@mail.mil 
 
 
 

ABSTRACT 
 

Pyrotechnic delays are used to provide reproducible time intervals between energetic events. The 
simplicity and low cost of these “chemical timers” make them advantageous for inexpensive munitions 
such as hand grenades and signaling devices. For example, U.S. Army hand-held signals (HHS) use a 
pyrotechnic delay element to properly time the expulsion of illumination or smoke payloads once the 
rockets reach their apex. These items and other munitions use delay compositions containing chromates, 
perchlorates, and heavy metals. Over the last three years, our division has been working to develop 
environmentally benign replacement compositions for use in the U.S. Army hand-held signal. The large 
thermal mass of the HHS delay housing, combined with the long burning time requirement and short 
burning path, made it particularly difficult to develop suitable replacements. Many candidate 
compositions either burned too quickly or were quenched in this high heat loss environment. However, 
some of these systems, such as Si/Bi2O3/Sb2O3 and Ti/C-3Ni/Al may be suitable for other applications 
including grenade fuzes. Ultimately, two systems were found to meet the HHS delay time requirement 
(5-6 s, 7-8.5 s/cm). The first, W/Sb2O3/KIO4/calcium stearate, was shown to operate across a wide range 
of inverse burning rates, 2-15 s/cm. The second system, B4C/NaIO4/PTFE, proved even more versatile 
(1.3-20.8 s/cm). In this article, we describe the course of research throughout the program and discuss the 
general challenges associated with the development of new energetic time delay compositions. 
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INTRODUCTION 
 
Pyrotechnic delays have long been used in military munitions and commercial fireworks. Delays are used 
to provide a reproducible time interval between two events. For example, a timed delay is needed between 
the ignition of a rocket engine and the expulsion of its payload at apogee. The first black powder fuzes 
were developed over several hundred years ago [1]. Modern pyrotechnic military delays are primarily 
composed of metallic or semi-metallic fuels, chromate or perchlorate oxidizers, binders, and diluents. 
Table 1 shows a list of military delays and their chemical components. ALL of these delays contain 
environmentally hazardous compounds such as chromates and perchlorates. To mitigate current and 
future environmental regulatory risk, the U.S. Department of Defense is developing environmentally 
benign energetic systems, including pyrotechnics, and is eliminating hazardous materials whenever 
possible. 
 

Table 1. List of military delays with corresponding reference numbers and chemical components. 

Composition Reference Number Components 

hand-held signal delay drawing 9251412 W, BaCrO4, KClO4, VAAR 

tungsten delay MIL-T-23132A 
W, BaCrO4, KClO4, 
diatomaceous earth 

manganese delay MIL-M-21383A Mn, BaCrO4, PbCrO4 

zirconium-nickel delay MIL-C-13739A Zr-Ni alloy, 
BaCrO4, KClO4 

T-10 delay MIL-D-85306A B (amorphous), BaCrO4 

 
Three years ago we initiated a project at ARDEC with funding from the U.S. Army RDECOM 

Environmental Quality Technology (EQT) Program to replace the tungsten delay used in the U.S. Army’s 
hand-held signal (HHS) rockets. These rockets are designed to produce light or colored smoke for 
signaling and illumination. There are nine different rockets, each producing a specific effect. For 
example, the M125A1 expels free-falling green clusters at peak altitude while the M126A1 deploys a long 
burning red candle suspended by a parachute. Approximately 180,000 rockets (all variants) are produced 
each year for the U.S. Army. A cross sectional diagram is shown for a generic item in Figure 1a. The 
HHS rocket is activated by striking the primer, which ignites a black powder pellet. In turn, this ignites 
the rocket motor and delay element at approximately the same time. The delay element burns for 
approximately 6 seconds prior to igniting a black powder expulsion charge thereby ejecting the payload 
from the rocket. 

Within the delay element, the delay composition is surrounded by two thin pressed layers of black 
powder. The HHS delay housing and a typical loading scheme are shown in Figure 1b. The housing is a 
14.5 gram disc of aluminum that serves as a structural component within the HHS rocket, connecting the 
propulsion and payload sections by a threaded hole in the middle of the disc. The delay channel is off-
center and is 0.476 cm in diameter by 1.016 cm long. The current tungsten-based delay used in HHS is 
composed of 32% W, 56.3% BaCrO4, 11.4% KClO4, and 0.3% vinyl alcohol-acetate resin (VAAR). (All 
chemical percentages in this report are weight percentages.) This is a variant of the classic tungsten delay 
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(MIL-T-23132A) that uses no binder and diatomaceous earth as a diluent [2]. With this traditional MIL-
spec system, inverse burning rates ranging from 0.06 to 15 s/cm can be produced depending on the 
relative amounts of each component as well as the tungsten particle size and granulation of the KClO4. 
 
 
 

 
 

Figure 1a. Cross section of a HHS rocket. 
 
 
 

 
 

Figure 1b. The aluminum HHS delay housing (left) and a typical column loading 
scheme (right). Note the delay composition is pressed into the off-center 

opening, not the middle threaded hole. 
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DEVELOPMENT APPROACH 
 
CONDENSED PHASE REACTIONS 
 
To develop a new delay for the HHS rocket, two different technical approaches were pursued with the 
eventual selection of one that showed the most promise. The first approach was based on evaluating the 
suitability of condensed phase reactions. These types of materials systems are ideally suited for delays 
because they do not produce gaseous combustion products (thereby allowing their use in vented or sealed 
housings). 

Initial experiments focused on testing different binary exothermic systems in aluminum tubes with 
different diameters. Given the extreme radial heat losses expected in the HHS delay housing it was 
critical to understand the effect of geometry-induced heat losses on the ability of these reactions to 
propagate in small diameter aluminum channels. The systems investigated included mixtures of Ti/C with 
Ni/Al or 3Ni/Al [3]. Ti/C had the highest predicted adiabatic reaction temperature and was the most 
exothermic of the binary systems. By mixing Ti/C with the less exothermic binary systems 3Ni/Al and 
Ni/Al, mixtures with different levels of exothermicity can be produced (Figure 2a). One of the key 
requirements for selecting a condensed phase system of this type is that the predicated adiabatic reaction 
temperature should be greater than 1800 K, yet not be so high that the resulting mixture has a rapid 
propagation velocity [4]. Another factor that must be considered is the ability of the system to produce 
enough energy to overcome conductive losses to the delay housing. This is critical because if the system 
loses too much energy, the reaction quenches and the delay will not function as intended. 

 

 
Figure 2a. Predicted adiabatic combustion temperatures (HSC 7.0) for the 

Ti/C-Ni/Al and Ti/C-3Ni/Al systems as a function of Ti/C content. 
 

The 35-65 Ti/C-3Ni/Al system was studied in both 4.8 mm and 6 mm (inner diameter) aluminum 
tubes (Figure 2b). The wall thickness of the tubes was chosen so that the heat capacities of these tubes 
were the same. In general, as the packing efficiency (as indicated by %TMD) increased, the propagation 
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velocity increased from approximately 2 to 5 mm/s. Ultimately, these types of systems were not able to 
propagate at the very low rates required for hand-held signals. The HHS specification calls for a delay 
burning time of at least 6 seconds, which translates to a propagation rate of 1.7 mm/s or less. In 
retrospect, it is quite amazing that these systems were able to propagate as slowly as they did in such 
small metal tubes. Condensed phase systems are often very energetic, usually propagate rapidly, and are 
typically not used for these kinds of applications. There may be other applications requiring fast-burning 
gasless delays that could use this technology. 
 

 
Figure 2b. Propagation rate for Ti/C-3Ni/Al (35/65 ratio) in 4.8 and 6 mm 

aluminum tubes as a function of %TMD (the consolidated density 
as a percentage of theoretical maximum). 

 
 
PYROTECHNIC SYSTEMS 
 
Early work focused on Si/KNO3 and W/KNO3 pressed into 2024-T3 aluminum tubes (inner diameter, 
outer diameter, and length of 0.48 cm, 0.95 cm, and 1.52 cm, respectively). While both of these systems 
were tunable and propagated in aluminum tubes, they did not function in the HHS housing. One 
interesting gasless system that was evaluated was a ternary system composed of Si, Bi2O3, and Sb2O3 [5]. 
This concept was based on combining a fast binary system (Si/Bi2O3) with a slow binary system 
(Si/Sb2O3) [6,7]. When Si, Bi2O3, and Sb2O3 are combined, a tunable gasless system results. Figure 3 
shows the inverse column burning rate versus Sb2O3 percentage in aluminum and stainless steel tubes. 
While these results were encouraging, none of these compositions functioned when pressed into the HHS 
delay housing, presumably due to greater heat losses in this housing. 

One of the biggest challenges in the course of our research was finding systems that would 
propagate fully and reliably in the 14.5-gram aluminum HHS delay housing. Given aluminum’s large 
thermal conductivity, several times larger than lead and stainless steel, the heat generated by combustion 
reactions is rapidly absorbed into the body of the HHS housing. Many of the reactions that worked in 
aluminum and stainless steel tubes were quenched by the HHS delay housing. At this point a different 
approach was needed. 

We originally thought that a replacement delay needed to be gasless for it to function in the HHS 
rocket, but this is not necessarily the case. Upon closer examination of the HHS cross section (Figure 1a), 
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it can be seen that the delay element is adjacent to the rocket motor chamber. Once the rocket motor is 
ignited, it is consumed within about 0.5 seconds, leaving an empty volume for delay gases to vent. This 
realization led us to explore gassy delay compositions as well. The first of these systems was developed 
with the traditional tungsten delay in mind, although it turned out to be gassy. In the MIL-spec tungsten 
delay (Table 1), KClO4 is the “fast” oxidizer and ignition sensitizer while BaCrO4 is the “slow” oxidizer. 
Keeping with the same idea, we decided to replace BaCrO4 with Sb2O3 and KClO4 with a periodate salt 
(KIO4 or NaIO4). In our laboratories, Moretti has experimented with NaIO4 and KIO4 as replacements for 
KClO4 in flash/incendiary compositions [8] and this inspired us to try using the periodates in delay mixes. 
 

 
Figure 3. Average inverse column burning rate versus antimony(III) oxide percentage 

for delays pressed in aluminum and stainless steel tubes. 
 

One of the first observations about the W/Sb2O3/KIO4 system was that it was difficult to press due 
to the abrasive nature of its components. Various lubricants were added in small percentages to prevent 
binding of the tooling. Of the lubricants tested, calcium stearate was found to have the greatest effect on 
burning rate. Figure 4 shows the inverse burning rate for mixtures containing different W/Sb2O3/KIO4 
ratios as a function of calcium stearate level. In this system, inverse burning rates ranging from 2-15 s/cm 
can be easily produced in the HHS delay housing. The required inverse burning rate of the HHS delay is 
7-8.5 s/cm, which is well within the experimentally determined range for these compositions [9]. 

To validate the use of this gassy delay in HHS rockets, several delays were pressed and shipped to 
the manufacturer for dynamic testing. The ARDEC-fabricated delays were inserted into fourteen M159 
white star cluster rockets and these were tested at ambient temperature. All of the rockets functioned 
correctly ejecting the payload, although the delay times were not optimal. Even so, this test validated the 
potential use of gassy delays in HHS rockets. 

Although the W/Sb2O3/KIO4 compositions appeared promising, it was observed that they were 
quite sensitive to moisture. Over time, small cracks were observed in the delay columns along with a 
brownish discoloration around the periphery of the delay cavities. Aqueous solutions of periodate and 
iodate salts have been used to etch tungsten metal surfaces [10,11]. Control experiments showed that 
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thoroughly dried W/KIO4 mixtures remained unchanged over time, while those prepared in ambient 
conditions or intentionally wetted degraded rapidly. This degradation was accompanied by a brown 
discoloration (I2). Iodine is also produced when W/KIO4 mixtures are burned. Calcium stearate slowed 
the aging process but did not completely stop it when compositions were prepared and stored at the 
ordinary humidity used for pyrotechnic processing (40-60% RH). Presumably this is due to calcium 
stearate partly coating the other mixture components. Based on these findings, we decided to explore 
other gas-producing compositions that did not contain tungsten/periodate combinations. 
 

 
Figure 4. Effect of added calcium stearate on inverse burning rate. W/Sb2O3/KIO4 ratios 

of 40/20/40 (bottom curve, open circles); 40/25/35 (middle curve, squares); 
40/30/30 (top curve, closed circles). 

 
Over the past several years, ARDEC has been working with boron carbide (B4C) as a boron 

replacement in pyrotechnics. Boron carbide, used in light-weight armor, nuclear moderator rods, and 
abrasives, is re-emerging as a promising fuel for modern pyrotechnics. Boron carbide was first evaluated 
as a pyrotechnic fuel over 50 years ago but was never successfully incorporated into formulations that 
were used in commercial or military pyrotechnics. Recently, one of us (Poret) helped to develop boron 
carbide-based green light-emitting compositions [12]. Subsequently, we developed highly efficient white 
smoke compositions based on B4C [13]. 

Given our experience with B4C and periodate oxidizers, we focused on developing delay 
compositions containing these materials. Initial experiments involved binary B4C/NaIO4 powder mixtures 
and these produced purple smoke (I2) upon ignition. This is similar to the combustion reactivity we 
observed previously with W/KIO4 mixtures. When we tried to press B4C/NaIO4 mixtures into tubes and 
HHS housings it was extremely difficult due to the abrasive nature of B4C. Polytetrafluoroethylene 
(PTFE), a well-known lubricant and pyrotechnic oxidizer, was added to increase energy output and to 
prevent the tooling from binding during pressing. 

The ternary B4C/NaIO4/PTFE system turned out to be the most stable and versatile of the systems 
developed in the course of our research [14]. Inverse burning rates ranging from 1.3 to 20.8 s/cm are 
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easily and reliably produced in the HHS delay housing. This equates to burning times as long as 15 
seconds. This system can be tuned by varying the mixture stoichiometry (Figures 5a-b) and loading 
pressure. Other variables such as the B4C particle size have a large influence on burning rate. This system 
also performs well at extreme temperatures. HHS delays containing a 17.5/72.5/10 ratio of 
B4C/NaIO4/PTFE were conditioned overnight at −65 °F, ambient temperature, and +160 °F (10 at each 
temperature). Their static burning times were 7.01 ± 0.16 s, 6.12 ± 0.04 s, and 5.82 ± 0.05 s, respectively. 
As expected, the delays conditioned at −65 °F had the longest burning times and the delays conditioned at 
+160 °F had the shortest burning times. Although in general, these burning times were very consistent 
and exhibited minimal variability. 
 

      
Figures 5a-b. Inverse burning rate versus B4C percentage (5a, left) for HHS delays containing 
x/(90−x)/10 mixtures of B4C/NaIO4/PTFE. Inverse burning rate versus PTFE percentage (5b, right) for 
HHS delays containing 15/(85−x)/x mixtures of B4C/NaIO4/PTFE. Packing efficiency (as %TMD) is also 
shown. 
 
 

SUMMARY AND CONCLUSIONS 
 
The development of a new delay system that works in the HHS aluminum delay housing has been a very 
challenging effort. The project focused on evaluating two different technical approaches: condensed 
phase reactions and traditional fuel/oxidizer pyrotechnic systems. A new and promising condensed phase 
system, Ti/C-3Ni/Al, was developed that functioned in small diameter aluminum tubes. Ultimately these 
reactions were too fast to be used as HHS delays. Three different pyrotechnic systems were developed. A 
new gasless delay based on Si/Bi2O3/Sb2O3 worked in both aluminum and stainless steel tubes. This 
system was interesting but did not function in the HHS housing, which led to the development of two 
different gassy delay systems: W/KIO4/Sb2O3 and B4C/NaIO4/PTFE. The W/KIO4/Sb2O3 delays 
functioned statically in the HHS delay housing and also functioned dynamically in HHS rockets during 
live-fire testing. Further work on this system was discontinued due poor aging characteristics in the 

312



  

presence of trace moisture. The second gassy system, B4C/NaIO4/PTFE, was tested statically at ambient 
and extreme temperatures, and dynamic testing has recently begun. This system does not exhibit any 
moisture-related aging issues like W/KIO4/Sb2O3 and thus should be better suited for use in the HHS 
rockets. In conclusion, the B4C/NaIO4/PTFE system is recommended for further development. The ability 
to tune the system makes it easy to produce delays with different burning times. Its versatility and the 
wide commercial availability of each component make it ideal for large-scale manufacturing. 
 
 

FUTURE WORK 
 
Over the next few months, additional tests will be performed to determine which B4C/NaIO4/PTFE 
formulation will yield the optimal dynamic burning time. Once the new formulation is selected, more 
HHS rockets will be built and tested to evaluate dynamic performance at both −65 °F and +160 °F. 
Additional work will be performed to ascertain the suitability of the composition and delays for mass 
production. If successful, it is expected that this technology will be implemented and used in future hand-
held signals. 
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ABSTRACT

Rapid and effective ignition of pyrotechnic countermeasure decoy flares is vitally important to
the safety of expensive military platforms such as aircraft. QinetiQ is conducting experimental and
theoretical research into pyrotechnic countermeasure decoy flares as part of a programme funded by the
MOD through the Weapons Science and Technology Centre (WSTC). A key part of this work is the
development of advanced ignition models to improve the understanding of the ignition processes
occurring for these flares.

Typically, these flares are wrapped in a material such as foil. Until this material bursts or
ruptures, the flare can be considered to be effectively a closed system. Therefore it is possible to use gun
internal ballistics models to investigate the ignition and combustion processes in these flares. An intensive
modelling work programme, closely supported by experiments to provide data for and to validate the
modelling, was undertaken for a baseline pyrotechnic flare.

Inert flare bodies were manufactured and experiments were designed to investigate the ignition of
the primer within the countermeasure flare. Both confined and unconfined systems were investigated
using high speed imagery and the results compared with those predicted by modelling. The modelling
investigated the main heat transfer processes to determine the dominant energy transfer modes and ways
by which the ignition delay of the flares could be decreased. This paper describes the computer modelling
and experiments conducted to validate the predictions.

INTRODUCTION

Rapid and effective ignition of pyrotechnic countermeasure decoy flares is vitally important to
the safety of expensive military platforms such as aircraft. QinetiQ is conducting experimental and
theoretical research into pyrotechnic countermeasure decoy flares. A key part of this work is the
development and application of advanced ignition models to improve the understanding of the ignition
processes occurring for these flares. Typically, the flares are wrapped in a material such as foil. Until this
material bursts or ruptures, the flare can be considered to be effectively a closed system. Therefore it is
possible to use gun internal ballistics models to investigate the ignition and combustion processes in these
flares.

Improved ignition models have been implemented in a two-dimensional (2D) gun internal
ballistics code named QIMIBS [1] (QinetiQ Modular Internal Ballistics Software). QIMIBS contains
models of the convective, radiative, condensative and conductive heat transfer processes from the igniter
combustion products to the main propellant, in this case the flare body. An intensive modelling work
programme, closely supported by experiments to provide data for and to validate the modelling, was
undertaken for a baseline pyrotechnic flare. The modelling investigated the main heat transfer processes
to determine the dominant energy transfer modes and ways by which the ignition delay of the flares could
be decreased. To verify the QIMIBS predictions, the commercial computational fluid dynamic software
ANSYS® FLUENT® was used to simulate the flare, firstly in 2D and then in three-dimensions (3D). The
2D simulations of QIMIBS and ANSYS® FLUENT® were in good agreement. However, the 2D and 3D
simulations of ANSYS® FLUENT® were different. These differences were found to be caused by the
geometry of the flare.
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To support the computer modelling, closed vessel tests and heat flux measurements have been
carried out. The closed vessel tests provided details on the combustion rate of the energetic components
(igniter and priming composition) of the pyrotechnic flare. The heat flux measurements provided data on
the heat flux and temperature induced in a sample from the combustion of the igniter or priming
composition. The QIMIBS predictions and measured data were in good agreement. Ignition and
flamespread tests have also been conducted for inert flare bodies. The observed ignition times were found
to be in good agreement with those predicted by QIMIBS.

This paper describes the computer modelling and experiments conducted to validate the
predictions.

A series of experiments was developed to simulate various aspects of the ignition process, and
measure the thermal properties of the ignition materials in order to validate the modelling. Closed vessel
testing and heat flux measurements were carried out to characterise the igniter and priming composition
used in the pyrotechnic flare. The closed vessel testing provided combustion rate data for these materials.
The heat flux measurements provided data on the heat flux and temperature induced during the
combustion of these materials [2].

In addition to this the commercially available computational fluid dynamic software ANSYS®
FLUENT® was used to simulate the flare both in 2 dimensions and 3 dimensions to further validate the
model.

APPROACH

A pyrotechnic countermeasure flare consists of an igniter, priming composition and main flare.
The main flare can be cylindrical or cuboid. The work reported here focused on cuboid flares, and was
based on the 118 flare. The flare body will typically have grooves along opposing sides containing
priming composition. The grooves have various geometries. An igniter is mounted at one end of the flare,
with a mechanical shutter separating the igniter from the main body during storage. This shutter is
automatically opened on firing and prior to ignition, allowing the igniter output to contact the priming
composition.

When the flare is ignited the igniter produces hot gaseous and condensed phase products. These
combustion products ignite the priming composition. The combustion products from both the igniter and
the priming composition ignite the main flare body. The work contained in this paper makes the
assumption that the foil wrap retains its integrity and the flare remains as a sealed unit during ignition.
This assumption enables QIMIBS to be used.

EXPERIMENTAL

Tests using inert flare bodies, such as those shown in Figure 1, were conducted to determine the
ignition time of the priming composition and the propagation rate of the flame along the groove. A high
speed digital video camera was used to visualize the tests. Attempts to use fibre optics to measure the
combustion rates in the grooves were unsuccessful due to multiple trigger events. The duration of the
light pulse was also longer than would be expected from a passing flame front. An E type fusehead was
used in these tests to ignite the priming composition. Four pyrotechnic ignition compositions were
investigated (Table 1).
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Figure 1: A grooved inert flare body.

Table 1: Ignition Compositions

Composition Ingredients
1 Boron, Bismuth trioxide, Viton A
2 Magnesium, Barium Peroxide, Acaroid resin
3 Silicon, Lead Dioxide
4 Magnesium, PTFE, Viton A

THERMOCHEMICAL EQUILIBRIUM MODELLING

Thermochemical equilibrium modelling of the four igniter compositions was conducted using the
REAL code [3]. This modelling identified the products of combustion in terms of what species were
likely to be present and in what form (i.e. gaseous, liquid or particulate). The main outputs from the
thermochemical modelling were average properties of the combustion products and an energy budget that
could be used in QIMIBS.

Figure 2.  Condensed phase energies in Igniter 1 combustion products at 0.1 MPa.

A typical output from the thermochemical equilibrium modelling for Igniter 1 is shown in Figure
2. The profile labelled “Total condensed” shows the total specific energy contained in all the non-gaseous
combustion products. This profile indicates that the maximum energy released on contact between the
condensed combustion products will vary with temperature. Several different condensed combustion
products are predicted, mainly boron trioxide, bismuth and boron. Taking into account the effect of
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pressure on the predicted condensed phase energies, then a linear increase, of 0.5 J/g/K, in condensed
phase energy with temperature (above 300 K) would be a good approximation.

QIMIBS VALIDATION

Modelling using QIMIBS was conducted to increase the understanding of the ignition processes
and to identify ways by which the ignition delay could be decreased. Additionally, results from
experiments were used to validate predictions of QIMIBS for the heat flux, temperature and ignition
delay.

Firings were conducted of Igniters 1 and 2 in the heat flux vessel and the resulting heat flux,
temperature and pressure were measured. These tests were simulated using QIMIBS and the results
compared with those measured, the predicted data fall within the range of data measured and are in good
agreement with them [2].

Ignition delays from the inert flare body experiments were also used to validate the predictions of
QIMIBS. Figure 3 shows a typical image from a test using Igniter 1 just after the priming composition has
ignited at the right hand side. The square grid was used in the calculation of the flame speed.

Figure 3.  Image just after ignition for Igniter 1.

QIMIBS was used to predict the ignition delays for Igniter 1 and 2 and the results are compared
with measured data in Figure 4. The measured ignition delays are shown by the symbols, the solid lines
represent the mean ignition delay and the dashed lines indicate the ignition time predicted by QIMIBS.
The measured ignition delays were determined from the high speed cine images, which had a frame rate
every 1.666 ms. Each frame from the start of the record was examined for a sign that the fusehead had
exploded – this time was taken as the start of the ignition delay. Subsequent frames were examined for
evidence that the priming composition had ignited. This frame was deemed to indicate the end of the
ignition delay. Admittedly, this determination of the ignition delay was a subjective process so the
measured ignition delays should be viewed as qualitative rather than quantitative. Furthermore, this
subjectivity might contribute towards the variability in the measured ignition delays. It is felt that the
measured ignition delays are upper estimates and that the true ignition delay is slightly shorter. For
example, ignition could occur at a site that is not clearly visible in the cine images.

The predicted ignition delays are slightly shorter than those measured but easily within the
experimental scatter. Furthermore, QIMIBS predicts the correct trend in that Igniter 2 takes longer to
ignite than Igniter 1.
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Figure 4.  Predicted and measured ignition times for Igniters 1 and 2.

APPLICATION OF QIMIBS

QIMIBS was used to investigate the ignition delay for a typical flare, similar to that shown in
Figure 1, using Igniter 1. QIMIBS simulated a 2D slice along the middle of one of the grooves.

The energy transfer from the igniter combustion products to the flare comprises contributions
from convective, radiative, condensative and conductive heating. All of these processes are simulated by
QIMIBS. The relative contributions of these processes were investigated by conducting simulations with
radiation and convection turned off.  Figure 5 compares the predicted surface temperatures at the entrance
to the groove. It shows that the biggest contributions are the condensative and conduction modes,
followed by radiative heat transfer. Convective heat transfer has very little effect, as would be expected
from the very small amount of gaseous combustion products.

Figure 5.  Predicted surface temperatures for Igniter 1.

A parametric study was conducted and concluded that the ignition delay could be reduced by:
 Increasing the percentage of gaseous combustion products;
 Reducing the ignition temperature of the priming composition and main flare;
 Increasing the combustion rate of the igniter pellet and the priming composition;
 Reducing the thermal conductivity of the priming composition;
 Increasing the energy of the igniter pellet and priming composition;
 Ensuring a more uniform application of the priming composition in the grooves of the

main flare;
 Increasing the stand-off distance between the igniter pellet and the main flare;
 Changing from two grooves to four grooves which is predicted to give approximately a

60% reduction in the ignition delay (this trend is in agreement with measured data).
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2D MODELLING USING ANSYS® FLUENT®

ANSYS® FLUENT® was used in 2D mode to simulate the QIMIBS predictions for a typical
flare. Figure 6 compares the predicted gas temperature and surface temperature profiles at various
positions (indicated by 1-5) along a groove. Positions 1 and 2 are 2 cm from the groove entrance,
positions 4 and 5 are 2 cm from the other end of the flare and position 3 is at the midpoint along the flare
groove. Positions 1 and 4 are at the groove surface and positions 2 and 5 are at the top of the groove.

Figure 6. Comparison of gas temperature and surface temperature profiles predicted by ANSYS®
FLUENT® (solid lines – F1-5) and QIMIBS (dashed lines – Q1-5)

In general, the curves are in very good agreement. QIMIBS tended to predict slightly lower
maximum temperatures than ANSYS® FLUENT®. The rise times at the different locations are in good
agreement, though QIMIBS predicted a slightly slower rate of rise in temperature at the end of the flare
groove.

3D MODELLING USING ANSYS® FLUENT®

A cross-section of part of the computational mesh used for the 3D simulations is shown in Figure
7. Not all of the computational mesh is shown – it has been truncated at the right-hand side to focus on
the region containing the igniter. The igniter is not shown but occupied the two regions labelled ‘Gas’ at
the left-hand side of Figure 7.

Figure 7.  Cross-section of computational mesh used in ANSYS® FLUENT® 3D simulations (2D
slice).

Figure 8 shows the flare geometry that was modelled in 3D. The top and end faces not labelled
were treated as walls. The region in blue is that available for the flare main body and combustion
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products. The flare cross-section modelled is shown in Figure 8 – due to symmetry only one quarter of the
flare needed to be modelled, as indicated by the red rectangle in Figure 8.

Figure 8. 3D density plot showing the flare geometry modelled.

Figure 9 compares the predicted temperature contours at 300 ms from the 2D and 3D ANSYS®
FLUENT® simulations. They show considerable differences - the 3D simulation shows cooler
temperatures and a slower propagation rate along the groove. This was expected because of the way in
which the slice for the 2D simulations and calculated igniter pellet properties were made – they did not
take into account adequately the free volume between the igniter pellet and the groove. The free volume
was underestimated in the 2D simulations which would result in higher temperatures and a faster
propagation rate. Furthermore, the sudden constriction of ~50% in cross-sectional area available for the
combustion products results in a choking effect at the entrance to the groove. This effect can be seen
clearly in the pressure contours shown in Figure 10.

Figure 9.  Comparison of predicted 2D (left) and 3D (right) temperatures at 300 ms.

Figure 10. Close-up of predicted pressure contours at 500 ms from 3D simulation.

Far side face is wall

Bottom face is plane
of symmetry

Near side face is
plane of symmetry
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Figure 11 compares the pressures predicted at two locations 5 mm away from the groove, nearer
to the ignition pellet and in front of the groove, from equivalent 2D and 3D simulations. These confirm
the choking effect indicated in Figure 10 – the gas generated from the igniter pellet reaches the entrance
to the groove but cannot all propagate down the groove. Gas accumulates at the entrance to the groove,
resulting in higher pressures in that region.

Figure 11.  Comparison of predicted pressures from 2D and 3D simulations.

The high pressure in the region in front of the groove has design implications for the flare itself,
as it means that the foil is more likely to be ruptured in this region. Such rupturing has been seen in
previous experimental work (Figure 12). As one of the roles of the foil wrapping is to confine the igniter
combustion products until the main flare is ignited, then improvements to the ignition process might be
achieved by strengthening the foil wrapping in that region. Strengthening of the foil wrapping would be
particularly important if the igniter material is changed to an igniter composition that produced higher
pressures (e.g. from Igniter 1 to Igniter 4, which produces more gaseous combustion products).

Figure 12.  Flares after combustion.

CONCLUSIONS

Modelling of pyrotechnic countermeasure decoy flares has been conducted successfully using the
2D internal ballistics code QIMIBS. QIMIBS has been successfully validated using data obtained from
carefully designed experiments. Predicted ignition delays for two of the igniter compositions investigated
are slightly shorted than those measured but within the experimental scatter. It has been shown that, for
the igniters studied, convective heating is negligible. The dominant energy transfer mechanisms are
conductive and condensative heating.

ANSYS® FLUENT® has been used to verify successfully the 2D simulations of QIMIBS. 3D
simulations using ANSYS® FLUENT® have shown some significant differences. Due to the design of
the flare, there is a choking effect caused by the sudden constriction in flow cross-sectional area where the
grooves start, resulting in a substantial rise in pressure. This effect is predicted by the 3D simulations but
not by the 2D simulations. This feature has significant design implications as the rise in pressure causes
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the foil wrapping to rupture leading to a sudden loss in pressure and dispersal of the igniter combustion
products. The igniter composition and wrapping need to be carefully chosen to avoid such a situation, e.g.
changing to a more gaseous igniter would require a stronger wrapping.

These simulations show that flares have to be treated as a system – changes to any single
component may have severe implications for the system performance.
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Abstract 
 
With nitrocellulose stabilizers must be used to prevent it against the autocatalytic decomposition. 
However, the slow intrinsic decomposition cannot be prevented and therefore a slow degradation 
happens always, which leads to stabilizer consumption and the scissioning of the NC chains. The 
last effect means molar mass degradation of NC. Both phenomena are irresolvable coupled. In 
splitting-off the NO2 radical from the nitrate ester groups RCO-NO2 the remaining radical 
function on the NC backbone written as RC-O  stabilizes itself by molecular rearrangement of 
the anhydroglucopyranose ring and by splitting-off stable small molecular species. This means 
molar mass degradation happens by destruction of chain units and not be mere bond scissioning 
between chain units. This is in accordance with the well observed phenomena of mass loss with 
NC. 
To model the stabilizer consumption correctly, the production of NOx by NC has to be regarded 
as well as the bimolecular reaction between NOx and the stabilizer. The preceding production of 
NOx from NC is explicitly included, because the concentration of it is not constant with time. 
The elaboration of this relatively simple reaction scheme ends up in an equation for the 
bimolecular stabilizer reaction. The model contains both reaction rate constants of the two 
reactions of the scheme, which is a general and necessary condition for correct modelling of 
stabilizer consumption over the whole conversion or consumption range. 
Keywords: nitrocellulose; degradation of nitrocellulose; stabilizer consumption; reaction kinetic 
description; bimolecular stabilizer reaction; 
 
 
1. Introduction 
 

It seems that nitrocellulose (NC) will continue to survive as energetic polymeric binder in 
gun propellants. Also in modern types of propellants it is not replaceable, which use solid 
crystalline fillers as RDX to adjust the energetic content, the burning temperature and the force 
or specific energy of a propellant formulation and last but not least the sensitivity against thermal 
threat and shock impact by bullet and fragments. Further on NC is a so-named green substance. 
It is produced from renewable material and is non-toxic. It is therefore applied in medical 
filtration systems and in blot processes. 

 
Paper on the 40th International Pyrotechnics Seminar. July 13 – 18, 2014. Colorado Springs, CO, USA. 

Recent Achievements in Kinetic Modelling of Stabilizer Consumption in 
NC-based Propellants 

324



Several kinetic descriptions of stabilizer consumption are available [1,2], which have proven 
to be acceptable applicable, but mostly by considering restraints and demanding the use of a 
simplified model base, as for example the assumption that NOx concentration is constant with 
time. In other words the stabilization reaction is a not easy to handle one in reaction kinetic 
terms.  
 

The next step was the development of the model ‘S: exponential + linear’ [1,5,6], which 
describes nearly all situations of stabilizer consumption much better than first order or zero order 
alone. In Eq.(1.2) this model is shown with the differential equation using the normalized 
stabilizer concentration Sr(t,T) in the first line and the integrated form using Sro as integration 
condition at time t=0. Mostly Sro is set equal to 1, but values smaller than 1 are usable for 
example in stepwise or incremental applications this is a necessary prerequisite. 
 

)T(k)T,t(Sr)T(k
dt

)T,t(dSr
01
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)0(S
)T,t(S
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            Eq.(1) 
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1

0
1

1
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In 1997 an extensive modelling of DPA consumption and the evolution of some of its 

consecutive products was published [7, 8]. As far as the authors know this were the first 
modelling using non-simplified kinetic schemes to describe the data. A series of coupled reaction 
rate equations were obtained not solvable in closed form. Numerical integration and non-linear 
fitting of parameters applied in a loop have to be applied. Such extended modelling is only useful 
with the corresponding data base. With just the data of the consumption of the primary stabilizer 
no consecutive products can be included explicitly and no special influences of water and acid 
traces can be regarded. When the consideration of these products in the modelling is wished, one 
has to determine the appropriate amount of experimental data about them. 
 
 
2. Description of stabilizer consumption regarding basic kinetic demands 
 

In order to describe just the consumption of the primary stabilizer (which means added 
stabilizer at production), a far less extended modelling is appropriate. This is developed with the 
following reaction schemes. In Eq.(2.1) the scheme of NC decomposition with autocatalytic 
cycle caused by the product P is shown, together with an action of a substance D to bind P. If D 
is not very effective in binding P and/or to keep the concentration level of P very low, the 
autocatalytic cycle will be built-up after some time. This can be recognized for example with the 
sensitive heat flow microcalorimetry (HFMC). A propellant stabilized with a substance not able 
to keep the concentration of P low will show a steady increase in heat generation rate (HGR) 
dQ/dt after an initial phase, which may be one days at 80°C. However, the HGR may be still far 
below the so-named STANAG 4582 limit of 114 μW/g over 11 days [9]. This means the 
propellant will be classified stable in spite of this increasing behaviour in HGR and this more or 
less from the beginning on of the test. Well working stabilizer show no pronounced increase in 
HGR for the propellant. Such substances are for example diphenylamine (DPA), 2-NO2-DPA (2-
nitro-diphenylamine) and acardite II. These substances have the great advantage that the 

325



consecutive products formed by nitration are still of stabilizing quality, means the NO2-capture 
capacity is quite high for these substances. They can bind up to four NO2 radicals with good 
effectiveness.  
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RNCP 2    P CN
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Du
k

auto
k

NC
k

       (2.1) 
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SUautoNC
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     (2.2) 

 
The Eq. (2.2) shows the reaction rate system of Eq.(2.1). In spite of its relative simpleness it 
cannot be integrated to a closed analytical solution. So already here a combination of numerical 
integration and non-linear parameter fitting has to be used. At time this is in normal use quite 
cumbersome and a way is looked for to get an integrated solution. This can be achieved in 
reducing the complexity of the rate equation system Eq.(2.2). With good stabilizers S the 
concentration of the product P is very low or even zero and the autocatalytic decomposition of 
NC can be omitted, because it becomes ineffective. In this way the reaction scheme Eq.(2.3) 
results. 
 

P-S    PS

 RNCP    CN

Su
k

NC
k

        (2.3) 

 
This is the basic kinetic approach for stabilizing intrinsically decomposing NC. This 

approach cannot be simplified further, strictly seen. The stabilizer reaction is bimolecular and 
this has to be retained in the reaction scheme. One needs at least two reaction rate constants, 
which means two reactions, to have the kinetically correct formulation of the NC decomposition 
and the stabilizer reaction. The system of differential equations of Eq.(2.3) is shown in Eq.(2.4).  

)t(NCk
dt

)t(dNC
NC          (2.4) 

)t(P)t(Sk)t(NCk
dt

)t(dP
SuNC        (2.5) 

)t(P)t(Sk
dt

)t(dS
Su          (2.6) 

 
Even with this reaction rate equation system the program package ‘Mathematica’ has problems, 
to find the solution. In the following the technique to solve the coupled three differential 
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equations is shown. First the decomposition of NC happens independently from the other 
reactions, therefore the solution of Eq.(2.4) is immediately found in Eq.(2.7 as a first order decay 
of NC. To handle the other two equations (2.5) and (2.6) The difference is made as shown in 
Eq.(2.8) Then again a solution is immediately to find and given in Eq.(2.9), whereby the 
integration constant C is given in Eq.(2.10). Now we have a solution for P(t), Eq.(2.11), which is 
inserted in the rate equation (2.6) and one obtains Eq.(2.12). Some rearrangements gives 
Eq.(2.13). 
 

)tk)0(NC)t(NC NC(exp         (2.7) 
 

)t(NCk
dt

)t(dS
dt

)t(dP
NC         (2.8) 

 
tke)0(NCC)t(S)t(P NC         (2.9) 

 
D)0(NC)0(S)0(P)0(NCC        (2.10) 

 
tke)0(NCD)0(NC)t(S)t(P NC       (2.11) 

 
tke)0(NCD)0(NC)t(S)t(Sk

dt
)t(dS NC

Su     (2.12) 

 

 e1)0(NC)t(SkD)t(S)t(Sk
dt

)t(dS tk
SuSu

NC     (2.13) 

 
Eq.(2.13) could be already used to determine the two reaction rate constants. But it is very 

useful to normalize the stabilizer concentration by its initial value S(0). This is shown in 
Eq.(2.14). Further on, some expressions are introduced and the normalized rate constant kS, 
which has the dimension 1/time and no longer incorporates the reciprocal concentration, 
Eq.(2.15). Finally Eq.(2.16) is obtained, which can be rearranged easily to Eq.(2.17), which 
shows the obvious Bernoulli character of this Deq. 
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The integration of the Bernoulli-type differential Eq.(2.17) with Sr(0) = 1 or here with Sr(0) 
= Sro, which is set mostly to 1, gives Eq.(2.18), which is named model ‘S: bimolecular + NC 
first order’. Note: the Eq.(2.17) and the Eq.(2.18) allow to use an initial concentration of P 
greater than zero. This Eq.(2.18) is already good to handle and has the least approximations, but 
for some users it would be again somewhat cumbersome because of the integral in the 
denominator. A further step towards easier use can be made. 
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Because NC decomposes slowly, especially with a good stabilizer, the following 

approximation is possible without loss in quality of the description, see Eq.(2.19), which is the 
replacement of the first order expression by a zero order expression. It has to be emphasised that 
this approximation is acceptable only for the first 5 to 8 % of NC decomposition. Normally such 
high degree of conversion is not reached, as long as the stabilizer is functioning. This 
approximation results in the differential Eq.(2.20) and rearranged in the differential Eq.(2.21). 
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The integration of the Bernoulli-type differential Eq.(2.21) with Sr(0) = 1 or here with Sr(0) 

= Sro gives Eq.(2.22) which is named model ‘S: bimolecular + NC zero order’. Note: the 
quantity Dn may not be placed as Dn2 under the square roots in the two error functions (erf). 
This holds for any quantity, which could appear with negative numbers. 
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The two error functions may cause some concern in application of this equation. But it is easy to 
use with the appropriate non-linear fitting program packages as OriginTM. 
 

In Table 1 three data sets are given, with which the curves in Fig. 1 have been produced. 
They show the variability of Eq.(2.22). It can describe different sigmoid-type shapes and also 
immediately decreasing data, as shown with data set 2. See Appendix A1 for determination of 
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the parameters CS, S(0), Dn by getting the basic data for the NC. For the NC(0) in CS the 
concentration of the nitrate ester groups at time zero is taken, means ONO2(0). In [10] an 
extensive discussion of the description of the stabilizer course with Eq.(2.21) and others is 
published. 
 
Table 1: Data sets used to illustrate the variety of courses of the model ‘S: bimolecular, NC 

zero order’. 
 

quantity unit data set 1 data set 2 data set 3 
kNC  1/d 0.002 0.008 0.008 
kS  1/d 0.1 0.01 0.01 
NC(0) content in sample mass-% 97.0 97.0 97.0 
N content of NC mass-% 13.1 13.1 13.1 
ONO2(0) content in sample mass-% 56.25 56.25 56.25 
S(0) mass-% 2.0 2.0 2.0 
P(0) mass-% 0.1 10 0.0 
Sro = Sr(0)  1 1.0 1.0 1.0 
CS = ONO2(0)/S(0) 1 28.125 28.125 28.125 
Dn = P(0)/S(0) - 1 1 -0.95 4.0 -1.0 

 

bimolecular reaction of S  with P 
stabilizer S  catches any dangerous product P  as NO2

P  is formed in preceding reaction by decomposition of R-ONO2 

R-ONO2  k NC  R-O• + •NO2
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Figure 1:  Examples of curve shapes obtainable by model ‘S: bimolecular, NC zero order’. The 
model is able to describe data with sigmoid-type decrease and purely monotonic decrease. The 
sigmoid-type shape is caused by retardation of the reaction of S with P during the start-up 
behaviour, because of producing P from NC first. 
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Further simplifications are possible. The first one applied is a mild one, but it leads to a reduction 
of description flexibility of the equation. In Eq.(2.10) the D = P0)-S(0) can be neglected against 
the value of NC(0) and it results Eq.(2.23) for P(t). In following the above evaluation finally 
Eq.(2.24) is obtained instead of Eq,(2.22), which has a significant lower level of complexity. 
Eq,(2.24) cannot create sigmoid-type curves. 
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The erf(z) can be approximated by a series development, shown in Eq.(2.25). Using the 
simplification up to the first element of this series development, namely erf(z) = 2 z/ , the 
Eq.(2.26) is obtained. This can be further simplified with the series development of an 
exponential function: exp(-x) = 1-x. By this Eq.(2.27) results.  
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With Sro = 1, one gets Eq.(2.28). The behaviour of the Eq.(2.27) and Eq.(2.28) is the same as 
with the zero order equation. The time t0 exists at which Sr(t0) is zero. This condition is obtained 
via the nominator in setting it to zero. The resulting t0 is given in Eq.(2.29) 
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3. Summary and Conclusions 
 
Because of the continuing use of nitrocellulose (NC), which is indeed a so-named green 
substance (non-toxic, produced from renewable material), the necessary stabilization reaction to 
prevent accelerated decomposition (intrinsic decomposition cannot be prevented) has to be 
considered again. The typical stabilizing reaction between NC and NOx is a bimolecular 
reaction. Therefore one has to start with a reaction kinetic scheme considering this fact. If the 
stabilizer is a good one, it suppresses the autocatalytic decomposition pathway of NC. A reaction 
scheme can be established based on two reactions: (1) decomposition of NC into the 
autocatalytical active product P and a NC residual, and (2) the reaction of the stabilizer with the 
product P. Following the evaluation of the rate equations one achieves at the non-approximated 
rate equation for stabilizer consumption, which can be integrated to a closed solution applicable 
with non-linear fitting algorithms. The obtained models ‘S: bimolecular + NC first order’ and ‘S: 
bimolecular + NC zero order’ contain both reaction rate constants of the two reactions of the 
scheme, which is a general and necessary condition for correct modelling of stabilizer 
consumption over the whole conversion or consumption range. These solutions are capable to 
describe also sigmoid type stabilizer decrease, which might be observed in rare cases. The cause 
of such a sigmoid stabilizer decrease is not an autocatalytical decomposition of NC but is 
obtained by an initial built-up of the concentration of product P. 
 
4.  Appendix 
 
4.1 A1: Calculation of properties of NC 
 
Figure A1 shows the chemical formula of nitrocellulose in the repeating unit which is based on 
the cellobiose, a condensation of two glucose units via 1-4- -D-glucosidic bond. 

 
 

Figure A1:  Cellulose nitrate (CN), nitrocellulose (NC), other names are flash paper, flash 
cotton, flash string, gun cotton, depending of the area of use.  The bonding between the two AHP 
rings is via: 1 4-O- -D-glucosidic bond   or   generally 1 4-O- -D-glycosidic bond.  

 means equatorial bond,   means axial bond. The monomer base is cellobiose. 
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Some relations to calculate the nitrogen content with given degree of substitution of the three 
possible nitrable sites of an anhydroglucopyranose (AHP) ring of cellulose and vice versa are 
helpful to calculate the ratios in the new equation for stabilizer consumption. 
 
Calculation of some important characterizing properties of NC 

 
n average degree of substitution of the three nitrable sites per AHP ring 
N average nitrogen content  in mass-% 
M molar mass of one nitrated AHP  in g/mol 
NE content of nitrate ester groups  in mass-% 
 
n(N) to calculate n with given N   n is a value between 0 and 3 
N(n) to calculate N with given n   mass-% 
M(n) to calculate M with given n   in g/mol 
M(N) to calculate M with given N   in g/mol 

 NE(n) to calculate nitrate  content with given n in mass-% 
NE(N) to calculate nitrate content with given N in mass-% 

  Nitrate content means the content of ONO2 groups in mass-% 
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Table A1: Some data of NC in dependence of the degree of substitution or of the nitrogen 

content of one anhydroglucopyranose ring. 
 

n [-]  0 1 2 3 
N(n) [mass-%] 0 6.762 11.1104 14.1418 
M(n) [g/mol] 162.141 207.138 252.136 297.133 
NE(n) [mass-%] 0 29.934 49.183 62.602 

O2 balance [%] for 
C  CO2 
H  H2O 
N  N2 

-118.408 -73.376 -44.418 -24.23 

O2 balance [%] for 
C  CO 
H  H2O 
N  N2 

-59.204 -27.033 -6.345 +8.077 

     
N [mass-%]  12.00 12.4 12.8 13.2 

n(N) [-] 2.261 2.386 2.517 2.653 
M(N) [g/mol] 263.862 269.497 275.379 281.523 

NE(N) [mass-%] 53.121 54.982 56.662 58.433 
O2 balance [%] for 

C  CO2 
H  H2O 
N  N2 

-38.485 -35.826 -33.157 -30.504 

O2 balance [%] for 
C  CO 
H  H2O 
N  N2 

-2.107 -0.208 +1.699 +3.595 
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4.2 A2: Approximation of the order of the stabilizer reaction 
 
From above we have seen that the stabilizer reaction is a bimolecular one. 
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Reformulation of Eq.(A2.1) in normalized form gives Eq.(A2.2).  
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Now one can try the following simplification: A good stabilizer catches very rapidly the product 
P. This means the concentration of P is low. At the beginning of the action it can be assumed that 
P(t) is even quite constant with time. Then this reactant part of the above equations can be 
included in the reaction rate constant, forming a new one, Eq,(A2.3) 
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The resulting stabilizer decrease is then of apparent first order. 
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This is a reasonable base for all the descriptions using a first order decrease of the stabilizer. But 
even if the stabilizer reaction has a higher order, then one can reduce such expression to a first 
order description, which is shown in the sequence Eq.(A2.5) to Eq.(A2.8). The formally 
trimolecular reaction is necessary to complete the radical substitution on an aromatic ring, which 
is the most used stabilizing reaction. Also the formation of N-nitroso compounds is formally a 
trimolecular reaction. 
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All theses approximation can give useful results only at the beginning of the stabilizer decrease. 
During this time period all nth order reactions can be simplified to a first order or even to a zero 
order reaction. If one extends the stabilizer consumption to higher conversion degrees than about 
Sr(t)  0.7 to 0.6 (Sr(t) has a value range from 1 to 0, zero means complete consumption) the first 
order approximation is no longer valid. Then the above mentioned parametric stabilizer 
description should be used, Eq.(1). The parametric description of the AOP 48 [2] is also such an 
approximate way to describe the real course of stabilizer decrease till to Sr(t)  0.3 to 0.2. 
 
 
 
4.3 A3: Scheme showing the splitting of NC backbone 
 
In splitting-off the NO2 radical from the nitrate ester groups RCO-NO2 the remaining radical 
function on the NC backbone written as RC-O  stabilizes itself by molecular rearrangement of 
the anhydroglucopyranose ring and by splitting-off stable small molecular species. This means 
molar mass degradation happens by destruction of chain units and not be mere bond scissioning 
between chain units. This is in accordance with the well observed phenomena of mass loss with 
NC. The assumption is by splitting-off of one NO2 group from any ester group the corresponding 
glucose ring will be destroyed. See as example the decomposition pathway in Fig.A3.1. This 
means the mean molar masses of NC decrease all the time caused by the slow intrinsic 
decomposition of NC, which cannot be stopped by stabilizers. 
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Figure A3.1:  Scheme showing a pathway for splitting the NC backbone by splitting-off a NO2 
radical. The remaining radical function on the anhydroglucopyranose ring stabilizes by 
decomposing. 
 
 
5. References 
 
[1] M. A. Bohn. Ammunition monitoring in field situations by stabilizer consumption and 

molar mass decrease as predictive tools. Paper 25 in Proceedings of the 37th 
International Annual Conference of ICT, pages 25-1 to 25-19. Karlsruhe, Germany. ISSN 
0722-4087. Fraunhofer-Institut für Chemische Technologie (ICT), D-76318 Pfinztal-
Berghausen. June 27 to 30, 2006. 

336



 
[2] NATO AOP 48, Edition 2. Explosives, Nitrocellulose-based Propellants, Stability test 

Procedures and Requirements using Stabilizer Depletion. NATO Headquarters, Brussels, 
Belgium, October 2008. 

 
[3] F. Volk, M.A. Bohn, G. Wunsch. Determination of Chemical and Mechanical Properties 

of Double Base Propellants during Aging. Propellants, Explosives, Pyrotechnics 12, 81-
87, (1987). 

 
[4] M.A. Bohn, F. Volk. Aging Behavior of Propellants Investigated by Heat Generation, 

Stabilizer Consumption, and Molar Mass Degradation. Propellants, Explosives, 
Pyrotechnics 17 (1992) 171-178. 

 
[5] M.A. Bohn. Prediction of in-service times of propellants – Improved kinetic description 

of stabilizer consumption. Propellants Explosives Pyrotechnics 19 (1994) 266-269. 
 
[6] M.A. Bohn. Prediction of In-Service Time Period of Three Differently Stabilized Single 

Base Propellants. Propellants, Explosives, Pyrotechnics 34 (2009) 252-266. 
 
[7] M.A. Bohn. N. Eisenreich. Kinetic Modelling of the Stabilizer Consumption and of the 

Consecutive Products of the Stabilizer in a Gun Propellant. Propellants, Explosives, 
Pyrotechnics 22 (1997) 125-136.  

 
[8] M.A. Bohn. Kinetic modelling of the concentrations of the stabilizer DPA and some of its 

consecutive products as function of time and temperature. J. Thermal Anal. and 
Calorimetry 65 (2001) 103-120. 

 
[9] NATO Standardization Agreement (NATO STANAG) 4582 ‘Explosives, Nitrocellulose 

Based Propellants, Stability Test Procedure and Requirements Using Heat Flow 
Calorimetry’ 

 Military Agency for Standardization, NATO Headquarters, Brussels, Belgium. 
 
[10] M.A. Bohn. Description of consumption of stabilizers in gun propellants showing 

pseudo-sigmoid decrease. Paper 24; pages 24-1 to 24-26 in printed proceedings and 
pages 24-1 to 24-40 (extended and updated version) in CD proceedings of the 44th 
International Annual Conference of ICT 2013. Conference held at June 25 to 28, 2013, 
Karlsruhe, Germany. ISSN 0722-4087. Fraunhofer-Institut fuer Chemische Technologie 
(ICT), D-76318 Pfinztal. Germany, 2013. 

 

337



Kinetics and Computational Modeling of the Mn/MnO2 Reactive System

Eric J. Miklaszewski,a Anthony P. Shaw,b Jay C. Poret,b Steven F. Son,a Lori J. Groven,a,c*

aPurdue University, School of Mechanical Engineering, West Lafayette, IN, USA
*corresponding author email: lori.groven@sdsmt.edu

bPyrotechnics Technology and Prototyping Division, US Army RDECOM-ARDEC, Picatinny
Arsenal, NJ, USA

cSouth Dakota School of Mines and Technology, Department of Chemical and Biological
Engineering, Rapid City, SD, USA

ABSTRACT
Development of new pyrotechnics typically requires a time intensive experimental approach. Accurate
computational methods could expedite the development process but for many reactive systems complex
kinetics and the lack of measured thermal and physical properties result in inaccurate simulations. In this
work, we validate our experimental combustion data for the Mn/MnO2 (50/50 wt. %) reactive system using
measured properties and experimentally determined Arrhenius kinetics input into a 2-D axisymmetric
COMSOL 4.3a Multiphysics model. Measured effective properties (i.e., thermal conductivity, heat
capacity, and thermal diffusivity) of a Mn/MnO2 powder compact were found to be two orders of magnitude
lower than simple mixing rules would predict, which has a significant impact on predicted combustion
velocities. An effective activation energy of ~128 kJ/mol was measured using the Boddington method from
deflagration experiments using microthermocouples. The role of confiner material (housing) and diameter
is explored and it is found that by using the measured parameters that the reaction proceeds at similar
combustion velocities to those observed experimentally. Limitations of this approach will be discussed.
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ABSTRACT

Development of pyrophoric substrates with significant structural integrity, that meet desired properties, is
of great interest to the Department of Defense (DoD).  Over the past 10 – 15 years a great deal of work has
been conducted by the Department of Energy (DOE) and DoD related to this topic.  Pyrophoric iron
nanoparticles have shown promising results; however, adhesion of these particles to a substrate has proven
to be difficult while maintaining the required combustion characteristics.  A water-based bottom up method
for the formation of carbon fiber, multi-walled carbon nanotube and iron pyrophoric substrates has been
report but the substrates lacked adequate structural integrity.  In this work a water-based bottom up approach
for the formation of ceramic bonded pyrophoric substrates through a tape casting production method is
reported.  This bottom up approach allows for the combustion characteristics of used materials to be
optimized based on the end DoD or civilian application(s). Use of tape casting for the green substrate
formation provides a method which can easily be scaled up for larger production requirements.

Introduction

There has been a significant need to determine what improvements to current pyrotechnic materials
can be achieved through the use of nanoscale metals. It is well known that the size reduction of different
metal materials into the nanoscale causes them become pyrophoric when exposed to air. Many of these
metals are considered to be environmentally benign upon combustion in air but are not readily available at
low costs.  One metal that is low cost, readily available and has a combustion temperature close to 1000oC
when exposed to air is iron.  This contribution will focus on the use of pyrophoric iron nanoparticles for the
formation of infrared decoys and countermeasures.  The formation of nanoscale iron oxide from precursors
such as iron oxide and iron oxalate using hydrogen reduction has been well document1,2.

Infrared decoys and countermeasures are currently used for the protection of aircrafts.  The
formulations and ignition characteristics of each countermeasure system are dependent on the requirements
specified for each end application.  The current pyrophoric decoy are based on porous iron foils formed
through chemical leaching of FeAl or FeZn annealed foils3,4.

Previously, there were published several reports on iron nanoparticles formation through hydrogen
reduction for infrared applications5. The synthesis method developed by Gash et al.6,7 for the formation of
iron nanoparticles has been successful under proper operating conditions; however, its use for specific
countermeasure applications has faced problems ranging from nanoparticle adhesion to overall structural
strength of a complete substrate.

In this contribution, a new water-based method for the formation of pyrophoric ceramic bonded
substrates with tunable combustion characteristics (e.g. maximum combustion time, rise time to maximum
temperature and overall burn time) is reported. This work is a continuation of previously developed carbon
fiber, multi-walled carbon nanotube and nanoscale iron pyrophoric substrates developed by Innovative
Materials and Processes, LLC5,8.  The previously developed substrates lacked the required structural
integrity that was required for the end application so further modification was required.  This work reports
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the replacement of the previously used carbon structural components with ceramic materials that form a
structural matrix within the substrate upon heat treatment.

Experimental

The materials and methods used for the formation of the ceramic bonded pyrophoric substrates for
thermal characterization.

Materials

 20-60 nm Fe2O3 (Nanostructured and Amorphous Materials);
 Li2SiO3 (GFS Chemicals);
 Na2SiO3 (Alfa Aesar);
 Water (deionized);
 Polyvinyl Alcohol (Dupont Elvanol);
 Polyethylene Gylcol (Carbowax™ Dow Chemical Company);
 Polyglycol P 1200 (Dow Chemical Company).

Composite Slurry Preparation

The preparation of composite slurries for tape casting was conducted using one-step mixing process
in a Resodyn LabRAM acoustical mixer.  Through experimental determination a mixing force of 80 g’s
and a mixing time between 15 – 45 minutes under vacuum was required for proper dispersion of the
components. The optimum mixing time was determined based on small scale tape casting experiments
considering green strength of substrates after tape casting and drying as an optimization factor. If the
mixing time is not sufficient, good dispersion of the Fe2O3 nanoparticles is not achieved and defects in the
substrates after tape casting and drying appear.  The composition of substrates was varied to control the
combustion characteristics after reduction.  A sample composition that was used for the tape casted
substrates is: i) Fe2O3 (7.5 grams), ii) Li2SiO3 (2.5 grams) iii) polyvinyl alcohol (0.47 grams), iv)
polyethylene glycol (0.26 mL), and v) Polygylcol P 1200 (0.075 mL).  Other compositions that were tested
are presented together with their combustion results later in this contribution.

Tape Casting

Tape casting, doctor blading or knife coating is a well-known process used in ceramic or metal
industry for the formation of large area thin flat parts.  This fabrication process uses gravity and shrinkage
of the system during the drying to control the green bulk density of the formed substrate materials.  The
dispersion process described above is one of the most important parts of the process to ensure substrates
with good strength and consistent composition.  Another advantage to this process is easy scalability from
small to large production requirements. For the formation of the ceramic-bonded substrates for this work
used a 6” doctor blade (shown in Figure 1).  The height of the doctor blade was varied between 0.035” and
0.07”.  The thicker the substrate the longer the burn time is when exposed to air.  Tape casting of the
substrates was done onto Teflon sheets to ensure easy removal of the green substrates after drying was
completed.  The drying of the substrates was conducted under ambient conditions over 12-16 hours.
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Figure 1. 6” Dr.’s Blade use for the tape casting of the ceramic bonded composite substrates (right)
and table top tape caster (TTC – 1200, purchased from Richard E. Mistler), equipped with a 4 inch

doctor-blade (left).

Sintering

In order to increase the strength of substrates, sintering of the substrates at elevated temperatures
in air is required. For the substrates containing Li2SiO3 as the ceramic bonding agent sintering temperatures
between 850 to 1000oC were investigated, while the substrates with Na2SiO3 as the ceramic bonding agent
used a temperature of 1100oC.

Reduction

The reduction of the Fe2O3 to Fe within the sintered ceramic bonded substrates was conducted in a
hydrogen environment at temperatures between 400-500oC for 3-5 hours.  This reduction procedure has
been previously reported and will not be described in this contribution (5).  The reactor used for this work
is 4” in diameter but the procedure is still the same.

Combustion Analysis

After the hydrogen reduction of the ceramic bonded substrate, the reduction reactor was placed
inside an inert atmosphere glove box where the reactive substrates could be removed from the reactor.  After
removal from the reactor, the pyrophoric ceramic bonded substrates were placed in a sealed testing chamber
(shown in Figure 2a).  The testing chamber was then removed from the inert glove box and was placed in
the testing setup, shown in Figure 2b. The testing chamber was hooked up to air supply and the combustion
temperature of the substrates was measured using 2 two-color pyrometers.

342



Figure 2. Sealed combustion test chamber (left) and dynamic combustion measurement setup
(right).

Results and Discussion

Li2SiO3/Fe Ceramic Bonded Pyrophoric Substrates

Tape casting of the Li2SiO3 ceramic bonded substrates requires the addition of organic polymers to
the composite slurry in order to generate substrates with significant green strength after drying. The most
likely cause is that the Li2SiO3 is not soluble in water and does not over coated Fe2O3 nanoparticles. Next,
the polymer is removed from green substrates during the pre-sintering process (decomposition temperature
of 380oC).  To form substrates with increased structural integrity melting of the Li2SiO3 within the substrates
is required. The melting temperature of the Li2SiO3 within the composite mixture was determined through
simultaneous TGA/TGA analysis.  The results are presented in Figure 4 and indicate that the melting
temperature of approximately 987oC. Based on this a sintering temperature of 1000oC was selected. Once
the sintering temperature was determined the soak time was optimized through experimental combustion
experiments. Soak times between 10 minutes to 6 hours were investigated.  The dynamic combustion
profiles for selected substrates with various soak times are shown in Figure 5. Qualitative structural analysis
indicated that after 39 minutes of soak time no significant change in strength is observed; however, the
maximum combustion temperature is greatly reduced and the substrates do not meet the required
combustion characteristics.

Figure 4. DSC/TGA results of Fe2O3/Li2SiO3/Polymer green substrates heated at 10oC/min to
1100oC in air.
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Figure 5. Selected dynamic combustion characteristics for Li2SiO3/Fe ceramic bonded substrates
(25/75 weight ratio) sintered with different soak times.

Na2SiO3/Fe Ceramic Bonded Pyrophoric Substrates

The solubility of the Na2SiO3 in water changes the consistency of the initial slurry requiring
additional water to be used in the tape casting process.  Initial sintering temperatures of 1100oC were used
for the formation of the ceramic bonded substrates prior to reduction which is slightly higher than the
1088oC reported melting temperature.  The high solubility of the Na2SiO3 will possibly lower the required
sintering and is currently being investigated and will be reported in a subsequent publication.    The higher
solubility also allows for lower concentration of the ceramic bonding agent to be used while still
maintaining the required structural strength.  Ceramic bonding agent concentrations of 5, 10 and 20 wt%
have been tested up to this point.  The 10 and 20 wt% substrates and good green and sinter strength whereas,
the 5 wt% ceramic substrates cracked significantly during the drying process.  The preliminary combustion
characteristics are shown in Figure 6. From the presented data a slow rise time to maximum combustion
temperature is seen for the 10 wt% ceramic substrates and an extremely low maximum combustion
temperature for the 20 wt% content of sodium silicate in a substrate.  Upon inspection of the 20 wt%
substrates after combustion incomplete reaction of the substrate was discover indicating that too much
ceramic binder was used.

Figure 6. Selected dynamic combustion profile with a ceramic bonded substrates exposed to air
with 10 and 20 wt% Na2SiO3 as the ceramic bonding agent.
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Summary

This contribution presents a water-based method for the formation of pyrophoric ceramic bonded
substrates with tunable dynamic combustion characteristics based on composition and reduction
parameters.  This work improves on previously reported pyrophoric carbon based substrates by increasing
structural integrity and production scale-up capabilities.  Further development of these ceramic bonded
composite substrates is currently being conducted and will be published at a later date.
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Abstract

In order to obtain the characteristics of Ni-Cr bridge-belt initiator under current

stimulating, Zr/KClO4 explosive and BNCP explosive were chosen to constitute initiators

with Ni-Cr bridge-belt. Two different shape bridges, ‘S’ and ‘barbell’ shaped, were
studied. In the firing experiment, the voltage, current and resistance in the initiator were

recorded by oscilloscope, while the light signal was collected by photodiode. Then the

voltage-current-resistance-light(V-I-R-L) curves and experiment phenomena were

analyzed. These shown the breaking time of bridge-belt was the same with or later than

the firing time of initiator under the circumstance of 5min constant current stimulating,

nevertheless, the former was the same with or earlier than the latter under the

circumstance of 50ms constant current stimulating. Which discover the firing way is

electro-thermal when the stimulating is the former, but it is electro-explosive when the

stimulating is the latter. Additionally, the critical firing currents of 4 kinds bridge-belt

initiators were measured by the method of D-optimal. The results show BNCP is more

sensitive for thermal and Ni-Cr metallic vapor than Zr/KClO4, and ‘barbell’ shape
bridge-belt initiator is more benefit for firing than ‘S’ shape.

1 Introduction

With the use of high powered radio equipments, the space electromagnetism environment is
becoming increasingly complicated, and the requirement for electro initiators resistant to
static, radio frequency and stray current is higher and higher. While traditional hot wire
bridge initiator is unsatisfied in this environment because of its low firing energy. Then the
bridge-strip initiator was burn. The difference between them lies in the bridge shape: the
former bridge is a wire, while the latter is a strip. In performance, bridge-strip needs higher
firing energy and power, so it’s safer under hostile environmentsError! Reference source
not found..

The report about bridge-strip is focused on its firing mechanism[2], processing craftError!
Reference source not found., resistance propertyError! Reference source not
found. and so on. However, the report about characteristics of bridge-strip is very little. So

The Characteristics of Ni-Cr Bridge-belt Initiator Under 
Current Stimulating
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Zr/KClO4 and BNCP explosives were chosen to constitute initiators with two different shape
Ni-Cr bridge-belts, ‘S’ and ‘barbell’ shaped, in our study. Via the analysis of the bridges
V-I-R-L curves under 5min constant current and 50ms constant current stimulation,
regularities about it were obtained.

2 Ni-Cr bridge-strip structure and experimental method

2.1 Ni-Cr bridge-strip structure
There were two shapes bridge structures in this experiment, schematic diagrams and

sizes are as figure 1(a) and (b). In addition, there were two size “S” shaped bridge, the
specific sizes are shown in table 1, and “barbell” shaped bridges were numbered c#. The
bridge was welded on sintered glass substrate, as shown in fig.2(a), and then charge shell was
packaged on it, as shown in fig.2(b).

(a)” shaped (b) ”barbell” shaped

Fig. 1 Bridge-strip structure schematic diagrams

(a) (b)

Fig.2 Sample pictures

Tab. 1 The size of S shaped bridge (unite mm)

No. Diameter Ф1 Ф2 l1 w1 w2 Total area Firing area
a# 9.2 5.3 2.6 1.4 0.3 0.95 24.71 0.42
b# 6.45 5.6 2.5 1.7 0.3 1.0 25.41 0.51
2.2 Firing explosive

BNCP and Zr/KClO4 were chosen as two different explosives. The size of BNCP was 10

m, while Zr/KClO4 was 67 m,  and charge densities were  2.55g.cm-3 for both of them.

2.3 Experimental method
As a resistor energy transfer unit, the bridge-belt produces joule heat when current is

loaded. When the energy reaches a specific value, bridge-belt explosive. The experimental
device are as shown in fig.3, which include a constant current source, an oscilloscope, an
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amplifier, a current probe and a 1 standard resistance. The circuit diagram is shown in
fig.4.

(a) constant current source (b)  signal collect device

Fig.3 experimental devices

1- switch 2-energy transform unit 3-current probe 4-voltage probe 5- oscilloscope
6-photodiode R-1Ω standard resistance

Fig.4 The experiment circuit diagram

The igniters constitute are shown in tab.2. D-optimal[6] method was used to test firing
threshold in this experiment, and then no-fire current and all-fire current were calculated on
the basis of Gaussian distribution, then firing properties were analyzed according to V-I-R-L
curves.

Tab.2 the igniters constitute

No. Bridge-strip number Explosive

1# a# Zr/KClO4

2# a# BNCP

3# b# Zr/KClO4

4# c# Zr/KClO4
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3 Firing properties under 5min constant current stimulation

3.1 Experimental phenomena
There were different phenomena for Ni-Cr bridge-belt initiator under different current

stimulation when the stimulation time was 5min. The curves of current, voltage, resistance in
the initiator and light signal in firing experiment are shown in fig.5. It needs to note that “1”
represents voltage signal, and “2” represents current signal, and “3” represents resistance
signal.

When the current was 1.44A, the V-I-R curves of No. 3# initiator are as shown in fig.5(a).
It is apparent that voltage curve has a little jump at 49.8s, and the resistance curve also has a
jump accordingly. What’s more, a ‘pop’ sound was heard at the same time. So the igniter
fired in this experiment. After this time, the current was still constant, and the resistance was
a finite value, which indicates the bridge was still conducting, and didn’t break up. Thus it can
be seen it’s Joule heat produced by the bridge made the initiator fired not the energy produced
by bridge exploding. In other words, it’s electro-thermal firing under 5min constant current
stimulation.

For fig.5(b), stimulating current was 1.5A, the curves of voltage and resistance jumped to
maximum values, while the current reduced to zero. Meanwhile, a ‘pop’ sound was heard.
Thus it can be seen the initiator firing in this experiment. After this, the current was zero and
the resistance was infinite invariably. Which indicate bridge-belt exploding time was the same
with initiator firing time.

In conclusion, it’s electro-thermal firing for Ni-Cr bridge-belt initiator under 5min constant
current stimulation.

a 3# initiator, stimulating current
1.44A, no explode but ignite

b 3# initiator, stimulating current
1.5A, explode and ignite

Fig.5 Different ignition characteristics under 5min constant current stimulating
3.2 The critical current
The critical currents under 5min constant current stimulating were tested by the method of

D-optimal, the results are shown in table 3. By the way, 0.1% firing current is defined as
no-fire current, whereas 99.9% firing current is defined as all-fire current in this paper. It is
supposed that Ni-Cr bridge-belt firing current obey Gaussian distribution under 5min constant
current stimulating. So the no-fire currents and all-fire currents were calculated in table 3.

Tab.3 Ni-Cr bridge-belt initiator firing thresholds under 5min constant current stimulating

No. Sample size Firing threshold(A) Standard deviation(A) No-fire current(A) All-fire current(A)

1# 15 1.590 0.019 1.531 1.649

2# 15 0.849 0.037 0.735 0.963

3# 15 1.518 0.050 1.364 1.673

4# 17 1.244 0.080 1.491 0.997
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Compared threshold of 1# and 2# samples, it is found that the threshold of initiator

charged BNCP (0.849A) is much lower than that charged Zr/KClO4 (1.590A). This shows

that BNCP is more sensitive for thermal than Zr/KClO4. Compared threshold of 1#

(1.590A) and 3# (1.518A) samples, it is discovered that the larger the firing area the

lower the firing threshold. Compared threshold of 1# (1.590A) and 4# (1.244A) samples,

it is found that threshold of initiator shaped ‘barbell’ is lower than that shaped ‘S’, in

other words, ‘barbell’ shape bridge-belt initiator is more benefit for firing than ‘S’ shape.

4 Firing properties under 50ms constant current stimulation
4.1 Experimental phenomena
There were different phenomena for Ni-Cr bridge-belt initiator under different current

stimulation when the stimulation time was 50ms. The curves of V-I-R-L in firing experiment
are shown in fig.6. It needs to note that “1” represents voltage signal, and “2” represents
current signal, and “3” represents resistance signal, and “4” represents light signal.

For fig.6(a), sample was No.3#, and stimulating current was 4A. It is obvious that there
was an abrupt jump in voltage and resistance curves when the conduction time was 30ms.
And the current dropped to zero, light signal curve had an obvious leap in the meantime. This
means the igniter fired at that time. From now to the end, resistance was always infinite and
current was always zero. Which shows the bridge exploded at the time of igniter firing.
During the whole process, there wasn’t a second peak in voltage curve. According to
reference[9], the plasma wasn’t apparent in this experiment.

For fig.6(b), sample was No.2#, and stimulating current was 3A. It can be seen voltage and
resistance signal leaped to maximum values, meanwhile current signal reduced to zero, but
the light signal was still oscillatory and stray. The phenomena demonstrate the bridge
exploded but the igniter didn’t fire at this time. However, when the conduction time was
6.6ms, the signal light had a distinct leap, which indicated the initiator fired. From now on,
light signal weakened gradually with the burning of the explosive. And at last, the explosive
burned up and the light signal was oblivion. During the whole process, voltage was always a
high value, but hadn’t a second peak, so we can conclude there wasn’t plasma according to
reference.

Above all, under the circumstance of 50ms constant current stimulation, the fire of the
igniter is produced by gases of high temperature and pressure created by bridge exploding. In
other words, the firing model in this situation is electro-exploding model.

(a) 3# initiator, stimulating current 4A,
explode and ignite at the same time

(b) 2# initiator, stimulating current 3A,
bridge explode first and then igniter ignite

Fig.6 Different ignition characteristics under 50ms constant current stimualting

4.2 The critical current
The critical currents under 50ms constant current stimulating were tested by the method of

D-optimal; the results are shown in table 4. It is supposed that Ni-Cr bridge-belt firing current
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obey Gaussian distribution under 50ms constant current stimulating. So the no-fire currents
and all-fire currents were calculated in table 4.

Tab.4Ni-Cr bridge-belt initiator firing thresholds under 50ms constant current stimulating

No. Sample size Firing threshold(A) Standard deviation(A) No-fire current(A) All-fire current(A)

1# 11 3.73 0.06 3.545 3.915

2# 10 1.95 0.04 1.826 2.074

3# 12 3.7 0.05 3.526 3.845

4# 17 2.427 0.077 2.189 2.665

Compared threshold of 1# (3.73A) with2# (1.95A) samples, it is found that the threshold

of initiator charged BNCP is much lower than that charged Zr/KClO4. This shows that

BNCP is more sensitive for Ni-Cr metallic vapor than Zr/KClO4. Compared table 4 with

table 3, it is concluded that firing threshold under 50ms constant current stimulating is

much higher than that under 5min constant current stimulating. It is because of their

different firing model.

5 Summary
According to the analysis above, it is concluded the firing model is electro-thermal when

the stimulating is 5min constant current, while it’s electro-explode under 50ms constant

current stimulating. Moreover, BNCP is more sensitive for thermal and Ni-Cr metal vapor

than Zr/KClO4, and the initiator with ‘barbell’ shape bridge is benefit for firing than that

with ‘S’ shape.
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ABSTRACT

An experimental evaluation for studying the Multispectral IR Flare compositions based on
various anhydride fuels has been carried out previously. Potassium perchlorate was used as an oxidiser
while Viton was used as a suitable binder. This study is an extension of the studies carried out previously
on the anhydrides wherein it was found that the anhydride based Multispectral IR flare compositions were
not suitable to deliver the required IR efficiency and desired IR intensity ratios. Their burn rates were also
found to be quite low. The aim of this study was to obtain the required IR efficiency and the desired IR
intensity ratios as well as burn rates.

To enhance the performance parameters, the effect of metallic fuel was studied on the anhydride
based IR Flare formulation with a change of oxidiser. Succinic anhydride based fuel was found to deliver
the required performance parameters for its use in Multispectral IR Flare composition. By addition of
metallic fuel, the burn rate was found high to deliver the required burn time for Multispectral IR Flare.
The aim of the current study was to reduce the burn rate and still maintain a higher IR intensity and the
desired intensity ratio. In the present study, the effect of addition of a fluorinated oxidiser along with the
addition of metallic fuel to the Anhydride based Multispectral IR flare compositions were carried out.
Sodium Nitrate was used as an oxidiser while Viton was used as a suitable binder. The preparation of
formulations, radiometric evaluation and thermo chemical calculations is discussed and presented in this
paper.

1. INTRODUCTION

Infrared guided Surface-to-Air (SAM) as well as Air-to-Air missiles (AAM) are used to ‘lock’ on
to aerial vehicles such as fast moving jets, transport aircrafts, helicopters etc. Most of the missiles are ‘fire
and forget’ type missiles and they guide themselves towards the target actively by locking on to their
infrared radiations. Availability of portable IR guided missiles by terrorist organizations has added to the
threat. The aerial vehicles are mostly targeted by Infrared (IR) homing missiles since the aerial vehicle
has a very prominent IR signature in various wavebands. The sources1 include the skin (λmax@8-10μm),
plume (λmax@3-5μm) and the tail pipes (λmax@2-3μm). Classification has been carried out into various
generations of IR guided missiles2. The missiles can be classified into air based and ground based. The
missiles upto the third generations have detectors operating in single waveband i.e. 3-5μm waveband.
Such missiles could be decoyed by generating a very high IR intensity source than the target3.

One of the various trigger mechanisms called counter-counter measures4 such as spectral
discrimination is used by the current generation of missiles for identifying and rejecting the decoy flares.
A suitable technique followed is to identify and reject the decoy flare from that of the target aerial vehicle
is based on the pattern of generation of IR signature. The spectral intensity distribution of MTV flare and
kerosene flame5 used in aerial vehicles at static condition shows that the kerosene plume has a higher
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intensity in 3-5 μm waveband and a lower intensity in 2-3 μm waveband, that is totally different from the
intensity distribution of MTV flare.

A suitable method to achieve a higher intensity in 3-5 μm waveband and a lower intensity in 2-3
μm waveband is found out by applying Wein’s law i.e. by reducing the temperature (≤700 K) of the IR
generating decoys6. But such countermeasures are easily discriminated by advanced seekers due to their
unfavorable kinematical behavior. Other most suitable method is to develop a Multispectral IR Flare
based on compositions that emits suitable species generating an IR signature pattern which matches with
the target aircraft. The IR signature pattern is depicted by the IR intensity ratio, which is the ratio of either
of two wavebands; α/β (α=2-3μm; β=3-5μm) or γ/β (γ =1.4-2.5μm). The ratio α/β must be of a maximum
value of 0.5 for a flare released at 0.83 Mach7 and is sufficient to decoy an advanced seeker working in
same two wavebands. Thus a maximum IR intensity ratio α/β of 0.5 is necessary to decoy missiles
employing spectral discrimination as counter-countermeasures8.

The various species called the selective emitters in the plume are responsible for IR emission in
various wavebands depending upon their band strength4. Selective emitters such as CO2, CO, HCl, HBO
etc.  having higher emission in 3-5 μm are desirable while emitters like HF, CH4, H2O etc. having higher
emission in 2-3 μm are undesirable. A Multispectral IR flare should be designed to having ingredients in
such a way that they have an optimum blend of the desired and undesired emitters so as to give a
maximum intensity ratio of 0.58.

Introduction of organic fuels in the flare composition is required for obtaining specific emitters in
the flame. For obtaining the requisite performance parameters of a Multispectral IR Flare, organic fuels
selected must possess high negative oxygen balance, high positive heat of formation, high C/H ratio and a
low C/O ratio8. Various organic fuels including 1,4-dicyanobenzene8 and 9,10- Anthraquinone9 were
studied earlier. Posson10 proposed a series of aromatic polycarboxylic anyhydrides as fuels such as
mellitic acid trianhydride C6(C2O3)3,benzene tetracarboxylic dianhydride, C6H2(C2O3)2 and/or
benzophenone tetracarboxylic dianhydride (C6H3(C2O3))2CO. Although it was reported that the flare
compositions based on organic fuels studied gave the required IR efficiencies in 3-5 μm waveband and
Intensity ratio, their burn rates were quite low which still restricts their use in Multispectral IR Flare. The
same was studied using the above mentioned fuels along with Potassium perchlorate as oxidiser and
Viton as binder 11. The reason for this is that with burn rates lower than 2.0 mm/s, the IR intensity in 3-5
μm will be quite low for their practical applications.  It was thus required to explore various methods to
increase the burn rates.

Study11 was then carried out by addition of metallic fuel to increase the burn rate by addition of a
metallic fuel in appropriate proportions and changing the oxidiser to sodium nitrate. This had a very
positive effect and the IR intensity in 3-5μm waveband was increased to more than 3 times that of IR
intensities in both 2-3μm and 1.4-2.5μm wavebands. The burn rate of metallic fuel based composition
was also significantly increased to 3 times that of organic fuel based composition. Although higher IR
intensity was achieved in 3-5μm waveband, the burn rate achieved was very high for obtaining a proper
operational burn time for application in Multispectral IR Flare. It was thus very necessary to reduce the
burn rate and still maintain a higher IR intensity and the desired intensity ratio. Addition of a fluorinated
oxidiser is proposed to increase the IR intensity and reduce the burn rate. In the present study, the effect
of addition of a fluorinated oxidiser along with the addition of metallic fuel to the Anhydride based
Multispectral IR flare compositions were carried out. Sodium Nitrate was used as an oxidiser while Viton
was used as a suitable binder.
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2. EXPERIMENTAL

Various organic compounds4,6,8,9 have been proposed for use as a fuel in Multispectral IR flare.
The study is an extension of the studies carried out previously11. In the present study, Succinic anhydride
was used as an organic fuel for preparation of the Organic fuel based Multispectral IR Flare compositions.
Compositions were designated as MS-1, MS-2, MS-3 and MS-4, wherein Teflon content varies from 0%
to 15% in steps of 5%. Metallic fuel was used having characteristics such as a high reactivity, high heat of
combustion and provide a high burn rate upon combustion.

The organic compound used was of high purity and all the compounds were procured from Alfa
Aesar. Sodium Nitrate used is 120 BSS passing with >99% purity. Teflon is of grade 6A and a proprietary
product of M/S DuPont Co., USA with density of 2.17 g/cm. Viton is of grade E60C and a proprietary
product of M/S DuPont Co., USA with density of 1.81 g/cm and fluorine >65.7%. Solvent used was
acetone of LR grade purchased from Merck.

Compositions were prepared by initially keeping Viton (4 parts) for gelling in sufficient quantity
of acetone for 24 hours. Oxidiser, sodium nitrate was subjected to heating at 100 oC for 2 hours in oven
for eliminating the occluded moisture. It was then grounded using mortar and pestle and passed through
120 BSS sieve. Metallic fuel was added along with the organic fuel to sodium nitrate and the dry mix was
made by passing through 25 BSS sieve. The Viton slurry was added to make dough and it was then
passed through 25 BSS and retained on 52 BSS sieve. The retained material was then added to the Teflon
and mixed together. The composition prepared was then subjected to air drying for 24 hours.

Steel tubes of 20 mm internal diameter were insulated from inside with paper liner bonded with
Araldite. The steel tube was assembled into a suitable mould with 10g of flare composition as the bottom
layer, 0.5g of booster composition (1:1 mix of flare composition and ignition composition) as the middle
layer and 0.5 g of Magnesium-Barium peroxide based ignition composition as the top layer. The
compositions were then pressed using a hydraulic press at 5 Ton dead load for 10 sec dwell time.

The height of filling was measured and flares were assembled with 0.25g of loose ignition
composition and a general electrical squib. 4 nos. of flares of each composition were fired and IR
intensity measurement was carried out in 1.4-2.5μm, 2-3μm and 3-5μm wavebands in a wind tunnel. The
performance evaluation was carried out using SR 5000 radiometer.

4. RESULTS AND DISCUSSIONS

All the compositions were evaluated for sensitivity characterisation. The impact sensitivity data
was obtained using Fall Hammer apparatus with drop weight of 2 kg and maximum height of fall of 170
cm. The data for Impact sensitivity shows the height at which there is a probability of 50% of the time the
composition will ignite upon impact. Factor of Insensitivity (F of I) is expressed as the insensitivity of the
composition with reference to a standard explosive, Tetryl. Friction sensitivity study was carried out
using Julius Peter Apparatus with the range of 0.5-36 kg. Calorimetric value was found out by Parr
adiabatic bomb calorimeter. 1 g of composition was fired inside a bomb in an inert atmosphere and the
rise in the temperature of the surrounding water is measured and the corresponding calorimetric value is
expressed. Table 1 shows the sensitivity data and calorimetric values for the compositions. All the
compositions are found safe to friction sensitivity. Compositions become more sensitive to impact with an
increase in Teflon in the compositions. The reason for this is that Teflon has a lower thermal conductivity
as compared to sodium nitrate, which allows raising the ignition temperature of the composition quicker
without dissipating the heat and  creating ‘hot spots’, thus imparting higher sensitivity to the composition.
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There is a steady rise in the calorimetric value with the increase of Teflon content to the compositions.
Reaction of metal fuel with Teflon yields a higher heat output as compared to the reaction with sodium
nitrate and hence increase in Teflon would give a corresponding increase in the Calorimetric values of the
compositions.

Table 1:  Sensitivity data and calorimetric values of flare compositions

The effect of increase in the Teflon content and a corresponding decrease in Sodium Nitrate
content on the radiometric performance of the flare compositions is seen from Table 2. The burn rate
decreases with an increase in the Teflon content. Both the IR intensity ratios α/β and γ/β show a steady
increase in their values with the increase in the Teflon content. The IR intensity decreases upto 10%
Teflon and thereafter it starts increasing. Composition MS2 having 5% Teflon is seen to show the
required burn rate with an optimum value of IR intensity and the IR intensity ratio α/β is also within the
required value of <0.5.

A burn rate near 2.0 mm/s is desired since it is provides a burn time of >3.0s for a Multispectral
IR Flare of a typical configuration. Considering all the performance parameters, it can be figured out that
composition MS2 with 5% Teflon is a suitable composition for application in Multispectral IR Flare.

Table 2:  Radiometric data of flare compositions

Table 3 brings out the various equilibrium parameters evolved out of theoretical calculations
carried out by REAL code10. The flame temperature of compositions MS1 to MS4 is in the range of 2664-
1978 K. The flame temperature decreases with an increase in the Teflon content. Lowering of sodium

Comp
No.

Impact H
50 (cm) F of I

Friction
insensitive
upto (kg)

Calorimetric
value

(Cal/g)
MS-1 49 66 36 1474
MS-2 45 61 36 1497
MS-3 45 61 36 1519
MS-4 43 58 36 1537

Composition IR Intensity (W/sr) IR
Efficiency
(W.s/sr.g)

IR Intensity
ratio

Burn
rate*

(mm/s)

α(2-3 μm) γ(1.4-2.5 μm) β(3-5 μm) 3-5 μm α/β γ/β
MS1 11.14 14.18 27.70 22.0 0.40 0.53 2.75
MS2 11.11 17.49 23.48 24.7 0.47 0.74 1.84
MS3 13.28 22.00 19.70 26.1 0.66 1.10 1.54
MS4 17.43 34.36 21.82 34.9 0.79 1.57 1.26

356



nitrate content reduces solid combustion species like MO, which has a higher boiling point as compared
to MF2. Lower boiling point combustion species are generated with an increase in Teflon content which
restricts the combustion temperature to a lower value. CO species increases with an increase in Teflon
content upto 10% while CO2 species decreases with rise in Teflon content. Since the CO2 species is low in
all the compositions, its effect in producing the IR intensity in 3-5 μm waveband can be considered
negligible. H2O and HF content also decreases with increase in Teflon content and is favorably low in
MS2 composition. The condensed metal oxide MO(c) decrease upto 5 % Teflon and thereafter metal
fluoride and condensed carbon starts producing, which is unfavorable for a Multispectral IR Flare
composition, thereby increasing the IR intensity ratio. This effect is seen from Table 2, which shows that
the IR intensity ratio α/β is >0.5 for compositions with more than 5% Teflon.

The IR intensity plots in 2-3μm waveband for compositions MS1 and MS2 are shown in Figure 1
and 3 while plots in 3-5μm wavebands for compositions MS1 and MS2 are shown in Figure 2 and 4. It is
observed that composition MS1 prepared with Succinic anhydride and metallic fuel with only sodium
nitrate has a high burn time of 1.5 times more than that of composition having 5% Teflon added to it. Due
to the lowering of Sodium nitrate content, the thermal conductivity of the composition also decreases
which brings out an overall decrease in the burn rate of the composition. The IR intensity in 2-3μm

* MO(C) is the condensed metal oxide, **MF2 is the condensed metal fluoride, NF-Not Formed during reaction

Table 3:  Equilibrium parameters of flare compositions determined by REAL10

Unit MS1 MS2 MS3 MS4

Total Fuel Wt% 58.0 58.0 58.0 58.0

Sodium Nitrate Wt% 42.0 37.0 32.0 27.0

Teflon Wt% 0.0 5.0 10.0 15.0

Viton Wt Parts 4.0 4.0 4.0 4.0

Comb temp K 2664 2204 1978 1982

Species Mass%

CO 24.0 27.1 28.7 27.9

CO2 0.63 0.0091 0.0005 0.0005

H2O 0.67 0.0083 0.0004 NF

NaF 1.60 2.7 1.5 1.3

HF 0.88 0.61 0.17 0.17

MO(c)* 42.9 24.7 25.6 19.9

MF2(c)** NF NF 9.6 15.7

C(c) NF NF 0.38 1.89
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waveband is comparable for compositions MS1 and MS2. A slight shift of IR intensity to the lower side
in 3-5μm waveband for composition MS2 as compared to MS1 is acceptable. This can be justified from
the fact that there is an overall increase in the IR efficiency for composition MS2 as compared to MS1, as
can be seen from Table 2. Compositions MS3 and MS4 are not acceptable due to the increase in the IR
intensity ratio which is more than the required value. MS2 composition was thus finalized for further
studies.

Figure 1: IR intensity-Time graph of MS1 in 2-3μm Figure 2: IR intensity-Time graph of MS1 in 3-5μm

Figure 3: IR intensity-Time graph of MS2 in 2-3μm Figure 4: IR intensity-Time graph of MS2 in 3-5μm

5. CONCLUSIONS

Application of organic fuels with varying physicochemical characteristics was studied earlier11.
An extension of the studies was done and presented in this paper. Studies were carried out by increasing
amounts of Teflon in steps of 5% with a corresponding decrease in sodium nitrate content. The data on
the average IR intensities were found out to be in the range of 14.18-34.36 W/sr in 1.4-2.5 μm, 11.11-
17.43 W/sr in  2-3 μm and 19.70-27.70 W/sr in 3-5 μm wavebands and their burn rates were in the range
of 1.26-2.75 mm/s.
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Formulation MS1 was found suitable with respect to the IR intensity in 3-5μm waveband and IR
intensity ratio α/β. The composition has a high burn rate and hence it was unable to provide the
operational requirement of burn time. Addition of 5% Teflon with corresponding decrease of sodium
nitrate enhanced the burn time while maintaining the other performance parameters. MS2 composition
when prepared in a typical flare configuration provided all the performance parameters which satisfies the
requirements for a Multispectral IR Flare. This composition is thus be considered suitable for application
in Multispectral IR Flare.

Although compositions MS3 and MS4 gave the desired IR intensity in 3-5μm waveband, they did
not give the desired IR intensity ratio of <0.5. Also the burn rate was quite low to produce the desired IR
intensity in a typical flare configuration. Moreover, it was observed that as Teflon content increased to
more than 5%, problems of sustained ignition was observed. With increase in Teflon content to 15%,
probability of ignition of the composition dropped down to less than 25%. Thus Teflon above 5% is not
found suitable and may not be considered promising for application in Multispectral IR flare.

Metallic fuels with a high reactivity and high heat of combustion is found suitable for such
applications. Addition of metallic fuel to the composition should be optimised in such a way so as to get
the desired burn rate and IR intensity ratio by producing optimum blends of species such as CO, CO2,
H2O etc. All the compositions are found to have a lower sensitivity in terms of impact and friction,
making it suitable for bulk handling and storage.

Optimum blends of metallic fuel can be suitably added with low amounts of Teflon to the organic
fuel based compositions so as to alter its radiometric performance for its possible use as a Multispectral
IR Flare composition. Further, there is a need to evaluate the effect of addition of metallic fuels and
Teflon on the performance of other organic fuels brought out in the previous studies11. This is left as a
future work.

REFERENCES

1. E.-C. Koch, ‘Review on Pyrotechnic Aerial Infrared Decoys’, Prop.,Explos.,Pyrotech. 26 2001, 3-11.

2. Gp Capt NK Nair, ‘A New test technique for flight evaluation of Infrared flares’, Aero India Seminar,
Bangalore, Feb 2013.

3. E.-C. Koch, ‘Metal-Fluorocarbon-Pyrolants: III. Development and application of
Magnesium/Teflon/Viton (MTV)’, Prop.,Explos.,Pyrotech. 27 2002, 262-266.

4. E.-C. Koch, ‘Pyrotechnic countermeasures: II. Advanced Aerial Infrared countermeasures’,
Prop.,Explos.,Pyrotech. 31 No. 1 2006, 3-19.

5. J. Berggren, R. Kihlén, ‘Model for simulation of IR countermeasure effect on IR-seeker/missile’,
Technologies for optical countermeasures, D. H. Titterton (ed.) Proc. SPIE, Vol. 5615, Bellingham,
2004, p. 72-83.

6. E.-C. Koch, ‘Experimental Advanced Infrared Flare compositions’, 33rd International Pyrotechnic
Seminar, Fort Collins, CO, July 16-12, 2006, 71-79.

7. Posson P., Baggett J.P., US Patent 6427599, 2002, ‘Pyrotechnic Compositions’, BAE systems
Integrated Defence Systems Inc., USA.

8. E.-C. Koch, ‘Pyrotechnic countermeasures: V. Performance of Spectral Flare compositions based on
Aromatic compounds’, Central European Journal of Energetic Materials, 5(3-4), 2008, 55-63.

9. E.-C. Koch, ‘Pyrotechnic countermeasures: III. Influence of Oxygen balance of an aromatic fuel on the
color ratio of spectral flare compositions’, Prop.,Explos.,Pyrotech. 32 No. 5 2007, 365-370.

10. P. L. Posson,A. J. Bagget Jr., Pyrotechnic Composition and Uses Thereof,U . S. Patent 6 427 599,
2002, B AE Systems Integrated Defense Solutions Inc.,USA.

359



11. S. Debnath et. al., ‘Investigation of Anhydrides for applications in Multispectral Infrared Flare”, 9th

International High Energy Materials Conference and Exhibit (HEMCE), Trivandrum, India, 13-15
February 2014.

12. Belov. G.V. “Computer Simulations of Complex Chemical Equilibrium at High Pressure and
Temperature”, REAL Version 2.2, Moscow (USSR), 1996.

ACKNOWLEDGEMENT

Authors thank Shri Bikash Bhattacharya, Director HEMRL and Dr. R.K Sinha, Associate
Director of the Division for the helpful support during the entire course of the work.

360



361



Burning Characteristics of Some Azodicarbonamide/Ammonium Nitrate/Additive 

Mixtures 
K. Ikeda, S. Date, Y. Shiraishi, and A. Doi 

Department of Applied Chemistry, National Defense Academy,  

1-10-20 Hashirimizu, Yokosuka, Kanagawa 239-8686, JAPAN 

 

 

ABSTRACT 

 
Linear burning rate and rate-of-pressure-rise, of some azodicarbonamide (ADCA)/ammonium nitrate (AN)/additive mixtures 

were measured by using closed strand burner. Additive that was added to the stoichiometric ADCA/AN mixture was one of: 

manganese dioxide (MnO2), copper (Cu), copper(I) oxide (Cu2O), copper(II) oxide (CuO), or basic cupric nitrate (BCN). 

Stoichiometric ratio ADCA/AN mixture burned readily from an initial gauge pressure of 0.1 MPa, showing relatively good 

ignitability, and especially the addition of Cu-based additive (Cu, Cu2O, CuO or BCN) to the stoichiometric ratio mixture 

enhanced the linear burning rate while generally lowering the pressure exponent of Vieille's equation; as well as the average 

rate-of-pressure-rise, some exceeding that of patented guanidine nitrate/strontium nitrate/BCN mixture. The effect of the 

amount of CuO that was added to the stoichiometric ADCA/AN mixture was also studied, and it was found that, among the 

mixtures where 1, 3, 5, 10 or 20 parts by weight of CuO to 100 parts of the stoichiometric ratio mixture, were studied, the 

mixture by adding 10 parts by weight of CuO has shown the maximum linear burning rate at a gauge pressure above 5 MPa, 

together with the average rate-of-pressure-rise. 

 

1. Introduction  
 Automotive airbag system, one of the automobile occupant safety restraint systems, is a standard safety system in the 

automobile that comes with the seat belt restraint. It is an auxiliary restraint system that complements the effect of the seat belt, 

and it has a role to alleviate the impact applied to the head and chest during collision. The system consists of sensor collision 

detection, diagnostic unit and an air bag module. Upon collision, collision sensors sense the shock, and after the diagnostic unit 

determines that the collision took place, it sends an electrical signal to ignite the gas generating agent, which burns and 

produces large amount of gas in a short period of time to inflate the airbag. In principle, the inflation of the airbag must be 

faster than the movement of the occupant at the time of collision.  

Recently, a number of researches and developments of new gas generating agents, using ammonium nitrate (AN) as 

an oxidizing agent, have been carried out(1) – (5). The advantages of using AN as an oxidizer are its low cost and high gas yield, 

but it is difficult to ignite, and the burning rates  of i ts  mixtures are generally slow. In order to solve the problem of 

low combustion characteristics, we selected a foaming agent ,  azodicarbonamide (ADCA) as a fuel ,  and CuO ( 4 ) ,  

Cu( 5 ) ,  BCN( 5 )  or MnO2
( 5 )  was used as an addi t ive in  the previous studies  

( 4 ) ,  ( 5 ) .  In  this s tudy,  1 or 3 parts 

by weight of CuO, and Cu2O were selected as an addit ive for improving combustion characterist ics, and their 

burning characteristics were compared with the previous studies( 4 ) ,  ( 5 ) . 
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Experimental 
Samples  

 Figure 1 gives the structural formula of ADCA. After drying ADCA (75-150 m particle size) and AN (75-149 m 

particle size) separately, they were mixed in stoichiometric ratio (ADCA : AN= 26.6 % : 73.4 %). Then, by adding further 1 or 

3 parts of CuO or 10 parts by weight of Cu2O to 100 parts of ADCA/AN mixture, the mixtures were prepared by mixing by 

using a rotational mixer.  

  
Figure 1 Chemical structure of azodicarbonamide (ADCA) 

 

Linear burning rate test 

Approximately 4 g mixture was pressed by using a hydraulic press at 190 MPa to produce a cylindrical pellet with 14.7 

mm in diameter. The side surface of cylindrical sample pellet was coated with flame-resistant silicone sealant (TSE3941, 

Momentive Performance Materials), to prevent flame propagation along the side surface. Linear burning rate tests were carried 

out in a 1 L closed vessel. We tested the above mixtures, and compared with the results of previous studies( 4 ) ,  ( 5 )  including 

GN/SrN/BCN mixture( 4 ) ,  ( 6 ) , which is a patented gas generating agent mixture. The sample was ignited by nichrome wire 

under 0.1~10 MPa (initial gauge pressure) nitrogen atmosphere at a designated temperature of 298 K. The linear burning rate, r, 

was obtained from the length of the pellet and the time taken from the onset of pressure-rise to the peak pressure.  

 

Rate-of-pressure-rise test 

A cylindrical pellet of approximately 4 g (made by the same process as above) without restrictor was produced and the 

rate-of-pressure-rise tests were carried out in the same closed vessel. After setting up the pellet in the vessel, the pellet was 

ignited by heated nichrome wire under nitrogen atmosphere pressurized at an initial gauge pressure of 2 MPa, with a designated 

temperature of 298 K. The rate-of-pressure-rise, ( P/ ), was obtained from the amount of the pressure rise, P, and the 

time taken from the onset of pressure-rise to the peak pressure, t. The test was carried out three times for each mixture, and 

these average values, ( P)av, ( t)avand ( P/ )av, respectively, were calculated. 

 

Results and Discussion 
Linear burning rates test 

 Figure 2 (a) and (b) show the results of log-log plot of P vs r for ADCA/AN based mixtures. Sustained burning was 

observed for almost all mixtures from a gauge pressure of 0.1 MPa, except for ADCA/AN/MnO2 mixture which could not be 

ignited at or below 0.5 MPa. It was also shown that while the addition of Cu, Cu2O, CuO or BCN increased r, as compared to 

stoichiometric ADCA/AN mixture, there was a little difference in r for ADCA/AN/MnO2 mixture. It was also shown that r 

increased with P, obeying the Vieille’s law, which is expressed with the following equation (1). 
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r = aPn           (1) 

where r is the linear burning rate, P is the average absolute pressure, a is the pre-exponential factor, and n is the pressure 

exponent of the burning rate. Table 1 gives the values of a and n determined from Figure 2 (a) and (b). It was found that the 

addition of Cu-based additives (Cu, Cu2O, CuO or BCN) increased the values of a while it generally reduced the values of n. 

This indicates also that r of the Cu or Cu2O-added mixture was higher than that of GN/SrN/BCN mixture. It was also found 

that increasing the amount of CuO up to 10 parts by weight increased r. 

  
 Figure 2 (a) Linear burning rates for ADCA/AN based mixtures - effect of additives. 

 

 
Figure 2 (b) Linear burning rates for ADCA/AN/CuO mixtures - effect of the amount of CuO added. 
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Figure 3 (a) Pressure-time histories of ADCA/AN based mixtures from rate-of-pressure-rise tests - 

effect of additives. 

 Table 1. Values of a and n of the Vieille’s law for ADCA/AN based mixtures. 

Mixture a n P [MPa] 

ADCA/AN(4) 0.70 0.73 0.1~10 

ADCA/AN/Cu(5)               3.93 0.39 0.1~10 

ADCA/AN/Cu2O              2.88 0.56 0.1~10 

ADCA/AN/BCN(5)      1.64 0.69 0.1~10 

ADCA/AN/MnO2
(5)        0.67 0.77 0.1~10

ADCA/AN/CuO 1 % 0.92 0.71 0.1~10 

ADCA/AN/CuO 3 % 1.12 0.81 0.1~10 

ADCA/AN/CuO 5 %(4) 1.68 0.65 0.1~10 

ADCA/AN/CuO 10 %(4) 1.77 0.71 0.1~10 

ADCA/AN/CuO 20 %(4) 1.90 0.60 0.1~10 

GN/SrN/BCN (4) 2.59 0.48 0.1~10 

 

Rate-of-pressure-rise test 

 Typical pressure history during the rate-of-pressure-rise test is shown in Figure 3 (a) and (b). ( P) av, ( t) av and  

( P/ t) av for each mixture is shown in Table 2. It was shown that ( P/ t)av of ADCA/AN/Cu mixture, ADCA/AN/Cu2O 

mixture and ADCA/AN/CuO mixture were higher than that of GN/SrN/BCN mixture, showing that both mixtures have the 

potential as gas generating agents. In the case of BCN-added mixture, ( P/ t) av was close to that of GN/SrN/BCN mixture. It 

was also found that increasing the amount of CuO up to 10 parts by weight increased ( P/ t)av. 
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Figure 3 (b) Pressure-time histories of ADCA/AN based mixtures from rate-of-pressure-rise tests - 

effect of the amount of CuO added. 

 

  Table 2.  ( P)av, ( t)av and ( P/ t)av of 
 

ADCA/AN based mixtures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 ( P)av  

[MPa] 

( t)av 

[s] 

( P/ t)av 

 [MPa s-1] 

ADCA/AN(4) 0.36     11.06 0.033 

ADCA/AN/Cu(5) 0.67      2.80 0.239

ADCA/AN/Cu2O 0.64  2.78 0.23 

ADCA/AN/BCN(5) 0.54       4.60 0.118

ADCA/AN/MnO2
(5) 0.40      11.27 0.035

ADCA/AN/CuO 1 % 0.46      8.46 0.055 

ADCA/AN/CuO 3 % 0.53      6.15 0.086 

ADCA/AN/CuO 5 %(4) 0.54      4.38 0.123 

ADCA/AN/CuO 10 %(4) 0.59      3.52 0.168 

ADCA/AN/CuO 20 %(4) 0.56      3.68 0.152 

GN/SrN/BCN(4) 0.52      3.90 0.133 

Mixture 
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Conclusions 
  From the above experimental studies, the conclusions were obtained as follows: 

 (1) Except for ADCA/AN/MnO2 mixture, all ADCA/AN based mixtures burned readily under 0.1 MPa nitrogen atmosphere. 

Meanwhile, the addition of Cu-based additive (Cu, Cu2O, CuO or BCN) increased the linear burning rate and reduced the 

pressure exponent of ADCA/AN mixture. 

(2) ADCA/AN/CuO mixture, ADCA/AN/Cu2O mixture and ADCA/AN/Cu mixture have shown higher average 

rate-of-pressure-rise than the patented GN/SrN/BCN mixture.  

(3) Increasing the amount of CuO up to 10 parts by weight increased both the linear burning rate and the average 

rate-of-pressure-rise. 
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While Aluminum has a long history as a reactive fuel in composite propellant systems, little work has
been published on the use of aluminum-based alloys. While Al-alloys are generally employed for their
structural and mechanical properties, little work has been done to use them as fuels in propellant
formulations; the low-level inclusion of secondary materials in the Al-alloys may have a potential effect
on thermochemical equilibrium, thermal analytical properties, and resulting performance. One such
material is the Al-Si eutectic alloy (12.2 at.% Si, also known as Silumin), which has a lower melting point
(577 ºC) than that of Al. The Al-Si eutectic alloy is of particular interest as thermochemical equilibrium
calculations suggest that for a baseline ammonium perchlorate (AP) composite propellant formulation
(71/14/15 wt.% AP/binder (HTPB)/Fuel, 68.9 atm chamber pressure optimally expanded to 1.0 atm) a 2.5
second increase in specific impulse results (over neat Al).

In this work, the Al-Si eutectic alloy was evaluated as a potential solid composite propellant fuel using a
baseline composition (71/14/15 wt.% AP/HTPB/Al-Si). Propellant strands were burned in a Crawford
pressure bomb at various pressures, and videography was used to interpolate a pressure dependence of the
burning rate. Additionally, a plume traversing quench disc was used to capture the products above the
propellant surface in order to observe and quantify coarse product agglomeration. Analysis of the
propellant products was performed via optical and scanning electron microscopy, energy-dispersive X-ray
spectroscopy, and X-ray diffraction. It was observed that the high fluidity of molten Al-Si significantly
contributed to agglomeration of the combustion products. Condensed phase agglomerates are undesirable
in composite propellants as they contribute to two-phase losses, which reduce motor performance. Recent
studies have indicated that the low-level inclusion of fluoropolymers into aluminum through mechanical
activation (MA) can significantly reduce the agglomeration size as well as increase combustion
efficiencies near the propellant surface. Therefore MA 70/30 Al-Si/polytetrafluoroethylene (PTFE) was
also assessed in order to decrease agglomeration. Propellant strands using MA 70/30 Al-Si/PTFE were
combusted and analyzed using the same techniques as described above. It was observed that the low-level
fluoropolymer inclusion did succeed in lessening the agglomeration effects. From these results, it is
indicated that Al-Si is a viable fuel for composite propellants and should be evaluated in other energetic
formulations and applications.
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(E)-1,1,4,4-Tetramethyl-2-Tetrazene and Energetic Derivatives Thereof

C. Miró Sabaté, H. Delalu

Hydrazines and Polynitrogen Energetic Compounds, University of Lyon, Bât. Berthollet, 3è étage,
22, av. Gaston Berger, 69622 Villeurbanne, France (Fax: +33-472-431-291; E-mail: carlos.miro-
sabate@univ-lyon1.fr)

ABSTRACT

We estimated the energetic performance of (E)-1,1,4,4-tetramethyl-2-tetrazene (1), measured its
vapor pressure, studied its hypergolic properties and studied a prospective method for the continuous
production of the compound. Additionally, we studied the potential of 1 to give other 2-tetrazene
derivatives with potential energetic interest. 1 can be oxidized with potassium permanganate to give
either (E)-1-formyl-1,4,4-trimethyl-2-tetrazene (2) or (E)-1,4-diformyl-1,4-dimethyl-2-tetrazene (3).
1, synthesized by the oxidation of UDMH with aqueous NH2Cl can also react with a second
equivalent of NH2Cl in ether to give a stable 2-tetrazenium chloride salt (4). Subsequently, 4 could
undergo metathesis reactions with energetic anion transfer reagents yielding a new family of stable 2-
tetrazenium salts (5-9). All materials were characterized using analytical and spectroscopic methods
and, when suitable, their solid state structure was measured. The thermal stability of all compounds
was determined using DSC analysis and we estimated their sensitivity towards classical stimuli.
Lastly, we also calculated some performance parameters of interest.
Keywords: 2-Tetrazene, Energetic Materials, X-ray crystallography

Introduction

In the field of energetic materials, compounds containing multiple nitrogen-nitrogen bonds are of
great interest. This is due to the high average two electron bond energy associated with the nitrogen–
nitrogen triple bond, which accounts for the high energy content of these materials. Recently, a lot of
attention has focused in azole chemistry1 4 due to the fact that these compounds combine a high
energy content with a relatively high chemical and thermal stability. In addition to cyclic energetic
materials, open chain compounds containing catenated nitrogen atoms have also been described as
having interesting energetic properties. For example, Shreeve and coworkers5 and later on our own
group,6 reported on salts based on the 2,2-dimethyltriazanium cation. Additionally, the Klapötke
group reported recently on the synthesis of functionalized 2-tetrazenes with interesting energetic
properties.7–9

Symmetrically substituted 2-tetrazenes of the general formula R1R2N-N=N-NR1R2 where R = H,
CH3 or NH2 (Figure 1) have been described in the literature as being elusive species or unstable at
ambient conditions. For example, the compound with R1 = R2 = H (i.e., 2-tetrazene), was first isolated
by Wiberg and coworkers by the reaction of (Me3Si)2N-N=N-N(SiMe3)2 with CF3CO2H in CH2Cl2 at
-78 ºC,10a,10b whereas 1,4-dimethyl-2-tetrazene (R1 = H, R2 = CH3) remains an elusive molecule.10c

Figure 1. General formula structure of cis- (left) and trans- (right) 2-tetrazenes.

On the other side, hydrazine and its derivatives are widely used in hypergolic systems in
combination with oxidizing agents.11–16 However, these compounds suffer of acute toxicity and are
carcinogenic. In this context, ionic compounds present several advantages in comparison to their
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neutral analogous such as lower vapour pressures (related to toxicity issues) and higher densities
(related to the energetic performance of the compound).17

Experimental

Cautionary note: Although we did not experience difficulties with handling the compounds
described in this work, silver azide, 2-tetrazenes, tetrazoles and their derivatives are energetic
materials and tend to explode under certain conditions. Appropriate safety precautions should be
taken, especially when these compounds are prepared on a larger scale. Laboratories and personnel
should be properly grounded, and safety equipment such as Kevlar gloves, leather coats, face shields,
and ear plugs are highly recommended.

General Procedure. All chemical reagents and solvents of analytical grade were obtained from
Sigma-Aldrich Inc. or Acros Organics and used as supplied. NMR spectra for all compounds were
recorded on a JEOL Eclipse 400 instrument. The spectra were measured in DMSO-d6 at 25 °C unless
otherwise specified. The chemical shifts are given relative to tetramethylsilane (1H and 13C NMR)
and ammonia (15N NMR). Infrared (IR) spectra were recorded at room temperature on a Perkin-
Elmer Spectrum instrument equipped with a Universal ATR sampling accessory. IR intensities are
given in parentheses as vw = very weak, w = weak, m = medium, s = strong and vs = very strong.
The melting and/or decomposition temperatures were determined by differential scanning
calorimetry (DSC) using a SETARAM DSC131 instrument, calibrated with standard pure indium
and zinc. Measurements were performed at a heating rate of β = 5 °C min 1 in open aluminum
containers with a hole (1 mm) on the top for gas release with a nitrogen flow of 20 mL min 1.

(E)-1,1,4,4-Tetramethyl-2-tetrazene (1): 98 % 1,1-dimethylhydrazine (10 mL, 7.900 g., 131.45
mmol) was dissolved in 20 mL distilled water in a 250 mL round bottom flask and cooled at ca. -10
ºC. To this solution, a freshly prepared and precooled (ca. 0 ºC) 0.982 M (UV concentration) aqueous
solution of chloramine (50 mL, 49.1 mmol) was added dropwise over a period of ca. 20 min. After
the addition of ca. 8 mL of chloramine, cloudiness was observed in the solution and an exothermic
reaction took place. Three minutes after the addition, the cold bath (T = -2 ºC) was removed and the
biphasic solution was stirred for further 1.5 h at room temperature giving a colorless solution with
supernatant TMT on the upper phase. TMT was then extracted with ether (3*50 mL). The water
phase did not show to contain any TMT (UV analysis) and was discarded. The ether extracts were
then combined, dried with anhydrous sodium sulfate and rotavaporated at 45 ºC and 700 mbar to
yield crude TMT as an slightly yellow liquid (2.810 g, >90 % purity by GC). Further purification can
be achieved by vacuum distillation of the crude product at 40 ºC (temperature of the product in the
flask) and 20 mm of Hg, using a column packed with glass cylinders. The product is then obtained as
a slightly yellow liquid (2.529 g, 89 %). This compound was used for subsequent oxidation reactions.
ρ (17.6 ºC) = 0.899 g mL−1; C4H12N4 (MW = 116.16 g mol−1, calc./found): C 41.35 / 41.38, H 10.42 /
10.34, N 48.23 / 47.88 %; DSC (5 °C min−1): one endothermic peak (sharp, Peak onset: 130.07 ºC,
Peak maximum: 139.70 ºC, ∆H = 181.80 J/g); m/z (ESI-ToF): 115.1 (12), 116.1 (100, [M+..]), 117.1
(7); 1H NMR (CDCl3, 400.18 MHz, TMS) δ/ppm: 2.76 (12 H, s, -CH3); 13C NMR (CDCl3, 100.52
MHz, TMS) δ/ppm (A2B2 spin system): 39.92 (2 C, q, 1JC-H = 135.6 Hz, N-CH3), 39.89 (2 C, q, 1JC-H

= 135.6 Hz, N-CH3); IR v~ /cm–1 (golden gate, rel. int.): 2996(vw) 2958(w) 2852(w) 2820(w)
2786(vw) 1629(vw) 1587(vw) 1467(m) 1444(w) 1398(vw) 1273(m) 1239(w) 1139(m) 1092(vw)
1035(w) 995(vs) 895(w) 820(m) 590(s).
(E)-1-Formyl-1,4,4-trimethyl-2-tetrazene (2): Compound 2 was synthesized according to a
modified reported procedure18 as follows: 1 (1.16 g, 20.0 mmol) was dissolved in acetone (200 mL)
and potassium permanganate (2.12 g, 26.83 mmol) was added portion-wise to form a dark purple
solution. Then, calcium sulphate (ca. 3 g) was added in one portion. The dark suspension warmed up
instantly and manganese(IV) oxide started to precipitate. The reaction mixture was then stirred at
room temperature until the solution turned colourless (ca. 1 h) and more potassium permanganate
(2.12 g, 26.83 mmol) was added. The resulting suspension was stirred again until the supernatant
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liquids were colourless (ca. 1 h) and filtered through a plug of Celite. The Celite was then washed
with acetone and the combined acetone filtrates were rotavaporated to dryness at 45 ºC and a
pressure of 200 mbar leaving behind a pale yellow liquid. Slow cooling of the liquid to room
temperature resulted in the formation of crystalline 2, which was shortly dried under high vacuum
(0.581 g, 45 %). No further purification was necessary. Needle-like single crystals of the compound
were grown by letting the concentrated mother liquors after rotavaporation stand at room temperature
over ca. 3 days. C4H10N4O (MW = 130.15 g mol−1, calc./found): C 36.91 / 36.73, H 7.74 / 7.63, N
43.05 / 42.83; DSC (5 °C min−1): two endothermic peaks (Peak 1: sharp, onset: 54.0 ºC, maximum:
56.8 ºC, Peak 2: broad, onset: 196.2 ºC, maximum: 213.6 ºC) one exothermic peak (sharp, onset:
182.5 ºC, maximum: 186.3 ºC); Retention time (GC, min): 22.25 (acetone); m/z (GC-MS, ESI):
131.1 (7, [M+H]), 130.1 (100, [M]), 101.2 (3, [M CHO]), 87.1 (15, [M+H N(CH3)2]), 86.1 (7,
[M N(CH3)2]), 73.1 (6, [HN=NN(CH3)2]), 59.2 (61, [HN(CH3)(CHO)]), 43.2 (48, [CH2=N(CH3)]),
28.2 (28, [N2]), 15.2 (12, [CH3]); m/z (CHCl3/MeOH, ESI-ToF): 283.2 (39, [2M+Na]), 261.2 (41,
[2M+H]), 153.1 (22, [M+Na]), 131.1 (100, [M+H]), 130.1 (1, [M]); 1H NMR (CDCl3, 400.18 MHz,
TMS) δ/ppm: 3.05 (6 H, s, CH3), 3.19 (3 H, s, CH3), 8.78 (1 H, s, CHO); 13C {1H} NMR (CDCl3,
100.52 MHz, TMS) δ/ppm: 27.09 (1 C, N CH3), 40.19 (2 C, N CH3), 163.23 (1 C, CHO); 15N NMR
(CDCl3, 40.51 MHz, NH3) δ/ppm: +413.0 (1 N, s, N3), +358.8 (1 N, s, N2), +186.2 (1 N, s, N1),
+125.8 (1 N, s, N4); Raman v~ /cm−1 (rel. int.): 3014(47), 2972(23), 2927(26), 2898(27), 2875(18),
2804(10), 1692(4), 1663(73), 1474(100), 1459(27), 1429(94), 1408(14), 1399(12), 1380(15),
1369(30), 1301(11), 1204(43), 1138(12), 1097(3), 1051(2), 1025(25), 904(18), 850(1), 738(2),
584(25), 506(2), 417(10), 386(21), 342(9), 309(23); IR v~ /cm–1 (golden gate, rel. int.): 3032(w)
2972(w) 2944(w) 2893(w) 2890(w) 2801(w) 1749(w) 1663(s) 1472(m) 1443(m) 1409(m) 1400(m)
1385(m) 1368(m) 1298(m) 1227(m) 1204(m) 1140(w) 1093(w) 1052(w) 1027(s) 904(w) 847(m)
738(m) 669(w) 583(m).
(E)-1,4-Diformyl-1,4-dimethyl-2-tetrazene (3): Method 1: Compound 3 was initially synthesized
according to a modified reported procedure18 following the method described above for compound 2
and using the following amounts of reagents: 1 (2.32 g, 20.0 mmol), acetone (200 mL), potassium
permanganate (8.48 g, 53.66 mmol), no calcium sulphate was added, reaction time ca. 19 h.
Prismatic single crystals of the title compound separated out after rotavaporating the mother liquors
and letting them stand for ca. 10 days at room temperature (0.451 g, 16%). Method 2: The following
method allowed to obtain an increased yield of 2-tetrazene 3: FMH (see synthesis below) (10.00 g,
134.90 mmol) was dissolved in acetone (150 mL) and cooled to 0 ºC. Solid potassium permanganate
(14.47 g, 91.56 mmol) was then added slowly. A brown suspension was formed and the reaction
mixture was left to reach room temperature and stirred for 6 h. The insoluble manganese(IV) oxide
was then filtered through Celite and the volatiles of the resulting solution were removed under
reduced pressure at 50 ºC. Crystals of the title compound separated upon cooling of the yellow
solution to room temperature and the yield could be increased by storing the mother liquors in the
fridge overnight (5.68 g, 51% based on FMH). C4H8N4O2 (MW = 144.13 g mol−1, calc./found): C
33.33 / 33.21, H 5.59 / 5.69, N 38.87 / 38.67; DSC (5 °C min−1): two endothermic peaks (Peak 1:
sharp, onset: 164.0 ºC, maximum: 166.0 ºC, Peak 2: broad, onset: 194.8 ºC, maximum: 197.2 ºC),
one exothermic peak (sharp, onset: 201.4 ºC, maximum: 204.2 ºC); Retention time (GC, min): 23.52
(acetone); m/z (GC-MS, ESI): 145.1 (5, [M+H]), 144.1 (97, [M]), 87.1 (3, [M+H N(CH3)2]), 86.1 (7,
[M N(CH3)2]), 73.1 (20, [HN=NN(CH3)2]), 59.2 (31, [HN(CH3)(CHO)]), 43.2 (100, [CH2=N(CH3)]),
48.2 (28, [N2]), 15.2 (21, [CH3]); 1H NMR (CDCl3, 400.18 MHz, TMS) δ/ppm: 3.32 (6 H, s, CH3),
8.94 (2 H, s, CHO); 13C {1H} NMR (CDCl3, 100.52 MHz, TMS) δ/ppm: 27.11 (1 C, N CH3), 163.37
(1 C, CHO); 15N NMR (CDCl3, 40.51 MHz, NH3) δ/ppm: +391.7 (1 N, s, N2), +193.2 (1 N, s, N1);
Raman v~ /cm−1 (rel. int.): 3036(3), 2997(4), 2958(5), 2921(7), 2882(15), 1711(6), 1683(16),
1502(100), 1418(1), 1395(12), 1377(5), 1348(1), 1229(12), 1128(1), 1064(3), 1026(1), 904(4),
791(1), 418(9), 370(1), 321(3), 291(5); IR v~ /cm–1 (golden gate, rel. int.): 3035(w) 2996(w) 2955(w)
2918(w) 1756(w) 1665(m) 1647(m) 1467(m) 1445(w) 1410(w) 1400(w) 1390(w) 1338(s) 1272(w)
1226(m) 1128(w) 1087(w) 1031(s) 1021(s) 851(m) 668(m) 604(w) 573(s).
1-Formyl-1-methylhydrazine (FMH): The synthesis of FMH was carried out according to a
modified literature procedure19: 98% 1-methylhydrazine (10.5 mL, 9.187 g, 195.44 mmol) was
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loaded in a 100 mL round-bottom flask and dissolved in ethanol (15 mL). To this solution, 97% ethyl
formiate (16.0 mL, 14.672 g, 192.11 mmol) was added portion-wise. A very exothermic reaction
took place and the reaction flask was immersed in an oil bath and refluxed for 6 h. After this time the
initial colorless solution had turned bright yellow and the solvent was removed by means of a
rotatory evaporator at 50 ºC. The yellow residue left in the flask was transferred into a suitable size
distillation flask and distilled using a 10 cm length cylinder-filled column under vacuum (10.692 g,
75%). C2H6N2O (MW = 74.08 g mol−1, calc./found): C 32.43 / 32.25, H 8.16 / 8.15, N 37.81 /
37.73%; DSC (5 °C min−1): >170 ºC (dec.), 199 200 (b.p); Retention time (GC, min): 20.08
(ethanol); m/z (GC-MS, ESI): 75.2 (1, [M+H]), 74.2 (25, [M]), 59.2 (3, [M CH3]), 46.2 (86), 45.2
(100, [M CHO]), 44.2 (12), 43.2 (17), 31.2 (24), 30.2 (30, [M CH3 CHO]), 29.2 (28, [CHO]), 28.2
(50, [N2]), 18.1 (22, [H2O]), 17.1 (4), 16.2 (2, [NH2]), 15.2 (5, [CH3]); 1H NMR (DMSO-d6, 400.18
MHz, TMS) δ/ppm: 2.86 (3 H, s, CH3), 4.11 (2 H, s(br.), NH2), 7.98 (1 H, s, CHO); 13C NMR
(DMSO-d6, 100.52 MHz, TMS) δ/ppm: 36.85 (1 C, s, CH3), 164.32 (1 C, s, CHO); Raman v~ /cm−1

(rel. int.): 3216(51), 3004(34), 2924(100), 2792(14), 2553(3), 2393(2), 1675(24), 1416(62),
1312(15), 1236(11), 1082(14), 1013(8), 873(21), 849(61), 662(54), 607(3), 445(16), 421(15),
316(18); IR v~ /cm–1 (golden gate, rel. int.): 3446(w) 3315(w) 3213(w) 2924(w) 2882(w) 1652(s)
1484(w) 1418(w) 1398(w) 1359(m) 1234(m) 1081(m) 984(m) 871(m) 849(m) 662(m) 573(w)
563(w).
(E)-1-Aminomethylidene-1,4,4-trimethyl-2-tetrazenium chloride (4): Compound 1 (2.070 g,
17.83 mmol) was dissolved in 10 mL ether at –10 ºC. A solution of chloramine (prepared as above,
90 mL, 34.20 mmol), previously cooled to –10 ºC, was then added portionwise. During addition the
initially colorless solution turned slightly yellow and after 1.5 h reaction time a colorless precipitate
had formed. This suspension was thereafter stirred over ca. 2 days at room temperature. The mother
liquors were then decanted out of the reaction flask and kept aside. The bright yellow solid was
washed twice with ether and dried under vacuum. Extraction with 3*30 mL of an 1:3 ethanol/acetone
mixture resulted in an insoluble colorless solid left behind, which was identified as ammonium
chloride by its IR spectrum (1.388 g). The slightly yellow extracts were then combined and
rotavaporated to dryness to give a yellowish solution with a solid which started to precipitate. The
solid was taken up in the minimum amount of hot ethanol and the hot solution was left to slowly cool
down yielding single crystals of the pure compound suitable for X-ray analysis, which were filtered,
washed with ether and air-dried (0.445 g, 15%). The mother liquors, which had been kept aside, were
then reacted with a freshly prepared chloramine solution in ether and the reaction was repeated
several times. After 5 times, the yield can go as high as 1.249 g (41%). ρ (X-ray) = 1.330 g cm−3;
C4H12N5Cl (MW = 165.62 g mol−1, calc./found): C 29.00 / 28.68, H 7.24 / 7.19, N 42.30 / 40.16;
DSC (5 °C min−1): 203 ºC (dec.); m/z (ESI+, 70 eV, >5%): 129.9 (100, C+); 1H NMR (D2O/DMSO-
d6, 400.18 MHz, TMS) δ/ppm: 3.33 (6 H, s, –CH3), 4.13 (3 H, s, –CH3), 8.01 (1 H, s, C–H), 9.56 (2
H, s(br), –NH2); 13C [1H] NMR (D2O/DMSO-d6, 100.52 MHz, TMS) δ/ppm: 37.9 (2 C, N–CH3), 39.4
(1 C, N–CH3), 150.2 (1 C, C–H); Raman v~ /cm−1 (rel. int.): 3014(1), 2991(2), 2931(3), 1699(3),
1623(5), 1481(11), 1430(10), 1411(18), 1391(100), 1364(15), 1331(20), 1300(24), 1229(14),
1136(8), 1103(6), 1037(55), 907(6), 833(4), 791(3), 749(5), 640(19), 578(3), 541(12), 480(3),
416(6), 333(7), 293(16); IR v~ /cm–1 (golden gate, rel. int.): 3194(w) 2964(s) 2659(w) 2266(vw)
2059(vw) 1702(s) 1622(m) 1560(w) 1496(m) 1481(m) 1447(w) 1436(m) 1391(s) 1363(m) 1337(m)
1300(w) 1232(w) 1132(m) 1101(m) 1035(s) 905(w) 833(w) 796(m) 748(vs) 640(m) 589(w) 578(w).
(E)-1-Aminomethylidene-1,4,4-trimethyl-2-tetrazenium nitrate (5): Solid silver nitrate (0.077 g,
0.45 mmol) was added to a solution of compound 4 (0.075 g, 0.45 mmol) in 4 mL methanol. A
voluminous white precipitate formed immediately and the reaction vessel was covered with
aluminum foil and stirring for 35 min. The precipitate was then filtered through a plug of Celite and
washed with methanol. The methanolic solution was rotavaporated to dryness giving the pure
compound, which was dried under high vacuum (0.086 g, 99%). Single crystals suitable for X-ray
measurements were obtained when a few milligrams of the compound were dissolved in little
methanol and left to slowly evaporate in a 25 mL round-bottom flask. The compound is readily
soluble in water, methanol, ethanol, slightly soluble in acetone or DMSO and insoluble in ether. ρ
(X-ray) = 1.449 g cm−3; C4H12N6O3 (MW = 192.18 g mol−1, calc./found): C 25.00 / 24.82, H 6.29 /
6.06, N 43.73 / 43.29; DSC (5 °C min−1): 164 ºC (dec.); m/z (+c ESI): 130.0 (100, C+); m/z (–c ESI):

372



62.0 (88, A–); 1H NMR (DMSO-d6, 400.18 MHz, TMS) δ/ppm: 10.05 (2 H, s(br), –NH2), 7.33 (1 H,
s, C–H), 4.15 (3 H, s, –CH3), 3.38 (6 H, s, N–CH3); 13C [1H] NMR (DMSO-d6, 100.52 MHz, TMS)
δ/ppm: 37.8 (2 C, N–CH3), 39.2 (1 C, N–CH3), 150.2 (1 C, C–H); 14N NMR (DMSO-d6, 40.51 MHz,
NH3) δ/ppm: +369 (s, NO3

–); Raman v~ /cm−1 (rel. int.): 3132(21), 3049(52), 2934(25), 2804(11),
1706(11), 1476(5), 1400(26), 1386(27), 1301(7), 1219(4), 1127(5), 1065(41), 1044(100), 1021(23),
903(7), 815(4), 721(8), 637(12), 537(10), 469(6), 405(5), 291(11); IR v~ /cm–1 (golden gate, rel. int.):
3113(m) 3016(m) 2805(w) 2360(vw) 2166(vw) 2081(vw) 2049(vw) 1979(vw) 1751(w) 1704(m)
1627(w) 1480(w) 1438(w) 1388(m) 1324(s) 1223(m) 1122(m) 1103(m) 1043(m) 1022(m) 904(w)
830(m) 757(m) 717(w) 708(w) 638(w).
(E)-1-Aminomethylidene-1,4,4-trimethyl-2-tetrazenium perchlorate (6): Compound 4 (0.102 g,
0.61 mmol) was dissolved in 5 mL methanol and reacted with neat anhydrous silver perchlorate
(0.127 g, 0.61 mmol). Immediate precipitation of silver chloride was observed and the reaction
mixture was stirred for 30 min under the exclusion of light. The insoluble materials were gravity-
filtered and washed with methanol into a plastic beaker. The methanolic solution was left to
evaporate to dryness overnight yielding single crystals of the compound. The solid compound was
then washed two times with diethyl ether and left to air-dry (0.137 g, 98%). No further purification
was necessary. The compound is readily soluble in water, methanol, ethanol, slightly soluble in
acetone or DMSO and insoluble in ether. ρ (X-ray) = 1.543 g cm−3; C4H12N5O4Cl (MW = 229.62 g
mol−1, calc./found): C 20.92 / 20.78, H 5.27 / 5.07, N 30.50 / 30.28; DSC (5 °C min−1): >195 ºC
(dec.); m/z (+c ESI): 130.0 (100, C+); m/z (–c ESI): 99.0 (100, A–); 1H NMR (DMSO-d6, 400.18
MHz, TMS) δ/ppm: 10.35 (2 H, s(br), –NH2), 7.13 (1 H, s, C–H), 4.21 (3 H, s, –CH3), 3.39 (9 H, s,
N–CH3); 13C [1H] NMR (DMSO-d6, 100.52 MHz, TMS) δ/ppm: 37.7 (2 C, N–CH3), 39.1 (1 C, N–
CH3), 150.1 (1 C, C–H); 35Cl NMR (DMSO-d6, 49.03 MHz, NaCl) δ/ppm: 1011 (ClO4

–); Raman
v~ /cm−1 (rel. int.): 3028(12), 2964(21), 2937(37), 2874(7), 2809(6), 1696(12), 1599(8), 1475(11),
1440(13), 1421(23), 1387(100), 1334(14), 1301(27), 1221(17), 1128(7), 1110(14), 1051(8),
1018(55), 934(61), 826(3), 635(25), 570(4), 535(15), 460(12); IR v~ /cm–1 (golden gate, rel. int.):
3384(w) 3312(w) 3251(m) 3175(m) 3104(w) 3050w() 3019(w) 2937(w) 2809(w) 2236(vw)
2020(vw) 1702(m) 1598(w) 1493(m) 1459(w) 1434(w) 1411(w) 1386(m) 1368(m) 1333(m) 1224(w)
1068(s) 1014(s) 934(w) 901(w) 826(w) 672(w) 635(w) 620(s).
(E)-1-Aminomethylidene-1,4,4-trimethyl-2-tetrazenium 5,5’-azotetrazolate hexahydrate
(7*6H2O): A solution of compound 4 (0.083 g, 0.50 mmol) in 1 mL hot distilled water (ca. 75 ºC)
was added to a hot solution (ca. 75 ºC) of sodium 5,5’-azotetrazolate pentahydrate (0.076 g, 0.25
mmol) in ca. 2 mL distilled water, producing immediate precipitation of a yellow compound. The
reaction mixture was heated to boiling and left to cool down slowly. After 1 h cooling time,
microcrystals of the title compound had formed. These were filtered and washed with acetone and
ether to give elemental analysis pure material (0.097 g, 73%). The compound is readily soluble in
water, methanol, ethanol, slightly soluble in DMSO and insoluble in acetone or ether. ρ (X-ray) =
1.320 g cm−3; C10H36N20O6 (MW = 532.52 g mol−1, calc./found): C 22.55 / 22.90, H 6.81 / 6.75, N
52.60 / 52.29; DSC (5 °C min−1): 50–100 ºC (water loss), 162 ºC (EX. dec.); m/z (+c ESI): 130.0
(100, C+); m/z (–c ESI): 165.1 (100, [A2– + H+]; 1H NMR (DMSO-d6, 400.18 MHz, TMS) δ/ppm:
9.02 (4 H, s(br), –NH2), 8.08 (2 H, s, C–H), 3.38 (12 H, s(br), H2O), 3.19 (6 H, s, N+–CH3), 3.00 (6
H, s, –CH3), 2.98 (6 H, s, –CH3); 13C {1H} NMR (DMSO-d6, 100.52 MHz, TMS) δ/ppm: 35.2 (2 C,
N–CH3), 36.8 (2 C, N–CH3), 42.3 (2 C, N–CH3), 155.8 (2 C, C–H), 173.2 (2 C, [C2N10]2–); Raman
v~ /cm−1 (rel. int.): 3085(1), 3045(1), 3013(3), 2931(4), 1471(41), 1421(17), 1385(100), 1307(7),
1231(2), 1198(1), 1082(10), 1061(52), 1032(13), 922(11), 829(1), 641(2), 536(1), 484(1), 282(3); IR
v~ /cm–1 (golden gate, rel. int.): 3249(m) 2932(m) 2436(vw) 2205(vw) 2094(vw) 1978(m) 1712(m)
1484(m) 1429(m) 1398(m) 1384(m) 1340(m) 1232(w) 1200(w) 1180(w) 1166(w) 1132(m) 1105(m)
1050(m) 1029(m) 907(w) 773(m) 735(s) 687(m) 638(m) 620(m) 606(m).
(E)-1-Aminomethylidene-1,4,4-trimethyl-2-tetrazenium 5,5’-azotetrazolate (7): The crystal water
in 7*6H2O can be readily removed by heating the compound (0.043 g, 0.12 mmol) overnight to ca.
60 ºC, under high vacuum (quant. yield). ρ (picnometer) = 1.327 g cm−3; C10H24N20 (MW = 424.43 g
mol−1, calc./found): C 28.30 / 28.18, H 5.70 / 5.66, N 66.00 / 65.87; DSC (5 °C min−1): 163 ºC (dec.);
m/z (+c ESI): 130.0 (100, C+); m/z (–c ESI): 165.1 (100, [A2– + H+]; 1H NMR (DMSO-d6, 400.18
MHz, TMS) δ/ppm: 8.99 (4 H, s(br), –NH2), 8.09 (2 H, s, C–H), 3.20 (6 H, s, N+–CH3), 3.00 (6 H, s,
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–CH3), 2.98 (6 H, s, –CH3); 13C {1H} NMR (DMSO-d6, 100.52 MHz, TMS) δ/ppm: 35.2 (1 C, N–
CH3), 36.8 (1 C, N–CH3), 42.2 (1 C, N–CH3), 155.7 (1 C, C–H), 173.2 (2 C, [C2N10]2–); Raman
v~ /cm−1 (rel. int.): 3092(1), 3000(4), 2940(3), 1488(39), 1477(34), 1454(5), 1415(14), 1391(13),
1371(100), 1308(6), 1228(2), 1179(3), 1057(8), 1068(9), 1044(23), 1029(24), 916(12), 836(1),
646(1), 332(1); IR v~ /cm–1 (golden gate, rel. int.): 3003(m) 2935(m) 2825(w) 2490(vw) 1704(m)
1646(m) 1567(w) 1489(m) 1457(w) 1439(w) 1424(w) 1407(w) 1388(s) 1367(m) 1341(m) 1231(m)
1182(w) 1155(w) 1127(w) 1107(m) 1050(m) 1034(m) 1013(m) 908(w) 811(w) 774(m) 732(m)
645(w) 561(w).
(E)-1-Aminomethylidene-1,4,4-trimethyl-2-tetrazenium Picrate (8): Compound 4 (0.331 g, 2.0
mmol) was dissolved in 2 mL distilled water and diethyl ether was added (20 mL). The biphasic
solution was cooled by means of an ice bath an reacted by slow addition of a previously cooled 20 %
aqueous sodium hydroxide solution (3.30 mL, 0.660 g, 16.5 mmol). The ether layer was then
separated and filtered through Drierite into a previously cooled round-bottom flask containing a
suspension of picric acid (0.435 g, 1.9 mmol) in diethyl ether (10 mL). Immediate precipitation of a
yellow powder took place and the reaction mixture was stirred for 15 min. At this point the insoluble
bright yellow powder was filtered, washed with diethyl ether and dried under vacuum (0.601 g,
88%). No further purification was necessary. Single crystals of the compound suitable for the X-ray
experiments where grown by slow evaporation of a methanolic solution. ρ (X-ray) = 1500 g cm−3;
C10H14N8O7 (MW = 358.10 g mol−1, calc./found): C 33.52 / 33.48, H 3.94 / 3.87, N 31.28 / 31.12;
DSC (5 °C min−1): 123 ºC (m.p.), 135 ºC (minor dec.), 225 ºC (major dec.); m/z (+c ESI):
129.9(56, C+), 242.0(100); m/z (–c ESI): 228.1(100, A–), 478.9 (11, [2A– + Na+]–), 729.7(32, [3A– +
2Na+]–); 1H NMR (DMSO-d6, 400.18 MHz, TMS) δ/ppm: 8.59 (2 H, s, H–Ar), 8.21 (1 H, s, C–H),
3.38 (6 H, s, N+–CH3), 3.33 (3 H, s, –CH3); 13C [1H] NMR (DMSO-d6, 100.52 MHz, TMS) δ/ppm:
160.7 (1 C, C1), 150.2 (1 C, C–H), 141.7 (2 C, C2), 125.1 (2 C, C3), 124.0 (1 C, C4), 36.7 (3 C,
CH3); Raman v~ /cm−1 (rel. int.): 3025(1), 2934(1), 2882(42), 1650(8), 1569(12), 1476(4), 1431(3),
1401(5), 1364(27), 1331(75), 1310(100), 1260(15), 1166(4), 1076(2), 1039(5), 945(5), 910(2),
819(14), 717(2), 643(1), 603(1), 546(2), 514(1), 418(1), 376(1), 353(1), 336(7), 298(5), 203(3),
163(7); IR v~ /cm–1 (golden gate, rel. int.): 3353(w) 3217(w) 3097(w) 1705(m) 1629(m) 1599(m)
1556(m) 1480(m) 1428(m) 1402(w) 1389(w) 1362(m) 1328(s) 1250(s) 1161(m) 1135(m) 1101(m)
1076(m) 1052(m) 1031(m) 937(w) 925(w) 908(m) 834(w) 787(m) 744(m) 709(s) 642(m) 604(w)
591(m) 541(m) 522(w) 497(w).
(E)-1-Aminomethylidene-1,4,4-trimethyl-2-tetrazenium azide (9): A solution of sodium azide
(78.5 mg, 1.208 mmol) in 5 mL distilled water was added to a solution of silver nitrate (205.2 mg,
1.208 mmol) in 5 mL of the same solvent contained in a plastic beaker, producing immediate
precipitation of highly sensitive silver azide (!!). The explosive insoluble compound was filtered
under gravity and washed two times with water. Then, it was washed with water into a second plastic
beaker and reacted with compound 4 (100.0 mg, 0.604 mmol) under the exclusion of light. After
overnight reaction, the insoluble materials (careful! excess silver azide is still present) were filtered
off, washed with water and the filtrate was evaporated to dryness under high vacuum and at room
temperature rendering the title compound as a white powder (93.3 mg, 90%). ρ (picnometer) = 1.373
g cm−3; C4H12N8 (MW = 172.19 g mol−1, calc./found): C 27.90 / 27.80, H 7.02 / 6.88, N 65.07 /
64.74; DSC (5 °C min−1): 189 ºC (dec.); m/z (+c ESI): 130.0 (100, C+); m/z (-c ESI): 42.1 (100, A-);
1H NMR (DMSO-d6, 400.18 MHz, TMS) δ/ppm: 8.99 (2 H, s(br.), –NH2), 7.98 (1 H, s, C–H), 3.17
(3 H, s, +N–CH3), 3.00 (3 H, s, N–CH3), 2.98 (3 H, s, N–CH3); 13C [1H] NMR (DMSO-d6, 100.52
MHz, TMS) δ/ppm: 35.2 (2 C, N–CH3), 36.8 (1 C, N–CH3), 155.6 (1 C, C–H); 14N NMR (DMSO-d6,
40.51 MHz, NH3) δ/ppm: +250 (1 N, NNN), +207 (1 N, –N+(CH3)=CHNH2), +104 (1 N, NNN);
Raman v~ /cm−1 (rel. int.): 3018(11), 2991(14), 2965(11), 2934(23), 2804(3), 2034(2), 1651(2),
1486(4), 1423(5), 1398(100), 1368(16), 1353(14), 1334(9), 1303(8), 1233(5), 1137(3), 1106(2),
1040(42), 909(2), 836(1), 645(7), 580(1), 541(5), 485(2), 419(2), 295(17), 180(11); IR v~ /cm–1

(golden gate, rel. int.): 3344(w) 3165(w) 2964(m) 2030(m) 1702(m) 1634(w) 1485(w) 1447(w)
1438(w) 1425(w) 1407(w) 1393(m) 1352(m) 1240(w) 1133(m) 1104(m) 1044(s) 972(w) 907(w)
833(w) 809(w) 774(m) 660(w) 647(w) 629(m) 624(m) 579(w) 537(s) 483(w).
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Results and Discussion

The oxidation of UDMH (1,1-dimethylhydrazine) with chloramine (i.e., NH2-Cl) in ether [20] has
been described to yield mainly 2,2-dimethyltriazanium chloride ([(CH3)2N(NH2)2]+Cl-). We found
out that the reaction of UDMH with NH2-Cl buffer aqueous solution (pH (NH4Cl/NH3) ~10) yielded
(E)-1,1,4,4-tetramethyltetrazene (1) in yields ranging from 80 to 90% and purities 99% after
distillation (Scheme 1).
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Scheme 1. Synthesis of compounds 1-9 (UDMH = 1,1-dimethylhydrazine, MMH =
monomethylhydrazine, FMH = 1-formyl-1-methylhydrazine).

Thun et al. reported the preparation of (E)-1-formyl-1,4,4-trimethyl-2-tetrazene (2) and (E)-1,4-
diformyl-1,4-dimethyl-2-tetrazene (3).18 However, we were unable to reproduce these results.
Additionally, the authors did not provide physical properties or proof for the structure of the
materials. The reaction of 1 with one equivalent of potassium permanganate in acetone yielded
compound 2 according to Scheme 1. Using a large excess of potassium permanganate only allowed
us to obtain small amounts of compound 3 and 2 was isolated as the major product. Therefore, we
decided to find an alternative procedure for the synthesis of 3 and monomethylhydrazine (MMH) was
reacted with ethyl formiate to form 1-formyl-1-methylhydrazine (FMH). Subsequently, FMH was
reacted with potassium permanganate to give an improved yield of 3. We found that compound 1 can
further react with an ether solution of chloramine to form (E)-1-aminomethylidene-1,4,4-trimethyl-2-
tetrazenium chloride (4). Compound 4 was obtained as a colorless crystalline solid and we exchanged
the chloride anion by a series of energetic anions to form compounds 5-9 (nitrate (5), perchlorate (6),
5,5´-azobistetrazolate (7*6H2O), picrate (8) and azide (9)). Additionally, the water of crystallization
in salt 7*6H2O could be eliminated to form the anhydrous material (7).

Compounds 2 and 3 were analyzed by 15N NMR spectroscopy. Figure 2 shows a plot of the 15N
NMR spectra of compounds 2 and 3 with the labelling scheme. The monoformyl derivative 2 shows
four resonances for the different nitrogen atoms of the azo bridge (δN3 = 413.0 and δN2 = 358.8 ppm),
the –NMe2 moiety (δN4 = 125.8 ppm) and the N(CHO)Me fragment (δN1 = 186.2 ppm). By
comparison, compound 3 shows only two resonances, one for the azo bridge (δN2 = 391.7 ppm) and
one for the N(CHO)Me fragment (δN1 = 193.2 ppm).
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Figure 2. 15N NMR spectra of compounds 2 (top) and 3 (bottom) in CDCl3 (NH3 as external
reference).

X-ray studies clearly confirmed the trans-geometry of the double bond in the 2-tetrazenes
derivatives synthesized. Figure 3 shows a view of one of the planar layers form in the structure of
compound 2. These layers interact via weak unclassical hydrogen bonds (C8–O5ii = 3.791(6) Å,
symmetry code: (ii) –x, y, 1 z), which yield ring networks. The other two unclassical hydrogen
bonds found in the structure (C9∙∙∙O5i = 3.477(6) Å and C18∙∙∙O14i = 3.478(6) Å, symmetry code: (i)
1+x, 1+y, z) link the different molecules of 2 to form C1,1(8) infinite chains.

Figure 3. View of a layer in the crystal structure of 2 with the hydrogen-bonding (dotted lines
and the C1,1(8) hydrogen-bonded networks.
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3 (Figure 4) is involved in two very directional interactions (C H O angles = 169.0(1)º and
175.2(1)º, respectively), between the oxygen atoms of one molecule of 3 and the hydrogen atoms of a
second molecule. The two unclassical hydrogen bonds (C4∙∙∙O5i = 3.474(2) Å and C3∙∙O5ii = 3.590(2)
Å, symmetry codes: (i) x, 0.5 y, 0.5+z, (ii) 1+x, y, z) describe different graph-set patterns such as
chain motifs of the type C1,1(X) (X = 3, 5, 8), C1,2(X) (X = 6, 9), C2,2(X) (X = 8, 11, 13, 16) and
one R2,2(16) ring motif.

Figure 4. Packing in the crystal structure of 3 showing the hydrogen-bonding (dotted lines) and
the formation of a R2,2(16) hydrogen-bonded ring pattern.

The coplanarity between cation and anion in the structure of salt 4 (Figure 5) accounts for the
formation of planar layers with hydrogen bonding between the –NH2 groups and the chlorine atoms
(N1∙∙∙Cl = 3.293(5) Å and N1∙∙∙Cli = 3.135(3) Å; symmetry code: (i) 0.5+x, 1.5–y, 0.5–z). The CH3

groups and the chlorine atoms show weak interactions between layers with C4∙∙∙Clii = 3.817(3) Å
(symmetry code: (ii) 1–x, 0.5+y, 1–z). The hydrogen bonds found in a layer combine to form chain
patterns with the graph-set descriptor C1,2(4).

Figure 5. View of a layer in the crystal structure of salt 4 with the hydrogen bonding (dotted
lines) and the C1,2(4) chain graph-sets.

The crystal structures of the nitrate salt 5 (Figure 6) and the perchlorate salt 6 (Figure 7) share
some common features. For example, both nitrate and perchlorate salts participate in the formation of
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three hydrogen bonds between the –NH2 group of the cation and one of the oxygen atoms of the
anion, which describe C2,2(6) chain patterns and R2,1(4) ring graph-sets. The R2,1(4) ring patterns
in the nitrate salt 3 are formed by two hydrogen bonds involving one hydrogen atom of the cation and
two oxygen atoms of the anion (N1•••O3iii = 3.033(3) and N1•••O2iii = 3.034(3) Å; symmetry code:
(iii) 1.5–x, 0.5+y, 1.5–z).

Figure 6. Hydrogen bonding (dotted lines) in a layer and R2,1(4) ring graph-sets (depicted by
*) in the crystal structure of salt 5.

The layers in the crystal structure of compound 5 are not planar and the nitrate anions are tilted out
of the plane of the cation. The anions are involved in unclassical hydrogen bonding between layers
with the –CH3 group of the cation (C1•••O2i = 3.132(3) and C3•••O3ii = 3.346(3) Å; symmetry codes:
(i) x, 1+y, z; (ii) 0.5+x, 1.5–y, –0.5+z). The formation of unclassical hydrogen bonds in compound 5
is supported by two factors: i) the relatively high directionality of the interactions and ii) the short
distances between the proton and the acceptor atom, well below the sum of the van der Waals radii
(rO + rH = 2.7 Å).21

In analogy to the structures of compounds 4 and 5, the cations in 6 are nearly coplanar, however,
the sp3-hybridized perchlorate anions does not allow the formation of planar layers. The anions in
compound 6 participate in the formation of unclassical hydrogen bonds (C2•••O1i = 3.411(5),
C1•••O1i = 3.284(5), C3•••O4ii = 3.378(5) and C4•••O1 = 3.384(5) Å; symmetry code: (i) x, –1+y, z;
(ii) 2–x, 2–y, 1–z) and dispose in a zig-zag array forming hydrogen bonds to the cations. The R2,1(4)
ring motifs are formed by the interaction of the –NH2 group and two oxygen atoms of the same
perchlorate anion (N1•••O3iii = 2.986(5) and N1•••O4iii = 3.269(5) Å; symmetry code: (iii) 1.5–x, –
0.5+y, 1.5–z).

Figure 7. Hydrogen bonding (dotted lines) in a layer and R2,1(4) ring graph-sets (depicted by
*) in the crystal structure of salt 6.
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7*6H2O crystallizes as an hexahydrate (Figure 8). Half of the 5,5´-azobistetrazolate anion can be
generated by symmetry (symmetry code: (i) 1–x, 1–y, 1–z) so that the asymmetric unit is formed by
three molecules of water, one cation and half an anion. Five of the crystallographically independent
hydrogen bonds form D1,1(2) dimmeric interactions and the remaining three form dimmeric graph-
sets with the descriptors D1,1(2)[D2,2(8)] and D1,1(2)[D2,2(10)]. Excepting the azo-bridge nitrogen
atoms, all nitrogen atoms in the 5,5´-azobistetrazolate anion participate in the formation of hydrogen
bonding.

Figure 8. Hydrogen bonding (dotted lines) in the crystal structure of salt 7*6H2O.

Contrary to previously reported azolium salts of the picrate anion,22 there is no indication for the
formation of unclassical C•••O hydrogen bonds between anions in the structure of 8. The only
unclassical hydrogen bonds are formed by interaction between the cations and the anions (C1•••O3iii

= 3.346(4) Å; symmetry code: (iii) 1–x, –0.5+y, 2–z). Additionally, the three classical hydrogen
bonds form D1,1(2) dimmeric networks (primary level) and chain C2,2(X) (X = 6, 8) and ring
R2,1(6) graph-sets. The latter are represented in Figure 9.

Figure 9. View along the b-axis of the unit cell of salt 8 with the hydrogen bonding (dotted lines)
and the R2,1(6) ring graph-sets (depicted by *).
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Compound 1 was obtained as a pale yellow liquid, which decomposes at ca. 130 ºC and shows
hypergolic properties when mixed with a strong oxidizer such as red-fuming nitric acid. The
remainder of the compounds in this work (2-9) are solid at room temperature. Table 1 contains a
summary of some physical and chemical properties of interest for compounds 2 and 3. Both 2 and 3
show distinctive melting points in the DSC analysis at ca. 54 ºC (2) and ca. 164 ºC (3). 2 is thermally
stable up to ca. 182 ºC and can easily be purified by sublimation. On the other hand, the higher-
melting diformyl derivative 3 boils without decomposition at ca. 195 ºC.

Physical and chemical properties of 2-tetrazenes 2 and 3.
trans-2 trans-3

Formula C4H10N4O C4H8N4O2

Mol. Mass (g mol–1) 130.15 144.13
m.p. (ºC)[a] 54.0, 164.0
Td (ºC)[b] 182.5 201.4
N (%)[c] 43.05 38.87
N + O (%)[d] 55.33 61.07
Ω (%)[e] –147.5 –111.0
ρ (g cm3)[f] 1.292 1.396
∆U°f / kJ kg–1 [g] +495 747
∆H°f / kJ kg–1 [h] +352 867

[a] Chemical melting point and [b] decomposition point (DSC onsets) from measurement with β = 5
ºC min–1; [c] Nitrogen percentage; [d] Combined oxygen and nitrogen contents; [e] Oxygen balance;
[f] Calculated density (from X-ray measurements); [g] Predicted energy of formation; [h] Predicted
enthalpy of formation

As shown in Table 2, compound 2 is formed endothermically (ΔfH°(trans-2) = +45.8 kJ mol 1 and
ΔfH°(cis-2) = +108.7 kJ mol 1) whereas the diformyl derivative 3 is a slightly exothermic compound
(ΔfH°(trans-3) = 125.1 kJ mol 1 and ΔfH°(cis-3) = 44.2 kJ mol 1).

Table 2. Enthalpies (ΔfH°) and energies of formation (ΔfU°) of compounds 2 and 3 in the solid
state.

ΔfH°(g) /
kcal mol 1

ΔfH°(s) /
kcal mol 1

ΔfH°(s) /
kJ mol 1

Δn[a] ΔfU°(s) /
kcal mol 1

M /
g mol 1

ΔfU°(s) /
kJ kg 1

trans-2 +25.6 +10.9 +45.8 7.5 +15.4 130.15 +495.0
trans-3 10.2 29.9 125.1 7 25.7 144.13 747.7
cis-2 +40.6 +26.0 +108.7 7.5 +30.4 130.15 +978.5
cis-3 +9.0 10.5 44.2 7 6.4 144.13 186.8

[a] Δn = change of moles of gaseous components in the formation of compounds 2 and 3.

Heating a small sample of compounds 5-9 in the DSC apparatus gave rapid decomposition without
melting for all compounds except for the picrate salt 8 (m.p. = 123 ºC). Salts 4, 5, 6, 7*6H2O, 7 and 9
decompose in the range between 160 and 205 ºC, whereas salt 8 exhibits the highest thermal stability
at 225 ºC. According to the DSC results, salts 5-9 have relatively high thermal stabilities, which
might be attributed to the extensive hydrogen bonding found in the solid state.
Table 3 contains a summary of the values for the sensitivity of the compounds towards friction,
impact and electrostatic discharge together with relevant performance data. The most sensitive of all
compounds is the better oxygen-balanced perchlorate salt, which has an impact sensitivity
comparable to that of TNT (i = 15 J) and is slightly less sensitive towards friction than RDX (f = 120
N).23 The nitrate salt is significantly less sensitive towards impact and friction than the perchlorate
salt (i = 30 J and f = 300 N) and only the azide salt shows friction sensitivity (f = 200 N). The lower
sensitivity of the compounds in this study in comparison to commonly used energetic materials, can
be explained in terms of the nature of the ions and of the hydrogen bonding, which plays and
stabilizing role.
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In addition to sensitivity data, we also assessed the thermodynamics and performance data of
energetic materials (Table 4).

).23

Table 3. Initial safety testing results and predicted energetic performance of salts
Tex (K)
[a]

V0 (L kg–

1) [b]
Pdet

(kbar) [c]
D (m s–

1) [d]
Isp (s)
[e]

Impact
(J) [f]

Friction
(N) [f]

Thermal
Shock

5 2815 825 200.8 7598 206 >30 >300 deflagrates
6 [g] 3519 786 222.4 7651 225 >15 >150 explodes
7*6H2O 2815 854 177.2 7371 214 >40 >360 deflagrates
7 1855 751 169.3 7258 207 >25 >360 explodes
8 3233 689 180.0 7080 200 >40 >360 burns slow
9 2524 800 191.1 7577 223 >30 >200 burns fast
[a] Temperature of the explosion gases; [b] Volume of the explosion gases; [c] Detonation pressure;
[d] Detonation velocity; [e] Specific impulse (isobaric combustion for the mixture at a chamber
pressure = 60.0 bar); [f] Impact and friction sensitivities; [g] 1% TFNA = trifluoro-trinitro-azahexane
was added to calculate the detonation parameters of the perchlorate salt 6.

Table 4. Physical and chemical properties of salts 5-9.
5 6 7*6H2O 7 8 9

Formula C4H12N6O3 C4H12N5O4Cl C10H36N20O6 C10H24N20 C10H14N8O7 C4H12N8

Mol. Mass / g mol–1 192.18 229.62 532.52 424.43 358.10 172.19
Tm / ºC [a] – – – – 123 –
Td / ºC [b] 164 195 162 163 225 189
Ω / % [c] –91 –66 –96 –120 –89 –130
ρ / g cm–3 [d] 1.449 1.543 1.320 1.327 1.500 1.373*
∆fHº (g, Cat+) / kJ mol–1 [e] +884 +884 +884 +884 +884 +884
∆fHº (g, An–) / kJ mol–1 [e] –312 –276 +773 +773 –369 +191
∆UL / kJ mol–1 [f] +492 +477 +955 +1046 +423 +499
∆HL / kJ mol–1 [f] +497 +482 +962 +1053 +428 +503
∆fHº (s) / kJ mol–1 [g] +74 +125 +695 +604 +86 +572
∆fUº (s) / kJ kg–1 [g] +524 +787 +1450 +1553 +342 +3469

Summary

Oxidation of 1,1-dimethylhydrazine with aqueous chloramine gives (E)-1,1,4,4-tetramethyl-2-
tetrazene (1) as a pale yellow solid with hypergolic properties. 1 can be oxidized with potassium
permanganate to form (E)-1-formyl-1,4,4-trimethyl-2-tetrazene (2) and (E)-1,4-diformyl-1,4-
dimethyl-2-tetrazene (3) as highly crystalline solids. 3 was best synthesized by oxidation of 1-formyl-
1-methylhydrazine (FMH) with potassium permanganate. Additionally, 1 can further react with an
ether solution of chloramine to form a stable 2-tetrazenium cation as the chloride salt (4). 4 could
undergo metathesis reactions to form a series of energetic salts based on a 2-tetrazenium cation
(compounds 5-9). All compounds in this work were characterized by analytical and spectroscopic
methods and the solid state structures of compounds 2-9 were determined by low temperature X-ray
crystallography. Additionally, the hydrogen bonding networks found in the structure of the
compounds were described in detail. DSC analysis revealed relatively high chemical and thermal
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stabilities for all compounds except for 1 and sensitivity tests showed decreased sensitivities towards
impact and friction for all compounds. Lastly, quantum mechanical methods allowed to obtain the
energies of formation of the compounds, and useful performance data. These results revealed
detonation velocities for compounds 5-9, which are higher than that of commonly used TNT and
specific impulses comparable to recently reported materials. All this make compounds 2 and 3 useful
building blocks for the synthesis of energetic materials and salts 5-9 are of prospective interest for
energetic applications requiring low sensitivity and low toxicity.
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ABSTRACT 

 
Linear burning rates and rates-of-pressure-rise of some guanidine derivative 
compound/ammonium nitrate (AN)/copper(II) oxide (CuO) mixtures, where guanidine 
derivative compound was either guanidine nitrate (GN) or nitroguanidine (NQ), were measured. 
While GN/AN/CuO 5 wt% mixture has shown the maximum linear burning rate among 

GN/AN/CuO mixtures that were studied, and also close to that of GN/Sr(NO3)2 (SrN)/ basic copper 

nitrate (BCN) mixture that is patented and is used commercially as gas generating agent for airbag 

inflators, all NQ/AN/CuO mixtures that were studied has shown equivalent burning rates and also 

equivalent to that of GN/SrN/BCN mixture. As for the average rate-of-pressure-rise, GN/ AN/ CuO 5 

wt% mixture has also shown the maximum value among the GN/AN/CuO mixtures that were 

studied and also equivalent to that of GN/SrN/BCN mixture, while NQ/ AN/ CuO 10 wt% mixture 

has shown the maximum value among the NQ/AN/CuO mixture that were studied, and also 

exceeding that of GN/SrN/BCN mixture. Meanwhile, temperature profile measurements and 

apparent activation energy measurements of decomposition reactions in condensed phase zones for 

both GN/AN/CuO mixtures and NQ/AN/CuO mixtures suggested that the addition of CuO 

accelerates thermal decomposition reaction for both GN/AN mixtures and NQ/AN mixtures. 

  

Introduction 
There have been a number of researches and developments throughout the years regarding 

ammonium nitrate (AN) based gas generating agents for automobile airbag inflators(1)-(4). In order to 

use AN for a new gas generating agent in automobile airbag systems, the burning characteristics of 

AN based mixtures need to be improved. In this study, either of guanidine derivative compounds, 

guanidine nitrate (GN) or nitroguanidine (NQ), was selected as fuel component, and to improve 

burning characteristics, copper(II) oxide (CuO) was selected as an additive. Burning characteristics 

of guanidine derivative compound/AN/CuO mixtures were measured through linear burning rate test 

and rate-of-pressure-rise test. In addition, temperature profile measurements were conducted.  
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Experimental 
Sample preparation 

GN, NQ and AN were dried separately under reduced-pressure, and they were crushed 

separately through separate ball mills, and subsequently sieved separately to particle size ranges 

between 75~150 m, 75~150 m and 75~149 m, respectively. After either of the guanidine 

derivative compound and AN were mixed at stoichiometric ratio, 5-20 parts by weight of dried CuO 

was added to 100 parts of GN/AN mixture or NQ/AN mixture and they were mixed mechanically. 

 

Linear burning rate test 

Approximately 4 g mixture was pressed by using a hydraulic press at 190 MPa to produce a 

cylindrical pellet with 14.7 mm in diameter. The side surface of cylindrical sample pellet was coated 

with flame-resistant silicone sealant (TSE3941, Momentive Performance Materials), to prevent 

flame propagation along the side surface. Linear burning rate tests were carried out in a 1 L closed 

vessel. We tested GN/AN/CuO mixtures and NQ/AN/CuO mixtures, in which the CuO content was 

1, 5, 10, or 20 parts by weight to 100 parts for GN/AN mixture and 5, 10, or 20 parts by weight to 

100 parts for NQ/AN mixture; and GN/SrN/BCN mixture for comparison. The sample was ignited 

by nichrome wire under 0.1~10 MPa (initial gauge pressure) nitrogen atmosphere at a designated 

temperature of 298 K. The linear burning rate, r, was obtained from the length of the pellet and the 

time taken from the onset of pressure-rise to the peak pressure.  

 

Rate-of-pressure-rise test 

A cylindrical pellet of approximately 4 g (made by the same process as above) without 

restrictor was produced and the rate-of-pressure-rise tests were carried out in the same closed vessel. 

After setting up the pellet in the vessel, the pellet was ignited by heated nichrome wire under 

nitrogen atmosphere pressurized at an initial gauge pressure of 2 MPa, with a designated temperature 

of 298 K. The rate-of-pressure-rise, ( P/ ), was obtained from the amount of the pressure rise, 

P, and the time taken from the onset of pressure-rise to the peak pressure, t. The test was carried 

out three times for each mixture, and these average values, ( P)av, ( t)avand ( P/ )av, 

respectively, were calculated. 

 

Temperature history measurement  

Approximately 1 g mixture was pressed at 400 MPa to produce a sample pellet with 10.5 mm 

in diameter, with embedded 50 μm diameter type-K (alumel-chromel) thermocouple. Burning tests 

were carried out under 2 MPa nitrogen atmosphere at 298 K. The onset temperature of the 

condensed zone, Tc, the combustion surface temperature, Ts, and thickness of condensed phase zone 

below the burning surface were estimated by application of the method by Sabadell et al.(5). 
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Figure 2. Linear burning rate data for NQ/AN/CuO mixtures. 

Measurement of apparent activation energy 

DSC tests were carried out for the above GN/AN/CuO mixtures and NQ/AN/CuO 
mixtures by using DSC-50 (Shimadzu, Co. Ltd.), heating one of these samples at  [K 
min-1] in N2 atmosphere (flow rate 50 ml min-1) and plotting Kissinger plot(6) for each 
mixture, in order to estimate apparent activation energy, Ea, of possible decomposition 
reaction inside condensed phase zone of these heated mixtures.  
 
Results and discussion 

Linear burning rate test 

Figures 1 and 2 show the correlations between r and average absolute pressure, P, for 

GN/AN/CuO mixtures and NQ/AN/CuO mixtures, respectively. 

 

Figure 1. Linear burning rate data for GN/AN/CuO mixtures. 

 

 

 

 

 

 

 

 

 

 

 

 

Correlation between r and P could be approximated by equation (1), which is known as 
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Vieille’s equation. 

r=aPn         (1)    

where a is a pre-exponential constant and n is a pressure exponent. GN/AN/CuO 5 wt% mixture has 

shown the maximum r among GN/AN/CuO mixtures and it was close to that of GN/SrN/BCN 

mixture, while all NQ/AN/CuO mixtures studied have shown similar r and they were also equivalent 

to that of GN/SrN/BCN mixture. 

It was also shown from these graphs that while GN/AN/CuO 1 wt% mixture could not sustain 

burning at 0.5 MPa or below, and 5 wt% mixture could not sustain burning at 0.1 MPa, 10 wt% and 

20 wt% mixtures were able to burn at an initial gauge pressure between 0.1~10 MPa, even though 

the data of CuO 10 wt% at 0.1 MPa could not be fitted by a single straight line, suggesting that there 

are two straight approximation lines that could be drawn below and above approximately 1 MPa. It 

was also found that the addition of CuO enhanced the combustion of GN/AN stoichiometric mixture 

which, by itself, did not burn at 0.1~10 MPa. Meanwhile, sustained burning was observed from 0.1 

MPa and above for all NQ/AN/CuO mixtures that were studied. It was also found that the addition of 

CuO also enhanced the combustion of NQ/AN stoichiometric mixture which, by itself, did not burn 

at 0.1~10 MPa also, 

 

Table 1. Summary of linear burning rate test result for GN/AN/CuO mixtures and NQ/AN/CuO mixtures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Rate-of-pressure-rise test 

Table 2 gives the summary of the rate-of-pressure-rise test for both GN/AN/CuO mixtures and 

NQ/AN/CuO mixtures. It was shown for GN/AN/CuO mixtures, that 5 wt% mixture has shown the 

maximum ( P)av, and it was the same as that of GN/SrN/BCN mixture, while all NQ/AN/CuO 

Mixtures 

Amount 

of CuO 

[wt%] 

a n P [MPa]

 1 0.97 0.76 1.0 10

 5 2.05 0.58 0.5 10

GN/AN/CuO 
10 

1.28 0.80 0.9 10

 1.11 0.15 0.1 0.9

 20 1.39 0.72 0.1 10

 5 2.40 0.55 0.1 10

NQ/AN/CuO 10 2.64 0.53 0.1 10

 20 2.51 0.53 0.1 10

GN/Sr(NO3)2/BCN 2.59 0.48 0.1 10
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mixtures exceeded in ( P)av, as compared to GN/SrN/BCN mixture, and that NQ/AN/CuO 10 wt% 

mixture has shown the maximum value. 

 

 Table 2. Summary of rate-of-pressure-rise test for GN/AN/CuO mixtures and NQ/AN/CuO mixtures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Temperature history measurement 

Figure 3 shows Tc for GN/AN/CuO mixtures and NQ/AN/CuO mixtures. Regardless of the 

amount of CuO that was added, Tc were in the proximity of 400~450 K. 

Figures 4 and 5 show Ts and thickness of condensed phase, respectively for GN/AN/CuO 

mixtures and NQ/AN/CuO mixtures. For both GN/AN/CuO mixtures and NQ/AN/CuO mixtures, 

there were tendencies for Ts to become lower with the increase in the amount of CuO additive, while 

there were tendencies for the thickness of condensed phase zone to decrease. There were also wide 

deviations for both sets of data, possibly because of the non-uniformity in the condensed phase zone.  

.    

 

 

 

 

 

 

 

 

 

 

Mixture 

Amount of 

CuO added 

 [wt%] 

( P)av 

[MPa] 

( t)av

[s] 

( P/ )av

[MPa s-1] 

GN/AN/CuO

1 0.46 6.29 0.073 

5 0.57 4.51 0.126 

10 0.49 4.76 0.103 

20 0.48 4.49 0.106 

NQ/AN/CuO

5 0.60 3.85 0.156 

10 0.63 3.43 0.184 

20 0.58 3.35 0.172 

GN/Sr(NO3)2/BCN 0.53 4.19 0.126 

Figure 3.  Effect of the amount of CuO on the onset temperature, Tc, of condensed phase  

for GN/AN/CuO mixtures and NQ/AN/CuO mixtures.
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Figure 4.  Effect of the amount of CuO on the burning surface temperature, Ts, 

for GN/AN/CuO mixtures and NQ/AN/CuO mixtures. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Effect of the amount of CuO on the thickness of condensed phase 

for GN/AN/CuO mixtures and NQ/AN/CuO mixtures. 

 

Measurement of apparent activation energies 

Kissinger plots for GN/AN/CuO mixtures and NQ/AN/CuO mixtures are shown in Figures 6 and 

7, respectively, and the estimated Ea of these mixtures that were derived from these plots are shown 

in Table 3. It was shown for both mixtures that there were tendencies for Ea to become lower with an 

increase in the amount of CuO additive, which suggests that the addition of CuO accelerates thermal 

decomposition reaction of both GN/AN mixtures and NQ/AN mixtures(1). 
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Figure 6. Kissinger plots for GN/AN/CuO mixtures. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Kissinger plots for NQ/AN/CuO mixtures. 

 

 

 

 

   

 

 

 

 

 

 

 

Mixture Ea [kJ mol-1] 

GN/AN/CuO 1 % 223 

GN/AN/CuO 5 % 197 

GN/AN/CuO 10 % 129 

GN/AN/CuO 20 % 71 

GN/AN/CuO 5 % 238 

GN/AN/CuO 10 % 159 

GN/AN/CuO 20 % 166 

Table 3. Apparent activation energies for GN/AN/CuO mixtures and NQ/AN/CuO mixtures. 
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Conclusions 
It was found that the addition of CuO accelerated the burning of both GN/AN mixtures and 

NQ/AN mixtures, and that GN/AN/CuO 5 wt% mixture has shown the maximum burning rate 

among GN/AN/CuO mixtures and it was close to that of GN/SrN/BCN mixture, while all 

NQ/AN/CuO mixtures studied have shown similar burning rates and they were also equivalent to 

that of GN/SrN/BCN mixture. There was also a decrease in the minimum initial gauge pressure from 

which the mixture starts to burn, with an increase in the amount of CuO, for GN/AN/CuO mixtures, 

while all NQ/AN/CuO mixtures started to burn from initial gauge pressure of 0.1 MPa. Meanwhile, 

temperature profile measurements show that the condensed phase below the burning surface begins 

at around 400~450 K for both GN/AN/CuO mixtures and NQ/AN/CuO mixtures, and that the 

burning surface temperature tended to become lower and the thickness of condensed phase zone 

tended to decrease with an increase in the amount of CuO additive, for both GN/AN mixtures and 

NQ/AN mixtures. As for apparent activation energies of decomposition reactions in condensed phase 

zones for both mixtures, there were tendencies for Ea to decrease with the increase in the amount of 

CuO additive, which suggested that the addition of CuO accelerates thermal decomposition reaction 

in the condensed phase zone for both GN/AN mixtures and NQ/AN mixtures.. 
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ABSTRACT

The physical and chemical characteristics of demilitarized particulate metallic magnesium (Mg)
samples were determined as part of a collaborative effort between the United States Military Academy
and the Pyrotechnics Technology and Prototyping Division; Armaments Research, Development and
Engineering Center, Picatinny Arsenal, NJ to determine if this magnesium can be reused in making
illuminating flares. Four demilitarized sample lots and one blended lot were compared against the
commercial 30/50 mesh standard.  All samples were characterized by scanning electron microscopy
(SEM), and   X-ray diffraction (XRD). Measurements of particle sizes indicate that there are significant
differences (P<0.05) in size of the Mg particles between the reclaimed lots compared against the standard.
There were no differences in surface characteristics of the particles (cracks) between samples.  The 5-hour
drying tests indicated there were no significant differences in water content between the samples.  The
XRD analyses showed a high degree of crystalline structure in all samples, thus suggesting that the Mg
crystalline structure of the demilitarized samples had not changed during the demilitarization and
reclamation process. Chemical analyses showed a high degree of Mg(OH)2 or MgO formation on the
surface of the reclaimed Mg particles compared to the standard sample.  Tests performed indicate that the
demilitarized samples are physically and chemically different from the commercial 30/50 mesh standard
sample.

Introduction

The U.S. military services have approximately 1,000,000 pounds of demilitarized Mg (valued at over
$10M) from over 240,000 illuminating flares (60-mm mortar, 81-mm mortar. 4.2-inch mortar and LUU-
2B/2 aircraft flare).  The only current method for disposal of these obsolete flares containing Mg is by
open burning or open detonation and incineration.  This destroys valuable resources and prevents resource
recovery and recycling.  The Mg contained in the flare composition is considered a value-added product
once recovered.  The demilitarization process, previously described by Pliskin et al.,1 was initially
developed by a collaborative Army-Navy effort to recover and reuse magnesium from illuminating flares,
thus demonstrating its feasibility.  However, recovering and reusing Mg presents several technological
challenges.

Magnesium is a highly energetic material, easily catches fire, and has a high affinity for oxygen and
water and its chemistry is well known.2,3 The formation of magnesium hydroxide deteriorates many of the
desirable properties of ground magnesium such as reducing or even eliminating its pyrotechnic properties,
thus severely limiting its applications.

This research was performed with West Point Cadets to assess the feasibility of using reclaimed Mg in
military illuminating flares.  Analyses of demilitarized magnesium are critical to ensure that it meets
military specifications for magnesium powder and thus its pyrotechnic properties. The specification
requires that the magnesium powder have a purity of at least 96%1.  This study was conducted to
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physically and chemically characterize samples of four reclaimed lots and one blended sample containing
all four lots of Mg and compare against commercial 30/50 mesh Mg (control) per MIL-P-14067.

Experimental Methods

Picatinny Arsenal provided five demilitarized and reclaimed metallic magnesium powder samples (lots
1, 2, 3, 4, and a cross-blended sample containing a mixture of the four lots together) to be compared to the
standard Mg 30/50 mesh (control) sample.  The control sample was commercial Mg 30/50 mesh size
(non-reclaimed) received from the vendor (Reade Advanced Materials, East Providence, RI). All
samples were composed of dry generally spherical magnesium powder.  Random samples of each sample
were characterized using a Hitachi TM3000 table top Scanning Electron Microscope (SEM) with a
dedicated Bruker Quantax 70 Energy-Dispersive X-ray Spectroscopy (EDS) System.

The size of 20 individual magnesium particles from each sample was characterized by SEM at a
magnification of 100x using length and width measurements recorded in μm. Because the de-
militarization and recovery procedure uses a dissolution process using liquid ammonia of the metal/salt
pyrotechnic mixtures, formation of hydroxides can occur.  Visual inspection of the Mg particles by SEM
provided a qualitative measure of the amount of hydroxide formation due to large surface cracks and dark
grey color.

Each sample was chemically characterized using a Hitachi SEM with dedicated Bruker EDS system.
Each sample was scanned by EDS producing elemental compositional mapping data.  This analysis
allows for light elemental detection from atomic number 4 (beryllium) up to 95 (americium) contained in
each sample. Subsequently, metallic crystalline structure for each magnesium sample was investigated
using a PANalytical's X'Pert PRO Materials Research Diffractometer to conduct high resolution X-ray
Diffraction (XRD) analysis using a theta-theta doniometer detector.  Scanning of samples took place from
50 2-theta to 750 2-theta at a voltage of 45Kv and a current of 20 milliamps.

Results

The metallic magnesium samples were composed of individual particles of less than 1 mm in length.
These grains were generally spherical in shape; however some particles were cylindrical with pointed
ends (Figure 1a).  Higher magnification SEM analysis showed many Mg particles from all lots had
cracked and uneven surfaces (Figure 1b).  Measurement of Mg particle size, by SEM analysis at 100x
magnification, indicated significant differences in partial size between some reclaimed lots when
compared to the control sample (Table 1).  Particles in lot 2 and the cross-blended sample (equal mixture
of Lots 1-4) were significantly smaller in length and width compared to the standard sample (P<0.05).
Particles measured from lots 3 and 4 were significantly narrower than those measured from the standard
sample (P<0.05).
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Figure 1. Scanning electron micrograph at 60X magnification (Figure 1a) and 400x magnification
(Figure 1b) of demilitarized metallic magnesium particles from Lot #1 showing surface cracks.

Table 1. Results of size measurements of magnesium particles of different lots.

Sample Length Width
min  max   mean* min  max  mean*

Mg30/50 (Ctrl) 394   568     482 194   503     409

Lot #1 316   666     477 241 677     393

Lot #2 227   569     390* 238   550     341*

Lot #3 302   815     484 240   440     363*

Lot #4 161   961     412 204   498     309*

Cross-blended 247   752 400 252   684     369*

*Indicates T-test results significantly different at the P<0.05 level.

Energy-Dispersive X-ray Spectroscopy (EDS) analyses revealed that all samples contained only minor
amounts of potential contaminants (nitrogen, sodium and sulfur) (Figure 2). The sulfur impurity detected
on lots 1, 3, 4 and the cross-blended lot presumably arises from the binder system of the parent illuminant
subjected to the demilitarization process. However, the standard sample contained a significantly lower
amount of surface oxidation (MgO or Mg(OH)2) compared to all reclaimed lots (Figure 3) as evidenced
by the dark color of the reclaimed lots compared to the shiny, metallic color of the Mg 30/50 mesh
control.
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Figure 2. Results of the Energy-Dispersive X-ray Spectroscopy (EDS) analysis showing weight percent
of magnesium, oxygen, carbon, nitrogen, sodium and sulfur occurring on the surface of the magnesium
particles for each lot.

Figure 3. Visual appearance of magnesium sample pellets.  Darkness of sample indicates amount of
surface oxide formation.

X-ray diffraction studies revealed that all the Mg samples contained a high degree of metallic crystalline
structure (hexagonal close packed).   Also, the Mg crystalline structure for all the reclaimed samples were
similar and not significantly different when compared to the control sample (Figure 4), as shown by the
close similarity of peaks between samples.
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Figure 5. X-ray diffraction analyses of demilitarized magnesium samples compared to
control sample showing similarity of crystalline structures of all samples.

Discussion

The SEM images of the 30/50 mesh control sample shows particles that are irregularly shaped with a
rough surface with numerous cracks.  As shown in Figures 3 and 4, demilitarized particles were smoother
and rounded off as compared with the control sample.

The demilitarized and reclaimed metallic Mg samples all showed surface oxidation caused either by
magnesium oxide, MgO or magnesium hydroxide, Mg(OH)2 as evidenced by their dark coloration as
compared to the shiny metallic color of the 30/50 mesh control sample.6 This surface oxidation is
believed to develop when the Mg is mixed with aqueous NaNO3 into a slurry during the dissolution of the
pyrotechnic flare mixture.1 These visual observations of differences in surface oxidation were
experimentally confirmed by EDS analysis of the samples.  These results show that the demilitarized
samples had significantly more surface oxidation when compared to the 30/50 mesh control sample.
These data contrast with previous studies by Pliskin et al. who reported little or no oxidation resulted from
the exposing magnesium to water slurries.1 In addition, the demilitarized samples showed a significantly
higher concentration of carbon compared to the 30/50 mesh control sample.  It is hypothesized that this
carbon is left over from either the polymer binding agent or the cardboard wrapper holding the
magnesium-oxidizer-binder combination together.  All samples contained only trace amounts of nitrogen,
sodium, or sulfur.

As shown in Table 1, the Mg particle size was significantly smaller in lots 2, 3, 4, and the cross-
blended samples compared with the 30/50 mesh control sample.  We believe that this was due to the
demilitarization process, where the Mg particles are subjected to friction during the polishing process
where significant collisional energy is known to occur between the Mg particles.1 This friction works to
wear down the size of the particles, thus making a statistically significant difference from the control. The
result of  this smaller particle size on burn time and luminous intensity will be analyzed by Picatinny
Arsenal, though it is anticipated that the smaller Mg particle sizes will burn faster.

396



The XRD data illustrates a high degree of crystalline structure across all Mg samples.  The data
confirms that the crystalline structure of the reclaimed Mg samples is not significantly different from the
control. This means that the demilitarization process does not impact the physical crystalline solid
structure of the Mg particles. XRD analysis indicated a high degree of oxide or hydroxide formation on
the reclaimed particles, which was expected due to the chemical processes used during demilitarization
and reclamation.

To conclude, the physical and chemical properties of the demilitarized Mg samples were found to be
different from the standard sample in particle size and purity through SEM, EDS and XRD analysis.
However, evaluation in the M127A1 US Army yellow-light-emitting illuminant configurations of the four
lots of recovered magnesium exceeded the military requirement and performance of the virgin
magnesium-containing control.

This research was conducted in large part by West Point cadets (undergraduate students) as part of
their year-long (two semester) senior research experience. The impacts on burn time and luminous
intensity due to significantly smaller particle sizes and oxidation at the surface of the particles were
analyzed through burn tests conducted at the Pyrotechnics Technology and Prototyping Division;
Armaments Research, Development and Engineering Center, Picatinny Arsenal, New Jersey to determine
that demilitarized Mg can be used to meet the required military specifications for various pyrotechnic
illuminants.5 These tests were conducted with the help of West Point cadets during their three-week
summer research internship rotations at Picatinny Arsenal. This research project and others at West Point
serve to answer research questions important to the US Army and to help educate and train the next
generation of future Army leaders in the field of energetic and pyrotechnics research.
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ABSTRACT

The development and prove-out of yellow-light-emitting pyrotechnic illuminants based on
recover, recycle, and reuse (R3) technology is described. Magnesium used in this investigation was
recovered from four different illuminating pyrotechnic munitions by means of an environmentally
friendly demilitarization process. Despite significant differences in the particle size and purity between
the four lots of recovered magnesium, the performance of each lot—on evaluation in the M127A1 US
Army yellow-light-emitting illuminant configuration—exceeded the military requirement and
performance of the virgin magnesium- containing control. All formulations were found to have low
sensitivities to various ignition stimuli and possessed high thermal onset temperatures. In addition to the
military significance, this demonstrated “green” pyrotechnics technology of using recycled magnesium in
illuminating pyrotechnics may also be of interest to the civilian fireworks community.

INTRODUCTION

From its wide-ranging military applications to its appeal amongst the general public in the form
of fireworks displays, the field of illuminating pyrotechnics is a fascinating area. The most common
metallic fuels found in illuminating pyrotechnic charges are aluminum, magnalium, and magnesium.
Because water-based binder systems, such as dextrin, are common in civilian pyrotechnics, aluminum and
magnalium (50:50 magnesium– aluminum alloy) are most commonly used in commercial fireworks
owing to their relative stabilities to moisture. Militarily, aluminum has been commonly employed in
flash–bang grenade compositions[1, 2] and both aluminum and magnalium are commonplace in incendiary
munitions[3, 4] because of their high heat outputs per gram and their incandescent properties. Magnesium is
also used in civilian fireworks displays, but because it is more sensitive than aluminum and magnalium to
moisture, it is typically coated with a hydrophobic or waxy material to shield its moisture sensitivity when
subjected to water-based mixing processes. Non-coated magnesium is a very popular choice in US
military illuminants however, since the common binder systems employed in these illuminants are not
water-based. Moreover, as many military munitions are hermetically sealed, moisture concerns associated
with prolonged storage of these materials is mitigated. From the aspect of illumination, magnesium is the
ideal metallic fuel. Although magnesium has a lower heat of combustion (24.69 kJg-1) than aluminum
(30.96 kJg-1), it boils at 1107 oC, whereas aluminum boils at 2,500 oC[5].  The lower boiling point of
magnesium allows for it to be present in amounts well beyond the stoichiometric point of pyrotechnic
illuminating mixtures.  Excess magnesium not oxidized by the pyrotechnic mixture itself can remain
volatilized in the plume of the flame and undergo aerobic oxidation, resulting in an enhanced production
of light and heat.  Hence, magnesium-containing illuminants tend to burn brighter than aluminum-based
illuminants.

Magnesium is ubiquitous in military pyrotechnics for illuminating purposes.  It is currently the
metallic fuel of choice in red[6, 7]-, green[8, 9]- and white/yellow-light-emitting pyrotechnics[10, 11].
However, obtaining magnesium powder as specified by the US Department of Defense (DoD) is a single-
point-of-failure (SPF) issue.  In an attempt to relieve these SPF concerns, Crane Army Ammunition
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Activity (CAAA) Plant has established a process to recover magnesium from obsolete and unserviceable
Mg/NaNO3/binder military pyrotechnic illuminants through a “green” demilitarization process.

In the “green” demilitarization process, described previously by Pliskin et. al[12], flare
compositions are removed from illumination canisters by a high-pressure water jet.  The oxidizer (sodium
nitrate) and the binder are extracted with water to afford crude magnesium.  The crude magnesium is then
subjected to mechanical agitation (i.e. polishing) to remove remaining binder and the magnesium is
immediately dried.  There are approximately 350,000 pounds of recovered magnesium available for reuse
or resale and 110,000 illuminating candles existing in the CAAA stockpile that can be subjected to the
demilitarization process to yield substantial quantities of recovered magnesium[13].

A potential drawback of using recovered materials for military and/or commercial pyrotechnics
are concerns that justifiably arise from the perspective of performance.  While the aspect of recovering,
recycling and reusing (R3) materials in pyrotechnic illuminants would represent an important milestone
toward the development of environmentally sustainable technologies, it is important that the performance
of formulations based recovered magnesium meet or exceed the performance outlined in military
requirements and meet the threshold of any in-service item that is currently in production.  Otherwise, the
risk associated with such a program will outweigh the potential benefits.  To demonstrate the R3

capabilities of demilitarized magnesium, its ability to eliminate SPF concerns associated with supply, and
its ability to give good performance in illuminating pyrotechnics, a program was initiated by the US
Army to investigate the performance of recovered magnesium in the M127A1 hand held signal (HHS); a
yellow-light illuminating flare popularly used by the military for signaling distress or troop location.

EXPERIMENTAL

Powdered NaNO3 (volume-based mean particle size = 17.9 μm) was purchased from Hummel
Croton.  Mg 30/50 (volume-based mean particle size = 523.44 μm) was purchased from Magnesium
Elektron (Reade Manufacturing).  Reclaimed magnesium lots # 1 (volume-based mean particle size =
449.4 μm), # 2 (volume-based mean particle size = 547.0 μm), # 3 (volume-based mean particle size =
508.7 μm), and # 4 (volume-based mean particle size = 743.6 μm) were obtained from Crane Army
Ammunition Activity Plant.  Cross-blended reclaimed magnesium lots #1-4 were prepared in-house and
had a volume-based mean particle size of 530.6 μm.  Laminac 4116 was purchased from Ashland
Chemical, Inc.  Lupersol was purchased from Norac.  Epon 813 was purchased from Momentive
Specialty Chemicals, Inc.  Versamid 140 was purchased from BASF. All tested formulations were
encased in non-coated Kraft fiberboard tubes, obtained from Security Signals, Inc.

All chemicals used in formulation preparation were dried in the oven overnight at 60 oC, and
were weighed out according to their weight percentages in the formulations.  A binder system (95%
Laminac 4116/5% Lupersol or 80% Epon 813/20% Versamid 140) was introduced into a Hobart air
mixing bowl and was vigorously mixed by hand with a wooden tongue depressor for 1 min.  Magnesium
was added to the bowl, and the mixture was blended with the aid of a B-blade at 207 kPa for 10 min.  The
air was turned off and sodium nitrate was added into the bowl.  The pyrotechnic mixture was blended for
10 min at 207 kPa.  The air was turned off, the inside of the mixing bowl was scraped with the B-blade to
remove the pyrotechnic material sticking to the sides, and the mixture was again blended for 10 min at
207 kPa.  The 500 g pyrotechnic mixture was poured from the air mixing bowl to a large ceramic bowl.
All formulations were dried in air overnight at ambient temperature prior to consolidation.

For each formulation, five candles were prepared.  The pyrotechnic mix for each candle was
weighed out in three equal increments of 31 g.  Each increment of the formulations were pressed into
noncoated Kraft fiberboard tubes (length of 8.13 cm; inner diameter of 4.93 cm) with the aid of a tooling
die (inner diameter of 5.08 cm) and a manual hand press at a consolidation dead load of 5,454 kg with a
dwell time of 10 seconds. After consolidation, a thin layer of thermite-based igniter slurry in acetone was
applied to the top surface of the candle.  Immediately after the slurry was applied, two pieces of quick
match were horizontally placed and partially imbedded in the igniter slurry.  The candles were dried in the
oven at 60 oC overnight to ensure proper curing after consolidation and to evaporate the acetone from the
igniter slurry.
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To measure illuminating performance, the candles were placed on a test stand, and were ignited at
ambient temperature and pressure with an electric match in the light tunnel with an energy source of 12
volts.  Optical emissive properties of these formulations were characterized using both a single element
photopic light detector and a 2048 element optical spectrometer. The light detector used was
manufactured by International Light and is composed of a SED 033 silicon detector (33 mm2 area silicon
detector with quartz window) coupled to a photopic filter (Y-filter) and a field of view limited hood (H-
hood). The current output of the detector was converted to voltage using a DL Instruments 1211
transimpediance amplifier. Voltage output was collected and analyzed from the amplifier using a NI-6115
National Instruments data card and in-house developed LabviewTM based data acquisition and analysis
software.

Impact sensitivity tests were carried out according to STANAG 4489[14] using a BAM drop
hammer. Friction sensitivity tests were carried out according to STANAG 4487[15] using the BAM friction
tester. Electrostatic discharge sensitivity tests were carried out with an electric spark tester (Albany
Ballistic Laboratories). Thermal onset temperatures were determined with a Perkin-Elmer Sapphire
DTA/TGA instrument through a temperature scan of 5 oC per minute up to 700 oC.  Particle size analysis
was determined with a Malvern Morphologi G3 Analyzer.

RESULTS AND DISCUSSION

Table 1. Elemental analysis of magnesium samples by XRF (expressed in wt. %).

Element Mg 30/50 Mg Lot  1 Mg Lot  2 Mg Lot  3 Mg Lot  4

Mg 99.98±0.004 98.1 ± 0.70 99.36 ± 0.66 86.68 ± 0.79 88.25 ± 0.74
S Not detected 1.43 ± 0.01 Not detected 12.4 ± 0.03 10.85 ± 0.03
Fe 0.0022±0.050 0.064 ± 0.009 Not detected 0.049  ± 0.009 0.029 ± 0.008
Mn Not detected 0.05 ± 0.01 0.08 ± 0.01 0.17 ± 0.02 0.16 ± 0.02
Si Not detected 0.15 ± 0.02 0.17 ± 0.02 0.31 ± 0.03 0.22 ± 0.03
Zn Not detected 0.026 ± 0.002 0.391 ± 0.08 0.334 ± 0.08 0.475 ± 0.09
Zr Not detected 0.15 ± 0.002 Not detected 0.044 ± 0.001 0.014 ± 0.0008
Pb Not detected Not detected 0.004 ± 0.001 0.012 ± 0.002 0.012 ± 0.002
P Not detected 0.026 ± 0.006 Not detected Not detected Not detected

The Mg/NaNO3/binder-based 60 mm mortar, 81mm mortar, 4.2 inch mortar and LUU-2B/2
aircraft flare were the illuminants from the CAAA stockpile subjected to demilitarization in this study.
Magnesium recovered from each of these obsolete items, along with the virgin magnesium used in the
control (i.e. magnesium 30/50 mesh) was evaluated for their respective purity levels using x-ray
fluorescence (XRF) analysis (Table 1).  As expected, the virgin Mg 30/50 control had the highest overall
purity with the fewest number contaminants.  Although recovered magnesium lots 1-4 had several
impurities, it is noteworthy that while lots 1 and 2 were relatively pure, the purity of lots 3 and 4 were
relatively low.

Sulfur was determined to be a minor impurity in magnesium lot 1, was not detected in lot 2, and
was identified as a major impurity in lots 3 and 4.  The sulfur impurity detected in lots 1, 3 and 4
presumably arises from the binder system of the parent illuminant subjected to the demilitarization
process.  Many of the legacy (and now obsolete) Mg/NaNO3/binder illuminant compositions contained
binder systems based on a polysulfide-epoxy complex[16].  Upon initial examination of the XRF data, the
varying purities of reclaimed magnesium lots 1-4 called into question the ability for reliable results to be
obtained.  It is commonly assumed that magnesium of high purity is needed to produce the necessary light
output in pyrotechnic illumination applications.  A lower purity of magnesium present in a given
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pyrotechnic illuminant composition translates to a lower percentage of total magnesium present in this
composition.  Assuming all other factors are held constant, anemic magnesium percentages present in
yellow-light-emitting flares are well known to suppress light output.

In spite of the varying purities of recovered magnesium lots 1-3, each lot was evaluated in the
M127A1 hand-held signal configuration.   The composition of the M127A1 control is provided in Table
2.  As discussed and performed previously across the spectrum of US Army and US Navy signaling
illuminants[6-11], the decision was made from the outset to replace the SPF and toxic

Table 2. Composition of the M127A1 control.

M127A1 control

Components Weight %

Mg 30/50 66
NaNO3 29
Laminac 4116/Lupersol 5

Laminac 4116/Lupersol binder system with the more environmentally friendly and widely available Epon
813/Versamid 140 binder system.  It is known that this latter binder system can significantly increase the
burn rate and sharply reduce the observed visible light output of a given illuminant[17].  Fortunately,
modest reductions in the percentage of binder system present in pyrotechnic illuminant formulations
typically increases burn rates and affords larger luminosities. Therefore, it was expected that reducing the
binder system to 4% when employing the epoxy binder system would assist in achieving desired burn
rates and luminosities.

Epoxy-based formulations A-D were prepared (Table 3) and evaluated against the control.
Formulations A-D each consisted of a different lot of recovered magnesium as the metallic fuel in the
illuminating flare.  The performances of these formulations against the control are given in Table 4.
Formulations A-D exceeded both the military requirement and the virgin magnesium-containing control.
That all lots of recovered magnesium yielded excellent performance when recycled and reused in the
M127A1 configuration is particularly noteworthy given the varying purities of the magnesium samples.

Although employing a lower purity of magnesium in an illuminant composition was expected to
translate to a lower luminosity, no direct correlation between magnesium purity and luminosity was
observed upon examining the performances of formulations A-D.  For example, formulation C–
containing the most impure lot of recovered magnesium–had the second highest luminosity, while
formulation B–containing recovered magnesium of exceptional purity–had the lowest observed
luminosity.

Table 3. Composition of formulations A-E.

Formulations A-E

Components Weight %

Recovered Magnesium[a-e] 66
NaNO3 30

Epon 813/Versamid 140 4
[a] Formulation A, magnesium lot 1
[b] Formulation B, magnesium lot 2
[c] Formulation C, magnesium lot 3
[d] Formulation D, magnesium lot 4
[e] Formulation E, magnesium lots 1-4
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Table 4. Performance of the control and formulations A-E.

Formulation BT[a] [s] LI[b] [cd]
LE[c]

DW[d]

[nm]
SP[e] [%]

[[cds-1]g-1]

military
requirement

25.0 90,000.00 N/A N/A N/A

control 29.7 133,627.00 46,690.80 586.4 84.2
A 30.0 174,000.00 56,250.00 585.8 78.7
B 35.0 138,666.70 52,360.90 586.0 80.2
C 29.9 170,000.00 54,644.20 585.9 79.5
D 33.3 149,666.70 53,792.80 586.0 79.6

E 32.4 162,333.30 56,848.20 586.0 80.4

[a] BT = burn time; [b] LI = luminous intensity; [c] LE = luminous efficiency; [d] DW =
dominant wavelength; [e] SP = spectral purity

In addition, while smaller particle sizes of magnesium typically lead to an improvement in the
observed light output, this trend was not universally observed.  For example, formulation D–containing
the largest mean particle size of recovered magnesium–had a higher luminosity and luminous efficiency
than formulation B–composed of a finer mean particle size of recovered magnesium (Table 5).  The
density of the Laminac-containing control was less than epoxy-based formulations A-E.  More
specifically, formulations employing sulfur-containing recovered magnesium lots were found to have the
highest experimental densities.  This phenomenon is likely due to residual epoxy-polysulfide binder
system remaining in these recovered lots of magnesium after the demilitarization process.

It is noteworthy that while sulfur is a significant impurity in the recovered magnesium employed
in formulation D, it is not present in the recovered magnesium found in formulation B. These
observations indicate that the presence of sulfur is influencing the performance of the pyrotechnic
illuminant[18]. Though regarded as a poor fuel in terms of its heat output per gram, sulfur has a low
melting point (119 oC).  Even when present in small quantities, sulfur produces a liquid phase at a
relatively low temperature, aiding in the ignition process and enhancing the burn rate of a given
pyrotechnic mixture.   These properties may explain why formulations C and D still had reasonable
burning times, luminous intensities and luminous efficiencies despite the impure nature and relatively
large particle sizes of reclaimed magnesium lots 3 and 4.
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Table 5. Burning behaviors of formulations A-E and the M127A1 control.

Formulation
WC[a]

[g]
HC[b]

[cm]
BR[c]

[cms-1]
MC[d]

[gs-1]
MPS[e]

[%]
ED[f]

[gcm-3]

control 85.0 7.53 0.253 2.86 523.4 0.592
A 92.5 7.22 0.241 3.09 449.4 0.674
B 92.7 7.74 0.221 2.65 547.0 0.628
C 93.0 7.17 0.240 3.11 508.7 0.680
D 92.5 7.07 0.212 2.78 743.6 0.686

E 92.5 7.12 0.220 2.85 530.6 0.681
[a] WC = weight of composition; [b] HC = height of composition; [c] BR
= burn rate; [d] MC = mass consumption; [e] MPS = mean particle size
of magnesium employed; [f] ED = experimental density

Although each separate lot of recovered magnesium yielded successful results when evaluated in
the M127A1 configuration, it is helpful from a manufacturability perspective if each lot does not need to
be handled and stored separately, but can be combined for use as a single, uniform powder.  Therefore, a
cross-blended lot of recovered magnesium was prepared by mixing magnesium lots 1-4 in equal weight
percentages, and the performance of the cross-blended lot in the M127A1 configuration was evaluated
(Table 3, formulation E).  As observed in Table 4 formulation E also gave satisfactory performance,
easily exceeding the values outlined in the military requirement, and exceeding the burn time, luminous
intensity and luminous efficiency of the M127A1 control.

The impact[17], friction[18], electrostatic discharge, and thermal onset values of formulations A-E
were compared to those of the control.  As shown in Table 6, formulations A-E have high thermal onset
temperatures, are less sensitive than the control to impact, and are also insensitive to friction and ESD.

Table 6. Sensitivities of formulations to various ignition stimuli.

Formulation
IS[a]

[J]
FS[b]

[N]
ESD[c]

[J]
Thermal onset
[oC]

control 11.3 >360 >0.25 590.7
A 17.6 >360 >0.25 479.2
B 19.6 240 >0.25 483.7
C 19.6 >360 >0.25 473.8
D 14.7 >360 >0.25 482.8

E 16.7 >360 >0.25 483.8
[a] IS = impact sensitivity; [b] FS = friction sensitivity;
[c] ESD = electrostatic discharge

SUMMARY AND CONCLUSIONS

In summary, the recovery, recycling and reuse of magnesium in pyrotechnic illuminating
compositions has been proven-out at the prototype.  All recovered lots of magnesium evaluated in the
M127A1 configuration, including a cross-blended lot, exceeded the military requirement and the
performance of the control.  Although the particle size of magnesium used played a role in determining a
given formulation’s performance and burning behavior, smaller particle sizes did not necessarily give the
highest luminous intensity and luminous efficiency.  It appears that the presence of sulfur–detected as a
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heavy impurity in reclaimed magnesium lots 3 and 4–also contributes to the overall light output and
burning behavior All formulations employing recovered magnesium as the fuel were found to have a high
thermal onset temperature, and were found to be insensitive toward various ignition stimuli.  With an
ever-increasing interest to “go green”, the ability to use recovered materials in illuminating compositions
has the potential to benefit military and civilian pyrotechnics alike.
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ABSTRACT
A survey of the stability and performance of eleven solid oxidizers and eight fuels was
performed by differential scanning calorimetry (DSC), simultaneous differential
thermolysis (SDT) and hot-wire ignition. Fuels used in the study were sugars and
alcohols as well as sulfur and charcoal; all but charcoal melted below 200oC. The goal of
the study was to determine whether the oxidizer or fuel controls the essential properties
of the mixture.  Several general observations were made.  1) There was wide variability
in DSC results, even using the same batch of a mixture. 2) SDT traces often differed
markedly from those of DSC. 3) At 50wt% sugar, decomposition generally occurred as
soon as the fuel melted. 4) With only 20wt% sucrose many of the oxidizer/fuel mixtures
still exhibited the first exotherm immediately after the melt of the fuel. This behavior was
so general that we have classified the decomposition of the fuel-oxidizer mixtures as fuel-
or oxidizer- controlled. Oxidizer-controlled mixtures were those made with KClO4,
KNO3, NH4ClO4; they did not exhibit substantial exotherms until the oxidizer underwent
a phase change or decomposition. Fuel-controlled meant decomposition of the mixture
ensued immediately after the fuel melted; this was the case with KIO4, KIO3, KBrO3,
KMnO4, KNO2, and KClO3. Fuel-controlled oxidizer/fuel mixes exhibited lower
decomposition temperatures than oxidizer-controlled mixtures.

INTRODUCTION
Inorganic oxidizers find applications ranging from oxygen sources to sources of energy
and propulsion. Examples include ammonium perchlorate with hydroxy-terminated
polybutadiene for rocket fuel and ammonium nitrate with fuel oil for commercial mining.
Many of these formulations have also found illicit use.1 Herein, a number of solid
oxidzers, with varying oxidizing power, were tested on lab-scale in mixtures with a
variety of fuels. The objective was to assess their hazard and threat potential and to allow
assessment of the usefulness of small-scale tests. Many of the oxidizers were oxy halide
salts. These anions, with the highly oxidized central atoms, tend to be useful oxidizing
agents which work most effectively in acidic solutions. The potassium, rather than the
sodium, salts were used, since formulations with potassium cation tend to be less
hygroscopic than those of sodium. The ammonium salts have different chemical behavior
than potassium salts of the same anion because they carry and use, if required, their own
fuel. The choice of fuels, like oxidizers, was limited to solids: poly-alcohols, sulfur, and
charcoal. The solid alcohols, some classed as sugars, melt at relatively low temperatures.
Most fuels were combined with the oxidizers at a 50/50 wt% level.  These fuel-rich
mixtures are typical for pyrotechnic formulations. In addition oxidizer/sucrose 80/20
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mixtures were examined and compared to the 50/50 mixtures. For purposes of
comparison, one non-alcohol, but low melting fuel, sulfur, and a non-melting fuel,
charcoal, were examined.

EXPERIMENTAL SECTION
Eleven oxidizers and eight fuels were employed. All materials were reagent grade with
the exception of the charcoal which was purchased locally. The oxidizer/fuel mixtures
were examined fuel-rich at 50/50 weight percent and closer to stoichiometric at 80/20
wt%. Actual stoichiometric ratios are shown in Table 1. Individual components with
larger particle sizes (i.e. sugars and most oxidizers) were ground with a mortar and pestle
prior to mixing.  Those materials that were already fine powders, such as sulfur, were
used as received.  Materials used to make the 80:20 sucrose mixtures were sieved to 50-
100 mesh.  Mixtures were generated by either gently stirring the fuel and oxidizer
together in a ceramic dish with a wooden stick (earlier mixes) or by mixing them in a
Resodyn LabRAM acoustic mixer for two minutes (50% intensity, frequency set to
automatic.) Mixture sizes ranged from 100 mg to 1 g depending on the analyses to be
performed.

<Table I: Stoichiometric Ratio>

A TA Q100 differential scanning calorimeter (DSC) was used; samples were scanned at
20o/minute. Samples of about 0.25 mg were flame sealed in glass capillaries (borosilicate
0.06 in. ID, 0.11 in. OD) held on a liquid nitrogen cooled metal post to ensure that
decomposition did not occur during the sample preparation process. To ensure the
integrity of the capillary sealing (i.e. no leaks) capillaries were weighed before and after
DSC analysis. A TA Instruments Q600 simultaneous TGA/DSC (SDT) was used with
unsealed samples held in ceramic crucibles. Empty crucibles were placed in the SDT
where they were weighed by the internal balance and about 5 mg of sample was added.
Ceramic caps (i.e not tightly sealed) were placed on the crucibles for samples which
might eject material or on highly volatile samples, e.g. sulfur mixtures. The SDT was
used because of its extended temperature range (i.e. 1000oC versus 450oC for DSC),.
However, the thermograms obtained with sealed DSC did not perfectly match those
observed with the unsealed ceramic pans used on SDT.  The open pans allowed for
sample to volatilize as compared to the sealed scenario where there is considerable
pressure build-up. Differences for SDT included somewhat smaller exotherms; some
smaller exotherms became endotherms; and larger exotherms were sometimes split by an
endotherm. For this reason the sealed DSC tube results were reported for temperatures
below 450oC; if temperatures above that are reported, they are SDT results.

Samples were usually run in triplicate; but where marked variations in the thermograms
were apparent, up to seven samples were run. Because multiple endotherms and
exotherms were often observed in the DSC and SDT traces and because many of the
exotherms covered a wide temperature range (in a few cases up to 100oC), the major
exotherm of a trace is usually reported with the initial temperature at which a deviation
from baseline was visually detected followed by the temperature(s) at which “peak
maxima” were observed, with the highest in bold, followed by the energy density of the
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mixture (J/g) calculated from peak area using baselines established by the operator (Table
III).

For burn tests the oxidizers and sucrose were dried overnight in a vacuum oven at 50oC,
then ground and sieved to 50-100 mesh. Pyrotechnic-grade (median particle size 23 μm)
aluminum powder (Obron) was used. Samples were mixed with a Resodyn LabRAM
acoustic mixer at 50% intensity for 2 minutes. Approximately 0.25 g samples were
placed in a pile on a ceramic plate over a loop of 22 gauge nichrome wire (30 cm long for
power requirements of 150W) attached to a variable autotransformer (set to 20V) with a
25 amp internal fuse for the burn. Light output was recorded with a DET36A detector
(Thor Labs) and recorded using a National Instruments USB-6210 data acquisition
module. Light data was recorded at 10-100 kHz by measuring voltage across a 350 ohm
resistor. The detector was unfiltered for mixtures producing low levels of light (e.g. 80/20
or 50/50 Oxidizer/Sucrose). To resolve the brightest events (e.g. 80/20
oxidizer/aluminum powder), a 90% neutral density filter (ND10A, optical density of 1.0)
was applied behind an Iris (6.33 mm diameter opening, Iris SM1D12). The data
acquisition card was set to sampling rate of at least 10 kHz, with pre-trigger of 50-100ms.

Results and Discussion
Neat Species: Oxidizers were restricted to solids of various oxidizing power. Oxidizing
power, itself, is variously rated.  Intrinsic oxidizing ability, given by standard reduction
potential (1M aq solution againt H2 as zero) in Volts, is a meaningful approach to
quantifying oxidizing power.  This is given below in order starting with species having
most positive potential noting that actual potentials depend on the pH of solutions and
final products:

H2O2 > IO4
- > MnO4

- > BrO3
- > MnO4

- >ClO3
- > Cr2O7- > ClO4

- > IO3
- >NO3

- >NO2
-

1.8 > 1.7-1.6 > 1.7-1.5  > 1.5-1.4 > 1.5 > 1.5 > 1.4-1.3 >1.4-1.2 >1.2-1.1 >1.0-0.8 >-0.46

NO3
- NO,  HNO2, NH4

+, NO2 0.96, 0.94, 0.87, 0.80 respectively

An alternative approach to rating oxidizing power is a burn test. The U.N. Manual of
Tests and Criteria rates an oxidizer by comparing its burn rate in admixture with cellulose
(2:3 and 3:7 ratios) to mixtures of potassium bromate/cellulose.2 In our burn tests 250
mg, instead of 30g, and sucrose or aluminum powder were used instead of cellulose.
Fuel-Oxidizer burn rates are shown in Table II.

<Table II.  Burn time (seconds) of a 4:1 Oxidizer: Sucrose Mix>

Thermal stability was assessed by the temperature at peak maximum of DSC exotherm.
The higher the exotherm temperature, the more thermally stable the species. Some salts
decomposed with an exclusively endothermic response (Table III). Among salts releasing
heat (i.e. exothermic response), the amount of heat varied dramatically from more than
1000 J/g for mixtures of ammonium salts, which can undergo self-oxidation, to a few
hundred Joules per gram for other mixtures. The thermal traces of the oxidizers alone
were not simple.  They included phase change(s), decompositions and heats of fusion (i.e
melts) of the decomposition product.  Some salts EO4

- underwent intra-conversion with a
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related oxide EO3
-, E = Cl or I. In the case of the periodate/iodate pair, periodate

decomposed to iodate about 330oC and thereafter their  thermograms were identical.3-7

Ammonium perchlorate (AP, NH4ClO4) alone did not melt but exhibited an endotherm
around 245oC (~70 J/g) as a result of an orthorhombic to cubic phase change.
[Ammonium chlorate is thermally unstable and has been reported to spontaneously ignite
at temperatures as low as 100oC.8 For this reason it was not used in this study.] Continued
heating of AP in sealed DSC ampules resulted in a single exotherm which began around
350oC and reached a maximum about 400oC (~1300 J/g). The SDT results appeared quite
different.  Immediately after the 245oC phase change, a small exotherm (~360 J/g) at
~318oC was observed with a second endotherm centered around 435oC following it (Fig.
1) This apparent difference in AP behavior has been explained by the sublimation of AP
above 350oC competing with its decomposition.  In the sealed DSC ampule, AP did not
sublime. It has been reported that the competition between AP sublimation and AP
decomposition was dramatically affected by pressure.9 [As heating of the open pan in the
SDT was continued, a small endotherm at 757oC was observed, the melt of KCl.]

Fig. 1: Ammonium Perchlorate DSC vs SDT

An advantage of SDT thermal analysis was it allowed scanning to higher temperatures.
Since the crucibles were not sealed thermal traces differed markedly from sealed DSC
thermal analysis.  For example the exotherm in the AN thermal trace at 316oC in SDT
became an endotherm at 292oC due to the volatilization of the AN.  This same
observation was made with a number of compounds and formulations. Sulfur, in the open
pans, exhibited an exotherm around 400oC.  This was evidently a reaction with oxygen in
air since no exotherm was observed when the samples were scanned under nitrogen.

The fuels, mostly alcohols, melted below 200oC; only charcoal did not exhibit a melt.
The monosaccharrides, glucose and frutose, and the disaccharides, sucrose (glucose and
fructose) and lactose (glucose and galactose), were examined in mixture with eleven
oxidizers. The disaccharrides and glucose exhibited an endotherm around 150-176oC,
while for frutose the endotherm was earlier at 128oC. Pentaerythritol and erythritol not
only had melting points in the temperatre range of the other sugars (191oC and 124 oC,
respectively), but both of them boiled before 300oC. These endothermic event ensured
that thermal scans in open pans would be markedly different than in sealed pans. In
addition to solid alcohols, sulfur and charcoal were used as fuels. Although sulfur had a
low melting endotherm, charcoal did not. Upon heating in air sulfur exhibited an
exotherm attributed to oxidation.

<Table III: Temperature Enodtherms & Exotherms for DSC & SDT at 20o/min (Heat
Release J/g)>
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Oxidizer/Fuel Mixtures
Periodate: A number of kinetic and mechanistic studies have been done on the oxidizing
power of periodate.10-11 For example, it has been reported that KIO4 oxidized glucose to
formaldehyde and formic acid through a cyclic diester of periodic acid. The DSC
thermograms of KIO4 mixed with either 20wt% or 50wt% sucrose were similar, cf Fig 2a
and Fig. 3a. Immediately after the melt of sucrose, a single large exotherm was observed.
The SDT of the same mixtures had a different appearance with a small exotherm
immediately after the sucrose melted and additional exotherms around 293oC and 348oC
with a sharp exotherm at 442oC (Figs. 2b). Figure 3b, which was taken from the same
batch as Figure 3a, shows the occasional variablity encountered in thermal scans. This
one may be a result of a leak with partial loss of the fuel component. With 50wt%
fructose or erythritol, the exotherm also began immediately after the melt of the fuel, but
the melt came at lower temperatures for fructose (~103oC) or for erythritol (~121oC).
Sulfur melted at 115oC and exhibited another slight endotherm around 180oC. An
exothermic decomposition of the periodate/sulfur mix began about 235oC and rose to a
maximum around 300oC. Figure 4 shows both the DSC and SDT of this event.

Fig. 2: KIO4 +50% Sucrose (mix 65)—DSC vs SDT

Fig. 3 KIO4 + 20% Sucrose (mix 76)—2 DSC traces

Fig. 4 KIO4 + 50% Sulfur (mix 89)—DSC vs SDT

Iodate: The DSC thermogram of both the 50/50 and 80/20 KIO3/sucrose mixtures
exhibited large exotherms immediately after the melt of sucrose. Figure 5 shows
substantial differences between DSC and SDT. The heat release in the SDT was
significantally less than in the DSC (Fig. 5), likely a result of positive heat of
vaporization countering overall heat release.  The DSC traces of iodate with 50wt%
fructose or erythritol were similar to those of sucrose, initiating an exothermic reaction
immediately after melt.11

Fig. 5 KIO3 + 50% Fructose (mix 63) --DSC vs SDT

Bromate: Among the oxo halides, bromated is among the least studied. Nevertheless,
the kinetics of the neat salt KBrO3 have been studied by isothermal and dynamic TGA,
and its oxidation of alcohols, reported.12,13 The exotherm of KBrO3/sucrose mixtures
started immediately after the sugar melted.  However, the initial endotherm was not
easily observed. It was visible in the mix with 50% sucrose but barely detected in the
20% sucrose mix (Fig. 6). The difference between the DSC and SDT traces was
considerable. The DSC exhibited a single exotherm around 206oC; the SDT trace showed
that exotherm and a second one at ~374oC. The melt of fructose or erythritol initiated
their decomposition with bromate. The same difference between the DSC and the SDT
was also observed when the fuel was erythritol—DSC had one exotherm 223-302oC and
SDT had two 234oC, 377oC (Fig. 7).
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Fig. 6: KBrO3 + 50% Sucrose (mix 91) or 20% Sucrose (mix 79)

Fig. 7 KBrO3 + 50% Erythritol (30b) –DSC vs SDT

Chlorate: The exotherm of KClO3/sucrose mixes started with a sucrose melt, 180oC.
With the 50/50 mix there was only partial separation of exotherms (Fig. 8); the combined
heat release totaled about 2000J/g. Chlorate with 20wt% sucrose had a similar thermal
trace but the first peak (~180oC) was smaller than the second peak (~230oC). In some
traces a second exotherm was observed ~336oC, the temperature at which chlorate melts
(Fig 8). Variations in appearance of the DSC thermograms is likely a result of how
thoroughly the oxidizer and fuel were mixed. However, the occasional difference among
the DSC traces was not nearly as dramatic as the difference between the DSC and SDT
thermograms of the same mixture (Fig.9). A detailed examination of the reaction between
KClO3 and lactose noted the importance of liquid lactose and its solubilization of the
chlorate; it also noted no disporportionation into perchlorate.14,15 The 50/50 mix of
chlorate with glucose, fructose, or pentaerythritol (PE) also exhibited the exotherm as
soon as the sugar melted. Interestingly, although erythritol melted at lower temperature
than PE (124oC vs 191oC), the exothermic reaction between erythritol and KClO3 did not
begin immediately after the erythritol melt; it was not observed to start until 195oC,
almost the same temperature as the exothermic reaction between PE and KClO3. With the
chlorate/charcoal 50/50 mix in a sealed DSC tube the exotherm was initiated by the melt
of KClO3. KClO3 with sulfur had one of the lowest temperature exotherms of the
oxidizers with sulfur. Sulfur alone had a small endotherm around 180oC, and the
chlorate/sulfur exotherm immediatelly followed this. This mixture is prone to accidental
ignition.16 In general, low melting fuels increase sensitivity.

Fig. 8: KClO3 + 20% Sucrose (mix 73) or 50% Sucrose (mix 14)

Fig. 9: KClO3 + 20% Sucrose (mix 73)— DSC and SDT

Perchlorate: Although there was a slight exothermic ‘hump’ around 280oC where
sucrose, itself, decomposed, the main exotherm of the 50/50 sucrose/KClO4 mixtures did
not occur until almost ~500oC (Fig. 10).15 Neither the melt of sucrose or fructose nor the
phase change of the perchlorate (~305oC) instigated the exothermic decomposition of
these mixtures, but when erythritol was mixed with KClO4, exothermic decomposition
began immediately after 305oC where KClO4 underwent a phase change.

Fig. 10 KClO4 + 50% Sucrose (mix 26)—DSC and SDT

The appearance of the thermograms after the erythritol melt depended on whether the
sample was heated open or sealed. Both showed an endotherm for erythritol melt around
123oC, but in the open SDT container there was a second endotherm at ~277oC which
blended into the perchlorate phase change at 305oC (Fig. 11). This extra endotherm was
due to the vaporation of the erythritol; thus, it was unclear how much fuel remained or
whether it was involved in the small exothermic decomposition observed at ~644oC. In
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the sealed tubes, the endothermic phase change of KClO4 was followed by an exotherm.
The melting endotherm of KCl was around 650oC. The volatilization of the fuel in the
open container SDT was also an issue with the perchlorate/sulfur mixtures. Nevertheless,
the DSC trace showed several endothermic events for the melt of sulfur polymorphs as
well as the melt of KClO4. The exothermic decomposition of the mixture was not
observed until almost 470oC.

Fig. 11 KClO4 + 50% Erythritol (mix 45)—DSC and SDT

The chlorates and perchlorates behaved differently under heating. KClO3 with 50wt%
sucrose (mix 14) produced a large exotherm initiated by the melt of sucrose (~180oC) and
spanning a large range of temperatures. In contrast, KClO4 with 50wt% sucrose (mix 26)
survived the endothermic melt of sucrose and its own phase change (307oC).  It did not
exhibit an exotherm until near its own melting point about 500oC.  It exhibited a second
exotherm of decomposition about 630oC, as did KClO3, the melt of KCl. Potassium
perchlorate was particularly unaffected by its fuel, though for most fuels an exotherm
could be observed above 500oC.

Ammonium Perchlorate: NH4ClO4 (AP) with 50wt% sucrose (mix 28) or fructose (mix
29) began to exothermically decompose immediately after the sugar melted, but the heat
released was small, only a few hundred joules per gram; this is likely partial
decomposition of the sugar. Not until after an endotherm around 246oC, the phase change
of AP, was a large exotherm (2300 J/g) observed. When there was only 20wt% sucrose,
there was no exotherm visible in the DSC trace until after the AP phase change (the SDT
trace differed). Likewise the mix of AP with erythritol did not exotherm until the AP
phase change, but heat release was observed from immediately after the phase change
(~247oC) to a maximum around 438oC. In the thermograms of the AP/charcoal (mix 69)
no exotherms were observed until after the AP phase change; at 247oC; however, where
the first exotherms were observed depended on whether the sample was a sealed DCS
sample or an open SDT sample. This observation was true for the AP sugars discussed
above and the AP/sulfur (mix 85). For AP/charcoal a single sharp exotherm was observed
around 456oC (~900 J/g) in the DSC trace but at 343oC (~2000 J/g) in the SDT trace (Fig.
12). This difference between the DSC and SDT traces was noted in other mixtures, but in
those cases it was attributed to the volatilization of the fuel.  However, with charcoal, fuel
volatility was not a possible explanation. AP thermal decomposition is known to be
particularly sensitive to pressure.9,17

Fig. 12:  AP + 50% Charcoal (mix 69)—DSC & SDT

Nitrate: Although sucrose and KNO3 underwent several endothermic events (melt of
sucrose, phase change of KNO3), the decomposition of sucrose/KNO3 mixtures did not
begin until after the nitrate had melted (327oC). Thus, with the sugars, erythritols, and
charcoal decomposition was not observed until almost 400oC (Figs. 13, 14). With sulfur
as the fuel, decomposition was observed at almost 100o lower temperature. (It should be
noted with 50/50 sucrose/nitrate a small exotherm indicative of sucrose decomposition
was often seen around 265oC.)
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Fig 13: KNO3 + 50% Lactose (mix 19)

Fig 14 KNO3 + 50% Pentaerythritol (mix 32)

Nitrite: The DSC of KNO2 with 50wt% or 20wt% sucrose showed one large exotherm
(about 1500 J/g) immediately after the melt of the sucrose. Examination of the SDT
shows the same exotherm centered around 250oC, but a majority of the heat was released
(about 955 J/g) at higher temperature ~446oC (Fig. 15). Only with erythritol was the
initial exotherm above 200oC.  In mix 57, KNO2/erythritol, the exotherm centered around
318oC; around the temperature of the melt of KNO2 and the boiling point of erythritol
(Fig. 16). KNO2 with 50wt% sulfur showed a sharp exotherm maximum around 290oC
(Fig. 17).

Fig. 15: KNO2 + 20% Sucrose (mix 78)—DSC and SDT

Fig. 16: KNO2 + 50% Erythritol (mix 57)

Fig. 17:  KNO2 + 50% Sulfur (mix 87)

Ammonium Nitrate: AN, like AP, released substantial energy (~1500J/g) without added
fuel. The exothermic maximum of AN with all sugars was around 170oC; this could be
the melt of the sugars or that of NH4NO3. The fact that with fructose the reaction does not
occur when the fructose is completely molten ~120oC suggests the exothermic
decomposition between AN and the sugars is facilitated when both species are molten
(Figs. 18, 19). In several of the thermograms with only 20% sucrose heat release was not
only observed at around 170oC, but also a significant, sometimes equal, exotherm around
300oC. Despite various endotherms, the erythritols produced a single sharp exotherm
around 270oC which is close to the normal decomposition temperature of AN. With
sulfur (mix 39) and with charcoal (mix 41) the exothermic events occurred about 220oC,
after the melting point of ammonium nitrate but earlier than its normal decomposition
temperature (Fig. 20, 21). The reaction with charcoal appeared at lower temperature than
with any other oxidizer.

Fig. 18:  AN + 50% Glucose (mix 24)

Fig. 19:  AN + 50% Fructose (mix 25a)

Fig. 20: AN + 50% Charcoal (mix 41)

Fig. 21: AN + 50% Sulfur (mix 39)

Permanganate: Permanganate, itself, has a complex decomposition pattern.18 As with
many of the other oxidizers the exotherm of the sugar permanganate mix started as soon
as the sugar melted (sucrose, fructose or erythritol).19 The exothermic region lasts
through melt of KMnO4. With fructose decomposition also began as soon as fructose
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melted; and the second exotherm occurred at the temperature where fructose decomposed
~260oC (Fig. 22).  The DSC of KMnO4 with sulfur reached a maximum around 309 to
331oC where permanganate alone would decompose (Fig. 23).

Fig. 22: KMnO4 + 50% Fructose (mix 37)

Fig. 23: KMnO4 + 50% sulfur (mix 86)

Dichromate: Little heat release was seen from the dichromate mixtures with sucrose,
fructose, erythritol, or charcoal.20 With the sugars the only exotherm observed was that
correlated with the decomposition of the sugar, itself, around 240oC (Fig. 24).  With
fructose or erythritol there was a small exotherm at ~398oC, the melt of K2Cr2O7 (Fig.
25).

Fig. 24: K2Cr2O7 + 50% Fructose (mix 96)

Fig. 25: K2Cr2O7 + 50% Erythritol (mix 97)

Summary
Thermograms of the oxidizers alone were complex, including phase change(s),
decomposition, and melts of the decomposition products. Use of the open pans in the
SDT further complicated thermal scans with vaporization of some components competing
with decomposition.

Interestingly, neat oxidizers appeared to undergo decomposition roughly in line with
standard reduction potentials (Table II).21 Most of the oxidizers produced some heat
when decomposed without fuel, but it is a few hundreds of Joules per gram compared to
1500 to 3000 J/g when decomposed with fuel.  The exceptions, of course, are the
ammonium salts which produce 1000 to 1500 J/g without fuel and double that with fuel.

The oxides of chlorine released the most heat which is in line with the general trend that
the larger the electronegative difference between oxygen and the central element, the
more stable the oxyhalide. This order of stability was attributed to the degree of pi-
bonding in each species:    ClO4

- > ClO3
- and NO3

- > NO2
-. 22,23 Among the oxo-chlorine

or oxo-nitrogen species, perchlorate and nitrate are more stable than the less highly
oxidized chlorate and nitrite. Chlorates are generally more sensitive than perchlorates. If
oxygen is not allowed to escape, the pairs nitrate/nitrite, perchlorate/chlorate, and
periodate/iodate  can establish a psuedo-equilibrium (eq 1-3).22

KClO4 KClO3 + 0.5 O2 (1)
KClO3 KCl + 1.5 O2 (2)

For the oxyhalides the final product, as temperature was ramped to above 700oC, was the
potassium halide, and appropriate endotherms were observed in the SDT thermogram.
Details of the chlorine oxides are complicated. In a combination of controlling reactions,
simplified as equations 1 and 2, perchlorate decomposes to form chlorate and chloride,
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melting and further decomposing until decomposition produces a re-solidification and
complete decomposition occurs.4,24 For the nitrate/nitrite pair in an enclosed environment,
this occurs in the temperature regime 550-750oC:24

KNO3 KNO2 +  0.5O2 (3)

KNO3 undergoes an orthorhombic to rhombohedral transformaion at ~130oC and melts
(333-334oC) to a liquid stable to 550oC. Above that the quasi-equilibrium (eq 3) sets in
depending on the experimental conditions.25 The decomposition of potassium nitrate and
nitrite can produce NO2, NO, N2 and, finally, K2O.   KNO2 is reported to evolve NO2 at
410oC, which is below its melting point (440oC). This continues as the temperature is
raised, and KNO3 can be formed. Since the nitrate is more stable than the nitrite, it takes
higher temperature to result in complete decomposition.24

In this study DSC heat release values had standard deviation of over 25%.  Some of the
variation in heat release may have been poor mixing despite the use of an acoustic mixer.
However, in the past we have found that even scanning ammonium nitrate alone resulted
in 15% variation. We suspect that with energetic materials it may be difficult for the
thermocouples to accurately track the fast release of heat.  Nevertheless,  the  poorest
oxidizer in terms of heat release was clearly potassium dichromate with roughly 100 to
200 J/g heat release with the chosen fuels. The rest of the oxidizers released heat ranging
from 1100 to 2200 J/g with an average of 1500 J/g regardless of the fuel.  Of those
oxidizers, nitrite released the least heat ~1000 J/g, while the two ammonium salts
released the most heat (~2000 J/g).

Experimentally it was found that differences in DSC and SDT traces appeared to be
related to the ability of reactants/products to vaporize in the SDT open containers.
Evidence for this interpretation was three-fold.  First, ocassionally exotherms in the DSC
where containers were sealed appeared as endotherms in SDT where they were not sealed.
Second, certain promenent well-behaved exotherms by DSC were sometimes split into
two exotherms by an overlapping endotherm.  Third, total heat released was usually
lower in the open crucibles compared to the closed capillary tubes.

When fuels were added to the oxidizer the thermograms became more complicated. Lack
of mixture homogeneity played a role, as did heating rate.  It has been shown that ignition
temperatures are affect by sample weight and heating rates.26 Particle size has been
mentioned as important. We and others27,28 have shown that particle size can affect the
temperature at which the exotherm is observed (Fig. 24). Large particles are harder to
mix homogeneously throughout the mixture; they are harder to ignite, on purpose and
easier to accidently "excite" them.  These issues make smaller particles preferable, but
handling them can be a major problem.

Fig. 26:  Effect of Particle Size on DSC Exothermic Temperature
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With the exception of charcoal, all the fuels chosen for this study melted below 200oC.
With the sugars, the first exotherms often occurred after the melt.  In DSC scans this
often appears as one large, broad exotherm having energy content 1000 to 2000 J/g. To
ensure this observation was not a result of excess fuel, each oxidizer was heated with
20wt% sucrose (i.e. below stoichiometric proportions).  Three different behaviors were
observed and are cataloged in Table IV.

<Table IV Oxidizers with 20wt% Sucrose (DSC response & average J/g)>

In mixtures where DSC traces indicate appearances of exotherms during fuel melt, SDT
also demonstrated exotherms at similar positions but one or more exotherms appeared
later in the scan. There was often an exotherm around 300-350oC, where KIO4 and
KMnO4 decompose and KNO3, KNO2, KClO3, and K2Cr2O7 experience phase changes or
melts. For KIO4 the 350oC exotherm signals its decomposition. For the neat oxidizer this
decomposition was conversion into KIO3, the rest of the thermal scan (up to 1000oC) was
identical that observed for KIO3. Decomposition of the 50/50 chlorate/lactose mixture
has been examined in detail.14 As in this study, perchlorate formation was not observed.
Interconversion of oxidizers becomes unimportant compared to the reaction with the fuel
(eq 5). It is speculated that the decomposition of the chlorate was initiated when molten
lactose partially solubilizes KClO3.  Solvents with OH groups readily dissolved chlorate.
We now extend that observation to a number of oxidizers.

8 KClO3 + C12H12O11
. H2O 8 KCl + 12CO2 +12 H2O (5)

With the exception of charcoal all fuels used in the study melted below 200oC. It was
found that decomposition of the mixture was usually initiated by a thermal ‘event’ in the
oxidizer or the fuel. This behavior was so general that we have classified the
decomposition of the fuel-oxidizer mixtures as fuel- or oxidizer- controlled. Oxidizer-
controlled mixtures, such as those made with KClO4, NH4ClO4, or KNO3 did not exhibit
substantial exotherms until the oxidizer underwent a phase change or decomposition
(Table V). Fuel-controlled mixtures underwent decomposition immediately after fuel
melt; this was the case when KIO4, KIO3, KBrO3, KNO2, KMnO4, and KClO3 were
mixed with the sugars. Fuel-controlled mixtures exhibited lower decomposition
temperatures than oxidizer-controlled mixtures. With AN/sugar mixtures the melting
point of the sugars and that of the AN were very close ~170oC; thus, it was difficult to
assign these mixtures as oxidizer- or fuel-controlled.  However, when AN was mixed
with pentaerythritol or erythritol, the exothermic maximum was essentially the same in
both cases ~270oC which is above the melt of the erythritols and AN, but near the normal
decomposition temperature of AN.

Pentaerythritol (PE) and erythritol (ET), both poly-alcohols, were included in this study
for comparison with the sugars. Since with a number of oxidizer mixtures, the melt of the
fuel initiated decomposition, it was thought an alcohol with a higher melting point would
impart greater thermal stability. Pentaerythritol (PE) (m.p. 191oC) and erythritol (ET)
(115oC) were chosen to bracket the melting points of the sugars used in this study.  It was
expected that PE would impart slightly greater thermal stability to the fuel-oxidizer
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mixtures. For the three oxidizers (KClO3, KNO3, AN) which were examined with both
erythritol and pentaerythritol, the decomposition temperature with PE was raised only
slightly or not at all. The chlorate/PE mix had an exotherm which initiated immediately
after the PE melt (191oC), peak maximum ~270oC. The chlorate/ET mixture had an
exotherm around 253oC, but this is 50 to 60o above its melt.  KNO3 mixtures with any of
the fuels did not experience exotherm until near its melt at 330oC; for PE and ET this
resulted in peak maxima around 470 and 413oC, respectively.

<Table V Oxidizers with 50wt% Fuel DSC Response & Average J/g (number runs)>

An illustration of one component control was observed in the four oxidizer mixtures
containing charcoal.  In three cases, the melt of the oxidizer controlled the temperature at
which the exotherm of the mixture appeared:  KClO3 336oC (m.p.); KClO4 520oC (m.p.);
K2Cr2O7, 400oC (m.p.). In the fourth case, the oxidizer, AP did not melt, and the
exothermic reaction between it and charcoal occurred above the highest AP exotherm.

Sulfur is a low-melting inorganic fuel often used as part of pyrotechnic formulations. It is
this low-melting property which is generally believed to make the addition of sulfur to
pyrotechnic mixtures hazardous.  However, only with chlorate and AN did the
combination with sulfur result in exotherms around 200oC or lower. With periodate and
iodate the exotherm occurs aroud 220 to 250C, which could have been keyed to the
polymerization of sulfur.

While heat release values had standard deviations on the order of 25%, the poorest
oxidizer was clearly potassium dichromate which yielded barely 100 J/g.  The rest of the
oxidizers released heat ranging from 1100 to 2200 J/g with an average of about 1500 J/g
regardless of the fuel employed.  Of those oxidizers, nitrite was the poorest, and the best
were AP and AN. Surpisingly the next best were permanganate and chlorate, in that
order. No fuel stood out as clearly the ‘best,” in terms of releasing the most heat; they
averaged 1500 J/g by DSC analysis. Response to hot-wire ignition was assessed by the
length of the burn and the light output.  Table II orders the oxidizers left to right as
highest oxidizing power to lowest in terms of electromotive potential. This trend is
roughly followed by burn time; either measured by eye or light sensitive detector. Fastest
burn time oxidizers are on the left (highest oxidizing power) and those with longest burn
times are on the right. Light output, when the fuel was sucrose, did not show a clear
trend.  However, when the fuel was aluminium, those on the furthest right of the Table,
i.e. those with the lowest oxidation potential, failed to light the aluminium.  Seemingly,
out of place in this series is AN, which is high in heat output, and dichromate, which is
extremely low in heat output.
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Fig. 1: Ammonium Perchlorate DSC vs SDT
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Fig. 2:  KIO4 +50% Sucrose (mix 65)—DSC vs SDT
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Fig. 3 KIO4 + 20% Sucrose (mix 76)—2 DSC traces
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Fig. 4 KIO4 + 50% Sulfur (mix 89)—DSC vs SDT
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Fig. 5  KIO3 + 50% Fructose (mix 63) --DSC vs SDT
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Fig. 6: KBrO3 + 50% Sucrose (mix 91) or 20% Sucrose (mix 79)
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Fig. 7 KBrO3 + 50% Erythritol (mix 93) –DSC vs SDT
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Fig. 8: KClO3 + 20% Sucrose (mix 73) or 50% Sucrose (mix 14)
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Fig. 9:  KClO3 + 20% Sucrose (mix 73)— DSC and SDT
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Fig. 10 KClO4 + 50% Sucrose (mix 26)—DSC and SDT
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Fig. 11 KClO4 + 50% Erythritol (mix 45)—DSC and SDT
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Fig. 12:  AP + 50% Charcoal (mix 69)—DSC & SDT
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Fig 13: KNO3 + 50% Lactose (mix 19)

Fig 14 KNO3 + 50% Pentaerythritol (mix 32)
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Fig. 15: KNO2 + 20% Sucrose (mix 78)—DSC and SDT
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Fig. 16: KNO2 + 50% Erythritol (mix 57)

Fig. 17:  KNO2 + 50% Sulfur (mix 87)
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Fig. 18:  AN + 50% Glucose (mix 24)

Fig. 19:  AN + 50% Fructose (mix 25a)
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Fig. 20: AN + 50% Charcoal (mix 41)

Fig. 21: AN + 50% Sulfur (mix 39)
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Fig. 22: KMnO4 + 50% Fructose (mix 37)

Fig. 23: KMnO4 + 50% Sulfur (mix 86)

438



Fig. 24: K2Cr2O7 + 50% Fructose (mix 96)

Fig. 25: K2Cr2O7 + 50% Erythritol (mix 97)
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Table I: Stoichiometric Ratio

KIO4 KMnO4 KBrO3 KClO3 KCr2O7 KIO3 KClO4 KNO3 KNO2 NH4ClO4 NH4NO3
Sucrose 80.1 81.6 79.6 74.1 87.3 83.3 70.8 73.9 79.9 76.7 84.9
Lactose 80.1 81.6 79.6 74.1 87.3 83.3 70.8 73.9 79.9 76.7 84.9
Fructose 79.3 80.8 78.8 73.1 86.7 82.6 69.8 72.9 79.1 75.8 84.2
Glucose 79.3 80.8 78.8 73.1 86.7 82.6 69.8 72.9 79.1 75.8 84.2
PE 83.5 84.8 83.1 78.3 89.6 86.3 75.3 78.1 83.3 80.6 87.6
ET 80.9 82.3 80.4 75.1 87.8 84.0 71.9 74.9 80.7 77.6 85.5
Surfur 78.2 79.8 77.6 71.8 85.9 81.6 68.4 71.6 78.0 74.6 83.3
Charcoal 90.5 91.3 90.3 87.2 94.2 92.2 85.2 87.1 90.4 88.7 93.0
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Table II:  Burn time (seconds) of a 4:1 Oxidizer: Sucrose Mix
Oxidizer KIO4 KMnO4 KBrO3 KClO3 K2Cr2O7 NH4ClO4 KClO4 KIO3 KNO3 NH4NO3 KNO2

anion potential 1M aq. H2 0V 1.7-1.6 1.7-1.5 1.5 1.4-1.3 1.4-1.2 1.2-1.1 1.0-0.8 -0.46

Decomp oC 5/5 oxidizer/sucrose 171 235 208 164 244 185, 340 494 187 265, 393 176 239
J/g heat released 1698 1214 1298 1955 83 181, 1843 1206 1736 298, 446 2627 1618

Decomp oC 8/2 oxidizer/sucrose 187 236 186 180 484 540 182 396 176 212
J/g heat released 1681 1741 1511 3195 1342 735 939 1108 2084 1777

Decompostion oC alone 350 305 590 404 653 553 702 316 424, 930
J/g heat flow 85 145 450 1081 266 609 433 1407 80, 178

Burn Test 8:2 Oxidizer:Al KIO4 KMnO4 KBrO3 KClO3 K2Cr2O7 NH4ClO4 KClO4 KIO3 KNO3 NH4NO3 KNO2

Ave Burn Time by Eye (s) 4.3 7.5 3.8 18.2 2.5
Std. Dev 1.0 2.1 0.7 1.6 0.6
Ave Burn Time Thor Labs (s) 0.05 0.06 0.14 0.10 0.36 0.21 0.05
Std. Dev 0.01 0.01 0.04 0.01 0.14 0.03 0.01 -- -- -- --
Ave Peak Light Signal Thor Lab (mV) 2564 2360 1113 1129 140 144 2736 -- -- -- --
Std. Dev 232 297 437 286 54 73 11 -- -- -- --

Notes bright flash bright flash
bright
flash

bright
flash bright flash

bright flash,
strobes bright flash bubbled bubbled bubbled bubbled

Burn Test 8:2 Oxidizer:Sucrose KIO4 KMnO4 KBrO3 KClO3 K2Cr2O7 NH4ClO4 KClO4 KIO3 KNO3 NH4NO3 KNO2

Ave Burn Time by Eye (s) 1.9 1.0 4.9 4.6 2.5 1.6 2.5 18.1 1.3
Std. Dev 0.2 0.4 1.7 0.8 0.4 0.4 0.7 2.7 0.3

Ave Burn Time Thor Labs (s) 0.2 2.1 0.4 1.0 3.5 2.7 1.0
Std. Dev 0.1 0.3 0.1 0.3 -- 0.6 0.8 -- -- -- 0.2
Ave Peak Light Signal Thor Lab (mV) 56 25 346 104 -- 3 11 -- -- -- 32
Std. Dev 23 6 98 43 -- 1 4 -- -- -- 12

Notes
purple

flickering
orange
flame

purple
flame

purple
flame

charring,
no flame

yellow
flame

purple
flame

charring,
no flame

charring,
no flame

dim yellow
flame yellow flame

Burn Test 5:5 Oxidizer:Sucrose KIO4 KMnO4 KBrO3 KClO3 K2Cr2O7 NH4ClO4 KClO4 KIO3 KNO3 NH4NO3 KNO2

Ave Burn Time by Eye (s) 3.1 10.4 2.6 15.9 9.2 8.1 9.0 0.9 21.4 2.6
Std. Dev 0.5 2.1 0.8 1.7 1.2 1.1 4.2 0.1 4.8 1.1
Ave Burn Time Thor Labs (s) 8.3 0.5 1.7 8.3 6.1 0.6 2.1
Std. Dev -- 1.4 0.1 0.5 -- 1.1 0.7 -- 0.1 -- 0.6

Ave Peak Light Signal Thor Lab (mV) -- 8 430 128 -- 10 58 -- 43 -- 43
Std. Dev -- 7 164 41 -- 2 13 -- 13 -- 13

Notes

no light,
black snake

dim yellow
flame

purple
flame

purple
flame

dim yellow
flame

dim yellow
flame

dim yellow
flame

dim yellow
flame

dim yellow
flame

no light,
black snake

dim yellow
flame

purple flame or ficker too fast --  light too low for detectorfor accurate timing by eye

bright flash, strobing yellow flame no light, black snake

orange flame bubbled, but no  burn charring, but no flame
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Table III: Temperature Enodtherms & Exotherms for DSC & SDT at 20o/min (Heat
Release J/g)

KIO4 KMnO4 KBrO3 KClO3 K2Cr2O7

endotherm exo endotherm exotherm endotherm exotherm endotherm exotherm endotherm exotherm endothermexotherm

phase change SDT only

melt
544-571-
611(436)

240 lit
start peak 413 (60) 58 (116) 398

melt KX 675 (54) 541 (59)  729 (488) 767 (177)

decompose 305 (145)
417 (9),584-

619 (446)

173-190-
201
(148),
238 (26)

257-
297-
334

(206)

65 150
(30),675

(25)

65a 153-
171(1698), 293-
348(198),sdt
442(328) sdt

36
187(20)

36 189-235-
269-306
(1214)

14 153-164-
215-249-256

(1955)
95

187(13)

95 244
(83),403(

15),
491(32)

76 675
(32)

76 155-167-
187 (1681),
297(24) sdt,

349(183), 441-
460(469)sdt

75 191
(43)

75 221-
236-272-
303-355

(1741) dsc
603-693
(308) sdt

5 766
(123)

73, 5 162-
180-236

(3195), 338
(61)

94 193
(34)

94 225-
244-268

(159)

151
(132),20
8 (68)

282-
299

(419)
15 150

(60)

15 182-200-
241-253 -
270 (1684)

88-128-
162
(263),

268
(233)

66
675(24)

66 132(780),
348 (37), 434

(230)

37
108(94)
391 (15),
434 (27)

37 131-178-
256-296
(1608)

17 123
(11)

767 (29)

17 125-175-
242-276
(2955)

96 101
(50)

96
187(130)

165
(198),23
3 (73),

305
(333)

16 155
(19)

16 158-175,
240-283
(2193)

191
(311),

263 (32),
350 (81)

31
191(176),
767 (91)

31 209--237-
265 (2111),

617(45)

124
(385)
330

(547) bp

67a 600
(4), 662

(24)

67a 137-188,
244 (1059),
351 (7), 435

(28)
46 110
(26)

46 114-
161-258

(1931) 355
(152)

30b
120(260)

30b 195-
216-259-280

(2339)

97
193(24),

398
(123)

97
404(89)

108-115-
121 (70),
180 (8),

315
86 114

(19)
86 259-310-
380-(808)

38a 115
(33),

317(7)
440 (17)

38a 142-
180 (829)

150 42
42 334
(1541)

98
395(23)

98
401(61)

KIO4 KMnO4 KBrO3 KClO3 K2Cr2O7
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Table III: Temperature Enodtherms & Exotherms for DSC & SDT at 20o/min (Heat
Release J/g) (cont)

NH4ClO4 KClO4 KIO3 KNO3 NH4NO3 KNO2

endotherm exotherm endotherm exotherm endotherm exotherm endotherm exotherm endotherm exotherm endotherm exotherm

248 (62) 307 (85) nothing in DSC
132 (53),222

(3)
55 (22),130
(40) 45 (13)

phase
change

613 (115) 553d (609) 330 (29) 167 424 (82) melt

757(10) 769 (175) 680 (75) melt KX

404 (1081) 653 (266) 702 (433)
261-316-336

(1407)
517 (2),
903 (17) 930 (176) decompo

165 (66)
246 (24)
759 (79)

 175-
185-209

(181)
266-280-

340-
424(1843)

26 181(66),
307 (36) 765

(7)

26 280
(142),427-
494 (1206)

sdt
62 152 (19),

678 (8)

62 156-187
(1736), 438
(137) sdt

18 137 (22),
181 (73),219

(14)

18 219-
265 (298)
359- 393
(400 or
1269)

22 54 (16),
127 (15)

22 147-176
(2627), 296

(513) 55 192(57)

55 212-
239-290
(1618),

71 173 (35)
245(54),
758(6)

71 484
(1342) dsc

318 sdt,
394 sdt,

74 187(32),
304(85), 787

(170)

need DSC
74 540(735),

620(223) 77 160 (39),

77 163-182
(939) dsc

434
(207)sdt

72 131 (45),
173 (20)

72 381-
396-413-

453
(1108)

68 56 (14),
129 (33)

68 151-176,
202 (2084),
283-295-333

(1010)

78 172
(41), 940

(21)

78 177-
212-222-

251
(1777);
323-333

(65)

19
132(9),151(7

0),212 (9)

19 271
(300) 379-
394 (800)

23 55, (10)
107 (110)

23 160-182-
209, 221

(1493),311
(183)

29 118
(117)

244 (10)

29 180
(300),  284-

340-420
(2285)

27 128 (29)
311 (45),
767(16)

27 511
(931), 21 122 (72),

21 230-
314-380

(244); 409
(550)

25a 55,
(15),130

(80)

25a 150-170
(3475) 336

(607)

56 136-
170-218

(944)

20 133-152-
165 (140)

20 271-
305 (370),
392 (414)

24 54 (11),
107 (90)

24 153-188
(2400), 309

(318)
(23),190

(139), 354
(164)

687(849)

440,470
(1467)

765,842,9
40

33 54
(13),126,

(38), 175 (9)
33 242-265

(2008)

44 108 (45),
246(53),

44 262-
298-340-
438-452
(3196)

45 118 (200),
306 (18),768

(52)

45  329-355
(438), 503-

575-644
(213)

64
123(119),

608 (2), 668
(15)

64  178
(931)

34 113 (125),
130 (32),

34 298
(30), 416
(2695)

35 86 (59),
119 (11)

35 255-261
(1653) 57 116(43)

57 250-
318-357
(1041)

85 114(37),
245(25),
670 (11)

85 389-
421 (1493)

84
115,120(54),
307 (36), 765
(14)

84 424-470-
486(1384)
597 (154)

40a 115,
119,131 (65),

189 (12)

40a
300-327-

420
(1092) 39 116 (40)

39 198-217
(2379)

87 251-
294-310
(1962)

69 244 (20)
69 344
(2000)

54, 70
307(43),766

(14)
70 449-524

(1100)
43 129(22),
332 (47),

43 461
(2182)

41 221
(1472)

NH4ClO4 KClO4 KIO3 KNO3 NH4NO3 KNO2
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Table IV Oxidizers with 20wt% Sucrose (DSC response & average J/g)
KIO4 * KIO3 * KBrO3 * KNO2 *

1603 2 838 5 2239 4 1689 2

KClO3 KMnO4 NH4NO3

2413 4 1798 2 2809 3

KNO3 NH4ClO4 KClO4 KCr2O7

967 2 1357 3 800+ 102

principle exotherm
follows melt but other

1st exotherm >100C
from fuel melt

1 exotherm after
sucrose melt
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Table V Oxidizers with 50wt% Fuel DSC Response & Average J/g (number runs)
KIO4 KIO3 KBrO3 KClO3 KClO4 NH4ClO4 KNO3 KNO2 NH4NO3 KMnO4 KCr2O7

thermal change 350 oC 553 oC 417, 460 oC 350, 415 oC 305 oC 248, 400 oC 133, 330 oC 323, 430 oC 130, 167, 316 oC 260, 305 oC 398

Sugars (130-190C) melt melt melt melt + >400 + >248 >330 melt melt AN & fuel melt + >398
peak temperature oC 167 187 206 175 495 sdt 338 386 254 171 239 402

J/g for 50w t% sucrose 2054 2 1643 2 1110 6 2033 3 1320 2 2341 2 926 3 1231 3 2136 4 1169 3 50
PE (190, 233, 305) -- -- -- melt + -- -- >400 -- 269+ -- --

peak temperature oC 270 471 267

Heat Released  J/g 1797 3 1669 4 2087 4

Erythritol (124, 330) melt + melt melt + 200 >305+ >248+>400 >400 270 270 melt + >398
peak temperature oC 142 185 229 253 181 313 413 316 5 269 325 2 390

Heat Released  J/g 1327 2 871 3 1160 3 2314 2 881 3 2471 3 1014 5 4 1836 2 129
Sulfur (116, 180, 315) 250 220 -- 150 >400 >248 ~300 290 170 270 --

peak temperature oC 303 298 194 468 422 333 299 219 309
Heat Released  J/g 1410 4 659 4 1031 3 1612 3 1747 3 916 4 1006 3 2103 2 808 3

Charcoal -- -- -- 335 >400 >248 >400 -- 223 -- >398
peak temperature oC 526 450 467

Heat Released  J/g 2 3 4 2

fuel controlling oxidizer contolling
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Characterization of Al Plate Acceleration
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ABSTRACT

Knowledge of ability of explosives to accelerate metals is important in many applications. Initial
stages of free surface velocity are useful in characterization of spall fracture, in determination of
detonation pressure or in determination of EOS parameters eg. in cylinder test. Later stages are important
from the perspective of terminal velocity that the accelerated metal acquires. This reflects in performance
of many systems including detonators, explosively driven plane wave generators or projectiles for
material characterization.

Photonic Doppler Velocimetry (PDV) became, thanks to advances in telecommunication
technologies accompanied by a price reduction of optical parts, available to many research groups. Our
first PDV system was built in cooperation with Institute of Shock Physics, ICL about two years ago and
was extensively tested ever since. The work presented here summarizes the design and technical aspects
of our setup (cheap, simple, low power) and demonstrates its capability in explosively driven aluminum
plate acceleration experiments. Results are used for determination of detonation pressure of a RDX based
composition A-XI-1.

Introduction

Various new explosives and explosive compositions are produced at our Institute. These
explosives need to be characterized from both safety and performance perspective. The chemical and
physical properties are routinely determined; manipulation safety tests including friction, impact and
electrostatic discharge sensitivities are also carried out for most of our samples. Performance tests have
however been for a long time based on determination of detonation velocity, brisance, relative explosive
strength and more recently on measurements of blast wave parameters in air. From these parameters only
detonation velocity is related directly to the detonation processes taking place inside the explosive.

For reasonable characterization of the detonation process detonation pressure - pCJ must also be
determined. Many methods exist for its determination including (1) but unfortunately none of them was
routinely employed at our Institute. A couple of years ago we were able to start filling up this gap by
building our Photonic Doppler Velocimeter – PDV (or as it is called in England HetV).

In the first part of this article we describe in detail our first PDV build in cooperation with the
Institute of Shock Physics, Imperial College London from rather inexpensive parts. Following part
describes aluminum acceleration tests using RDX based explosive A-IX-1. These tests were conducted to
verify usability of this PDV for determination of detonation pressure.

Photonic Doppler Velocimetry (PDV) in brief

The PDV is one of the time-resolved velocimetry techniques and today complements techniques
used earlier such as VISAR (2) and Fabry Perot based systems (3). Advantages and disadvantages of each
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of the techniques were discussed elsewhere (4, 5, 6) and will not be addressed here. The peculiarities of
the data evaluation are well described by Dolan (5).

The theory of heterodyne velocimetry is not new, but its wide spread use was limited by price and
availability of fast digitizers, detectors and fiber optics components. These became available thanks to the
fast developments in telecommunication industries only in the last decade. The first article related to
building fiber based PDV dates back to 2004, when Strand and his co-workers from LLNL (7, 8)
published design of a system build from off-the-shelf telecommunication components working in the
infra-red spectrum (1550 nm).

When looking at their design and other designs build in later years we found, that 2W CW lasers
are quite popular. It seems logical as one laser can feed 4 channels at power level that circulators can
withstand (the standard circulator CW power rating is 500mW). The price of such laser was however a
limiting factor for us at that time. We have therefore decided to take a two-step approach. In the first step
we decided to build small, low power, cheap, one channel, simple PDV system, which would allow us to
became familiar with the technique and the data evaluation. After gaining reasonable confidence we
would move on and build second high power four channel PDV system similar to that of Strand (7)
perhaps with separate laser in the reference arm to provide beating even when the target does not move.
In this article we describe the results of the first stage of our efforts.

Our efforts began in summer 2012 when Simon Bland introduced us to the PDV theory and
helped us to build our first PDV. We have successfully tested the system in the lab and later started to
carry out high-explosive acceleration experiments.

The outline of the system is shown on figure 1. It is most likely the simplest possible setup (called
here zero generation PDV). A 3-port circulator is fed by 40 mW fiber laser. Light exits the circulator and
travels towards probe (collimator or bare fiber end) where it partially exits and partially reflects back. The
portion of the light that exits the probe travels towards the measured surface, reflects back and enters the
probe. If the target moves, the light has Doppler-shifted frequency (fd). The back reflected part is non-
Doppler-shifted and has frequency of the laser source (f0). The two different frequencies combine and
create beats with frequency (fb) equal to the difference between the shifted and non-Doppler-shifted one.
The beat signal is captured by the detector and visualized by the oscilloscope. We are not using any signal
amplifier between the detector and the oscilloscope.

Figure 1: Schematic outline of “zero generation” low power single channel PDV
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The velocity of the moving target (v) is given by:
v = ( 0/2)fb

where 0 is the wavelength of the non-Doppler-shifted light (the laser wavelength). In our case the laser
wavelength is 1553.33 nm (vacuum) and the velocity of the moving surface is therefore given by:

v = 776,7 fb [m/s, GHz]

With our 4 GHz oscilloscope we could theoretically measure velocities up to 3.1 km/s (1 km/s requires
1,29 GHz). Practically we can go even a bit higher thanks to the fact, that the oscilloscope's real
parameters are higher than 4 GHz.

Analysis of photonic Doppler velocimetry data is most often based on short time Fourier
transform (STFT). As most of the PDV users we have developed our own code (Intmetr) based on
Matlab. The STFT and Hamming window is used with adjustable length. Extraction of the velocity trace
is done by interpolation within user defined region of interest. Other techniques for resolving the time
velocity history are described in literature as well including continuous wavelet transform - CWT (9) or
simply measuring duration of each cycle (10).

Experimental

PDV design

The system utilizes off-the-shelf low power telecommunication CW fiber laser module from 3S
Photonics type A1905LMI with 30 mW (max 40mW) optical output (figure 2). A bit unusual feature of
this laser is its relatively broad line width - 2MHz (typical), 5 MHz (max). Most lasers mentioned in
literature have so called single frequency line width (<50 kHz). The price of these lasers however
increases with the decreasing line width. Our financial constrains allowed us to buy only the above-
mentioned type.

The laser is mounted on microprocessor controlled laser driver module from OptoSci type
LDR1000E (figure 2). This driver is connected to the PC by USB cable. In our case it is connected to the
oscilloscope. Our oscilloscope is running on Windows operating system and we were therefore able to
install the driver controlled software V-Drive ver.2 provided by the manufacturer directly on the scope.

Figure 2: left - CW fiber laser module type A1905LMI (3S Photonics), right - Laser driver module
type LDR1000E (OptoSci ltd.)
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Attenuators and variable inline power meters were tested but excluded from final design as they
were not needed in this simple first version. The circulator is AC Photonics’s polarization insensitive
300mW rated. All fiber components including circulator, splitter and probe fiber are connected using
FC/APC connectors except for the laser, which is FC/PC. The connection is done using FC/PC FC/APC
terminated fiber. The photodetector (figure 3) is a battery powered 12.5GHz InGaAs type ET-3500F from
Electro-Optics Technology Inc. (EOT). The detector is connected to the oscilloscope using SMA cables.
The layout of the parts of the complete functional PDV system is shown on figure 4.

Figure 3: 12.5GHz InGaAs photodetector type ET-3500F (EOT Inc.)

The selection of the right type of probe is an issue that anyone doing PDV experiments must face.
Nice review of the problem was presented by Strand (11). We have tested few types of collimators with
varying back reflection in the laboratory environment. Reasonable signal was observed even when using
20 mm PMMA “protective” window in front of vibrating membrane. For explosive experiments bare
fiber probes proved successful. With the number of shots we are doing the consumption of back reflecting
collimators would be limiting (cost of the experiments would be too high). This method proved fully
operational and enabled us to measure surface velocity in distances up to 15 mm in metal plate
acceleration, metal cylinder expansion and concrete spall formation experiments.

Figure 4: Photography of the low power single channel PDV in tool box.
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The fiber we initially used was a single mode 9/125 μm Corning SMF-28e+ in Ø900 μm
protection supplied by ThorLabs and was later replaced with equivalent product of a local producer
Optokon NPC-09 S2D-P. The alignment of the bare optical fiber initially seemed to be unexpectedly
challenging. After testing variety of metal and PMMA holders we settled down with the simplest possible
solution made from a piece of polystyrene foam glued to the surface of the tested material by double sided
tape (see Figure 6). Contrary to our initial fears the alignment is not that difficult and good quality signals
are obtained with the fiber aligned to 90±2° as long as the distance of the fiber from the surface is within
10 mm. Nevertheless the probe alignment is checked with IR detection card VRC4, photographed and
later evaluated from the photography.

Explosive charge assembly
The Al flyer plates were accelerated by detonation products of RDX based explosive A-IX-1. This

composition consisting of 95% of RDX and 5% wax had detonation velocity D = 8200 m/s when pressed
to density 1.66 g/cm3. The diameter and the height of the charges was 40 mm. Plastic explosive Semtex-
1A was used as a booster and was initiated by standard industrial electric detonator num.8. It was
expected, that the detonation wave would acquire curved surface and the probe was therefore placed in
the axis of the charge. The space between the flyer plate and the explosive charge was treated with small
amount of silicone grease to exclude air from the interface. The charge setup is illustrated on figure 5
(fiber holder is not displayed).

The PDV probe was placed 3-10 mm above the surface. Placing it closer to the surface made the
alignment easier but provided shorter recording distance. With the probe further apart from the surface we
could resolve the stepwise acceleration even in the case of thicker flyers. The alignment however became
quite challenging.

Figure 5: Schematic representation of the test setup.

When using just one cylinder of the A-IX-1 the length to diameter ratio (L/D) was one. It was
believed, that the charge would acquire its full detonation parameters after being initiated with Semtex-
1A booster. However to check this hypothesis we also carried our experiments with the charge made from
four cylinders and hence the L/D ratio being 4 (figure 6).

Flyer plates were made of Al (99.5%). The thickness of the plates was 4, 6, 8 and 10 mm, diameter
was the same as the charge - 40 mm. The Hugoniot was taken from literature for aluminum Al 1100 in the
form Us=5.38+1.34Up , where Us is the shock velocity and Up the particle velocity both in km/s
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Figure 6: The setup of the explosive charge consisting of 4 cylinders of A-IX-1 explosive and 10 mm
Al plate. The other probes were used to determine detonation velocity.

Results and Discussion

In order to use bare fiber as the probe it is necessary to cut the fiber end before each shot. The
quality of the cut affects the amount of the back reflected non-Doppler-shifted light. Our experience tells
us that a well-cut fiber gives 10-15 mV signal on the detector/oscilloscope (see figure 7). When the flyer
hits the fiber end the signal drops to zero. This drop in detector signal is used as a reliable trigger event.

Figure 7. Raw signal of the photodetector, voltage (V) on y-axis, time (s) on the x-axis .
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Figure 8: Example of the velocity time history of an Al disc obtained by FFT and extracted by
interpolation from the spectrogram. The dashed line is added just to complete the velocity profile,

not enough data was available for resolving the initial increase.

Based on the distance of the probe from the surface velocity histories of a varying length are
observed. For the purpose of the detonation pressure determination by impedance matching technique
only the peak velocity of the first step is used (in red circle on figure 8). Free surface velocities obtained
for 4-10 mm plates are shown on figure 9. The eight shots in which the plates were accelerated by just
one A-IX-1 charge show linear dependence of the free surface velocity on flyer thickness. Extrapolation
to the 0 mm thickness gives free surface velocity 2803 m/s. The detonation pressure pCJ obtained from
these experiments (L/D=1) was found to be 23.3 GPa (figure 10). This seemed to be a bit too low for 95%
RDX/5%wax composition with detonation velocity 8200 m/s.

The two verification shots with 4 cylinders were therefore fired to check if the parameters would
change with higher L/D ratio. In the case of L/D=4 the free surface velocity at zero Al thicknes was found
to be 3173 m/s (although further experiments are needed to verify that). Re-evaluation of the detonation
pressure based on this value gave 26.9 GPa which seems to be much closer to what would one expect.
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Figure 9: Free surface velocity as a function of the Al flyer thickness (L/D=1 - blue diamonds,
L/D=4 green triangels).

Figure 10: Acoustic approximation of the determination of uCJ and PCJ.

To clarify the L/D issue will require further investigation of the A-IX-1 explosive. The use of a
plane wave generator instead of the plastic explosive booster may help to achieve more planar shape of
the detonation wave front and hence decrease the effect of the side ways expansion.
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Summary and Conclusions

A simple single channel PDV was build and tested in experimental determination of free surface
velocities of explosively accelerated aluminum plates of varying thickness. Impedance matching
technique was then applied to determine detonation pressure of RDX based explosive from obtained
results.

Bare fiber probes were tested and proved fully functional. Velocities were measured for distances
between the probe tip and the metal plate ranging from 3-10 mm. The limiting velocity seems to be higher
than would be expected from the oscilloscope technical specifications. This needs to be checked.

The results of free surface velocity proved to be reproducible however depended on L/D ratio.
Future investigation will address this issue.
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ABSTRACT

The paper is focused on characterization of wall velocity histories generated by explosives at various
densities and detonation velocities. The wall velocity was measured using simple zero generation
photonic Doppler velocimetry system. Detonation velocity was measured simultaneously using fiber
optic probes coupled with an electronic counter. The effect of charge density and detonation velocity
on the shape of the wall velocity history was examined for explosives having densities in the range of
0.5 – 1.7 g.cm-3. Explosives based on pentaerythritol tetranitrate were used in order to ensure stable
detonation parameters along the charge. The explosive charges were confined in aluminum tubes with
internal diameter of 16 mm and wall thickness of 2 mm. The results can be useful for understanding
and characterization of charge casing expansion phenomena. Gurney constants of all involved
explosives are included.

Introduction

An ability of explosive material to accelerate surrounding medium can be expressed using the
Gurney velocity (G, also called Gurney constant or E2 ). It can be calculated using the terminal wall
velocity and charge geometry parameters (the casing mass M and the charge mass C) via the Gurney
equation for cylindrical charge (1):

2/1

2

1

C

M

G

v [1]

Although there is a large amount of Gurney data available for various high explosives, much
less effort was involved in examination of non ideal explosives or high explosives at non ideal
conditions. Nowadays, the photonic Doppler velocimetry (PDV) technique proved to be useful
alternative to VISAR or streak camera in cylinder test instrumentation (2). With its simplicity and cost
efficiency, PDV allows us to examine some of these non ideal cases.

Experimental

Explosives based on pentaerythritol tetranitrate (PETN) were used in this study in order to
ensure stable and reliable detonation parameters. Various grades of PETN, whose properties are shown
in table 1 (3), were obtained from the Explosia Company (Pardubice). The charges were filled with
most of the samples by careful hand pressing with small mass increments of the material in such a way
to obtain homogeneous and void-free explosive column. Only the PETN + ETN mixture, being an
exception, was loaded by melt casting using a hot water bath. The charges were initiated using
standard electric detonators fixed in 5 g booster made of Semtex 1A plastic explosive.

Commercial grade tubes made of wrought aluminum alloy AW-6060 were used as a charge
casing. Except aluminum, the alloy contains also silicon, iron, magnesium and trace amounts of a few
other elements according to the European standard EN 573-3. The density of the explosive was
calculated using the charge weight and the aluminum tube dimensions. Tube length was 200 mm,
internal diameter 15.84 mm and wall thickness 2.14 mm.
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Table 1: List of PETN grades according to (3)
PETN grade identifier NS ND NK Np-2

PETN content (%) 99,9 99,9 99,9 98

Oversize part at 0.63 mm sieve (%) 0 <12 <5 <5

Undersize part at 0.2 mm sieve (%) 100 <12 <75 <75

Measurements of wall velocities were performed using a single channel basic PDV with the
reference signal taken from the probe back reflection. The measurement setup consisted of a laser
emitter, a circulator, a detector and an oscilloscope (4 GHz, 25 GS.s-1). The laser module was
operating at 1553.33 nm and it was limited in its power output to 40 mW. The real power output used
for testing was 36 mW at the laser which corresponded to 22 mW at the probe tip. Loses were caused
by attenuation in cables, connections and in the circulator. Bare fiber probe was fixed in a drilled
aluminum block in a position of about 130 mm from the detonator. The distance between the probe tip
and the outer surface of the tube was 10 – 12 mm and the probe angle to the surface normal was 6.5 –
7.5 degrees. The real probe angle and distance from the tube was inferred directly before measurement
using photography.

Detonation velocity was measured simultaneously as the evidence that the detonation
proceeded properly. Plastic fiber optic probes coupled with electronic chronometer operating at
50 MHz were used for the measurement. Probes were introduced into the explosive charges through
holes drilled in the casing at about 80 and 180 mm distance from the detonator. Probe tips were
covered with an aluminum tape in order to shield light preceding the reaction front and thus ensuring
activation by the passing shockwave only. The scheme of the whole measurement setup is shown in
figure 1.

Figure 1: Scheme of the measurement setup

Results and discussion

The scope records from the PDV probes were evaluated using short-time Fourier transform
(STFT) in a MATLAB based software to obtain velocity vs. time curves. Typical examples of wall
velocity histories for PETN based explosives at various densities are shown in figure 2.

The acceleration of the casing proceeds continuously in the case of samples with low density
and detonation velocity presented by lower three curves in figure 2. The fourth curve is nearly
continuous, but two or three velocity steps are barely visible. The upper three curves are typical for
high explosives, showing a few steep velocity steps at the beginning. The beginning part of the lower
four curves is cut off due to the use of angled probes as it was proved in previous experiments.

The “stepping” behavior seems to be explained taking into account the longitudinal sound
speed in aluminum which is about 6400 m.s-1 (4). The samples with the detonation velocity below that
value do not produce velocity steps because the shock wavefront is not formed in the casing and the
stress waves overtake the detonation front, forming fully separated elastic precursor waves. This
elastic precursor was captured in our earlier experiments and is also well documented in (5). On the
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other hand, the samples with detonation velocity above the sound speed in aluminum show
pronounced step formation with increasing D.

The terminal wall velocity (v) values were obtained by extrapolation of the wall velocity
profiles to the infinite time using SciDavis software and corresponding values of the Gurney velocity
were then calculated using equation [1]. The extrapolation was performed with first order exponential
decay curves starting at t = 1 μs. The results of velocity history evaluation are shown in table 2.

Table 2: Summary of the wall velocity measurements
Explosive w1 ρ D v M/C G

% g.cm-3 m.s-1 m.s-1 m.s-1

PETN (ND+NS) + ETN 71.4 1.68 8220 2370 0.99 2900
PETN (ND+NS) + ETN 71.4 1.67 8230 2350 1.00 2880
PETN + binder2 83.5 1.42 7340 1910 1.04 2370
PETN ND + ETN 71.4 1.41 7260 2190 1.18 2840
PETN ND + ETN 71.4 1.41 7470 2190 1.18 2830
PETN Np2 + oil3 83.0 1.27 6720 1850 1.31 2490
PETN Np2 + oil 83.0 1.21 6260 1830 1.38 2500
PETN NS + oil 84.0 1.15 6120 1650 1.44 2300
PETN NS + oil 84.0 1.07 6290 1710 1.55 2450
PETN Np2 98.0 1.03 5630 1720 1.61 2490
PETN Np2 98.0 0.99 5740 1570 1.69 2320
PETN NS4 99.9 0.56 3850 1180 2.58 2070

1 mass fraction of PETN in the explosive
2 Semtex 1A plastic explosive, example from (6)
3 medium viscosity mineral oil
4 an example from (7)

Figure 2: Wall velocity histories of PETN based explosives (density in parentheses, g.cm-3)
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Figure 3 shows the Gurney velocity dependence on the charge density for all our PETN based
explosives tested to date. A linear dependence was found for samples with active ingredients while
mixtures with inert additives fall below the linear trend. Some literature values from (8) are shown for
comparison. It can be seen, that the Gurney velocity is not a constant for the explosive, but more likely
for the explosive at a given density.

The dependence of detonation velocity on density of all tested samples, including mixtures of
PETN with active or inert additives, follows the linear trend. The data also agree well with linear fit
from the literature (9). The detonation velocity data are shown in figure 4.

Figure 3: Gurney velocity dependence on charge density for PETN based explosives

Figure 4: Detonation velocity dependence on charge density for PETN based explosives
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Summary

The wall velocity histories of cylindrical explosive charges were measured using photonic
Doppler velocimetry. The effect of charge density and thus detonation velocity on the wall velocity
history was demonstrated for PETN based explosives. Step formation at the beginning of velocity
histories was only found in explosives with the velocity of detonation higher than the longitudinal
sound speed in the casing material.

The detonation velocities of all tested explosives, including mixtures with active or inert
additives, fit well with literature values for PETN. The Gurney velocity shows also linear dependence
on the charge density, but the samples with inert additives do not follow the general trend.
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Application of High Speed Imaging Technique to Study the Behavior of
Non-Ideal Explosives (ANFO)

Elena Jacobs, Colorado School of Mines AXPRO Group, 1500 Illinois St., Golden,
CO 80401

Vilem Petr, Dr., Colorado School of Mines AXPRO Group, 1500 Illinois St., Golden,
CO 80401

ABSTRACT

High-speed imaging can provide invaluable information during any explosive testing. An explosive
detonation includes a shock and stress wave propagation phase and a fragmentation phase. In order to analyze
what happens in a non-ideal detonation event a high-speed camera is used to visualize the two different
phases. This visualization capability allows for analysis of the explosive detonation. The water between the
shock wave and the case expansion has a different optical index of refraction, which distorts the image of the
case expansion. Correcting for this refraction is complex, but when done correctly provides increased
accuracy in the particle velocity and therefore a more accurate equation of state. This paper gives a
comprehensive examination of high speed image analysis including refraction correction and equation of
state representation for ammonium nitrate fuel oil (ANFO).
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Fig. 1 Velocity of Detonation (VOD) analysis of individual image frames
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Program MAGIC – An Implementation of the Maiti and Gee Model for the
Coarsening of PETN

J. Mansell, J.P. Curtis1, and R.C. Drake. AWE, Aldermaston, UK
1Honorary Senior Research Fellow, University College London

ABSTRACT

In detonators and other explosive components the performance of the components can be enhanced by
using small particle size (high surface area) explosives. Unfortunately, fine powders are
thermodynamically unstable and the particles will grow (the particle size will increase and the specific
surface area decrease) with time both in powders and when incorporated into a device. This paper
describes a first step in developing an understanding of the growth mechanism of PETN.

PETN powders were subjected to elevated temperature to promote particle growth. The growth process
was characterised by monitoring the specific surface area, particle size distribution and particle shape.
The role of an evaporation-condensation growth process has been evaluated by developing a FORTRAN
based code (Program MAGIC) incorporating the particle growth model of Maiti and Gee. The
experimental data has been compared with the calculated particle size-time evolution profile.

Introduction

For detonator applications PETN is required to have a small particle size (and therefore a high
specific surface area). However, high surface area PETN is thermodynamically unstable, having a high
Gibbs Free Energy, and will tend to coarsen with time both as a powder and inside a detonator. In both
cases an understanding of the growth mechanisms and rates is essential to understand how the
characteristics of the PETN in the powder and detonator may change. There are several mechanisms by
which particles can grow to become more thermodynamically stable. However, the models derived from
these mechanisms are generally based on powders.

The first step was to identify the growth process in PETN powders. It was recognised that growth
processes in the powder may differ from those in the compact, but as the first step a PETN powder is
conceptually simpler than a compact. In a powder the particles can be considered as isolated entities
whereas in a compact the interactions between “touching” particles, and the complexity of vapour
transport through a compacted bed containing tortuous paths, would require consideration.

PETN was subjected to elevated temperature to promote particle growth with changes to the
specific surface area, particle size distribution and particle shape tracked with time, using standard
characterisation techniques. A modelling study was undertaken to complement the experimental studies.
It was decided to evaluate the Gibbs-Thompson (1) growth mechanisms using the mathematical model
developed by Maiti and Gee (2) which was incorporated into a FORTRAN program (MAGIC). By
comparing the model predictions with the experimental data the relevance of the Gibbs-Thompson
mechanism to particle growth in PETN powders was evaluated.
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Characterisation of Particle Size Growth in PETN

PETN was prepared by precipitation from acetone. The specific surface area, particle size
distribution and particle shape were characterised respectively by Lötzsch air permeametry, Malvern laser
diffraction and scanning electron microscopy (SEM).

The Lötzsch air permeametry technique measures the pressure differential across a centrifugally
compacted bed of particles, of known density (3). A gas (air or nitrogen) of known pressure is applied to
one end of the bed. The pressure differential is used to calculate a specific surface area, by application of
the Kozeny-Carmen equation (4). The starting powder had a specific surface area of 12850 cm2g-1.
Malvern laser diffraction technique was used to determine the particle size distribution from which it was
found that particle sizes were in the range of 0.13 – 19.5 μm.    The most abundant particles were in the
region of 0.2 to 0.35 μm but in terms of percentage volume, particles in the range of 4 to 5 μm dominated
- see Figure 1.
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Figure 1 – PETN particle size distribution, in terms of percentage by volume.

To promote particle growth the PETN was treated by placing 1g samples in loosely stopped vials
and heating them in temperature controlled metal blocks at 98 °C for up to 24 hours. Vials were removed
from the heating blocks at 30 minute intervals (apart from a gap of 8 hours when the experiment was
running overnight) and allowed to cool to room temperature. The PETN was characterised by Lötzsch air
permeametry and SEM.

The specific surface area measurements are shown in Figure 2Figure 2 and the results are typical
of elevated temperature storage of PETN powder. During the first 30 minutes there is an initial sharp
decrease in the SSA from 12850 cm2g-1 to 10525 cm2g-1, followed by a gradually decreasing rate of
change.
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Figure 2 – Time evolution of the specific surface area of re-crystallised PETN at 98°C, as
determined by Air Permeametry

The SEM images show that the starting material was made up of irregular block-like crystals with
a low aspect ratio - see Figure 3Figure 3. The absence of elongated crystals in the starting material should
be noted. The micrograph shows a range of particles from the sub-micron, up to around 3 μm in size.
Larger particles are not shown here but are evident from the Malvern data.

Figure 3 – SEM image of PETN at time zero

The SEM from the PETN sample withdrawn at 0.5 hours (Figure 4Figure 4), which had a
significantly reduced SSA, shows a clear overall increase in particle size and a reduced number of very
small particles. In the SEM image taken at 24 hours (Figure 5Figure 5) there is stronger evidence that
many particles are adopting a tetragonal crystal habit with a much higher aspect ratio.
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Figure 4 – SEM image of PETN after 0.5 hours at 98°C

Figure 5 - SEM image of PETN after 24 hours at 98°C

Particle Size Transport Growth Mechanisms

There are several mechanisms whereby the average particle size of a powder can increase. Of
these, the most commonly quoted transport and growth mechanism for PETN powders is evaporation –
condensation. The term evaporation-condensation is widely used to describe particles detaching from a
particle surface via sublimation, diffusing through the gas phase and condensing on the surface of a
different particle. Until equilibrium is reached, this process leads to an overall coarsening of the powder.

From the experimental SSA data in Figure 2Figure 2 it can be seen that the majority of the
coarsening has occurred within the first two hours of the heating period. During this time the rate of
change of SSA with time is the highest. However, it decreases with time, with the larger crystals growing

466



at the expense of the smaller crystals, which eventually disappear. This process is also evident when
Figure 3Figure 3 and Figure 4Figure 4 are compared. After two hours the rate of change of SSA with time
is almost linear with very little change in SSA. During this phase the evaporation – condensation is still
occurring but the system is now approaching equilibrium with the rate of coarsening also slowing.
Experimental evidence that particle shrinkage in PETN results from sublimation is available from Atomic
Force Microscopy (AFM) studies (5, 6).

The Maiti and Gee Model

The principal driving force behind the coarsening process in PETN is believed to be an
evaporation-condensation transport mechanism, which is driven by the Gibbs-Thompson effect (3), and
can be stated as:

rP

P
Tk r

B

σν2
ln

where Bk is Boltzmann’s constant, T is absolute temperature, v is the volume of a PETN molecule in the

solid (i.e. crystal) phase, r is the radius of the particle, is the surface energy density, rP is the

equilibrium pressure of the particle, and P is the equilibrium pressure of the powder, which has been
determined experimentally as described by Maiti and Gee (1).

The Gibbs-Thompson effect assumes spherical particles. The shapes of the particles in PETN
powders can vary greatly, depending on treatment during crystallisation and post processing, but the
tendency is for particles to have a rectangular cross section. The length of the crystals can also vary
greatly.

Maiti and Gee have developed a mathematical model to describe the coarsening process in PETN,
based on the Gibbs-Thompson effect and assuming spherical particles (1). They have derived an
expression for the number of molecules added per unit time onto a particle of radius jr from the

surrounding gas phase:
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where m is the mass of a PETN molecule and s is a size independent surface roughness factor, which
takes into account surface features such as ledges and kinks. eqP is the equilibrium pressure and

Tk

v

B

σ
α

2
.

Taking into account expressions for mass conservation and the rate of particle growth, it can be
shown that the rate of change of jr with time is given by:
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To predict the time evolution of the particle size of the PETN in the bulk powder this equation
has been solved for a representative set of particle radii jr (with j = 1,2,…N) using a variable time-step

Runge-Kutta scheme developed in FORTRAN (program MAGIC (Maiti And Gee In Code.))

Evaluation of the Maiti and Gee Model, as implemented in Program MAGIC

The Malvern particle size data in Figure 5 was converted into a frequency – particle size range
histogram and used in this form as the initial input data for program MAGIC.  The program was then run
with an applied temperature of 98 °C (the temperature used in the experiment) and for each time-step, the
revised particle size distribution was calculated and the specific surface area calculated. Input values for
the various parameters are provided in Table 1Table 1 and the results are presented graphically in Figure
6Figure 6, along with the experimental data.

Table 1 - Values for parameters used in MAGIC
Parameter Value Unit Reference

Surface Energy Density 4.02E-2 J m-2 7
Mass of Molecule 3.87702E-23 kg
Density 1780 kg m-3 8
Volume of Molecule 2.1781E-26 m3

Boltzmann Constant 1.3806504E-23 J K-1

Equilibrium Pressure of Bulk Powder 0.212 Pa 9
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Figure 6 – Time evolution of the SSA of PETN - experimental data compared to model

It is clear immediately that a disparity exists between the time zero experimental SSA data
generated by Lötzsch and the time zero SSA calculated by Program MAGIC, which is derived from
Malvern data. This is believed to be an artefact of the difference between the Lötzsch and Malvern
techniques.
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The only input value varied was the surface roughness factor, s (a constant value, defined as a
size independent surface roughness factor also interpreted as a “kink density” or “sticking co-efficient”).
It was not possible to find a single value of s which enabled the calculated SSA – time profile to be
matched to the experimental data although values of s were found which bounded the experimental data,
as can be seen in Figure 6Figure 6. At the start of the heating period a large value of s (0.1) was required
to match the calculated and experimental data. Application of a much lower value for s (0.007) was
required to match the computed data to the tail end of the experimental data curve. These results are
consistent with the findings of Maiti and Gee [2], in which s values between 0.1 and 0.001 bounded
experimental SSA data collected at 90°C.

It is clear from the SEM micrographs that the particles tend to elongate with time, rather than
growing spherically, as assumed by Gibbs-Thompson. It is postulated that the “roughness” represented by
s should also include the extent to which the particle deviates from being spherical, and in particular,
elongates. s would therefore not be expected to be constant, but instead would change over time. This
change in shape is not accounted for in the model. Therefore, a better match to the experimental data has
been achieved by modifying the model to incorporate a decaying value for s.

The experimental data was bounded by the calculated SSAs, by using values of s of 0.1 and
0.007.  Therefore, a functional form for the time dependence of s is required such that s decreases rapidly
initially (to reflect the rapid growth of the particles) and then asymptotes to a constant value. On this basis
the following form for the time dependence of s was chosen:

2/
0

t
F eSSs α

where S0 is the surface roughness factor for time zero, SF is the final surface roughness and α is the
exponential decay constant derived from fitting the initial change in the SSA-time curve. The surface
roughness is associated with a length parameter whereas SSA has units of area. Consequently, SSA may
be expected to depend on s2 and so a factor of ½ was included in the exponential term for s. The
parameters SF and S0 were varied to minimise the difference between the experimental and calculated
SSAs. The SSAs calculated using a time dependent s are compared with the experimental values shown in
Figure 6.

It is accepted that there is a largely empirical element to this fit, as the physical interpretation of
the variable s is not fully understood. Significant further work is required to better understand the nature
of s and its dependencies.

A further complicating factor, not accounted for here, is that of powder compaction. The model
assumes isolated particles and does not take into account compaction, or indeed, any contact between the
particles. Compaction is important in the calculation of an SSA derived from air permeametry.
Additionally, contact between particles will influence the coarsening process as additional inter-particle
transport mechanisms come in to operation. This could lead to agglomeration and sintering, processes
which will directly change the SSA.

Summary

An integrated experimental-modelling approach has been followed to assess the ability of the
Gibbs-Thompson evaporation-condensation mechanism to describe the growth of PETN in the powder
form. The growth of PETN at elevated temperatures over 24 hours has been characterised. The particles
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were originally block like crystals with a low aspect ratio. However, the coarsening process results in
crystals with a tetragonal crystal habit and with a much higher aspect ratio.

The experimental data was analysed using the mathematical formulisation derived by Maiti and
Gee to describe the Gibbs-Thompson evaporation condensation mechanism. It was not possible to
describe the experimental data using a constant value of the surface roughness parameter. However, it
was possible to describe the experimental data by using a time dependent surface roughness. Further work
is required to understand the basis of the surface roughness parameter. From the results of this
preliminary study it is concluded that the Gibbs-Thompson mechanism is a credible growth mechanism
for PETN in the powder form.
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Measuring and Modeling of Burn Rates in Pyrotechnic Time Delay Elements

Y.C. Montgomery, A. van der Westhuizen, W.W. Focke, Institute of Applied Materials,
Department of Chemical Engineering, University of Pretoria, Pretoria, South Africa

ABSTRACT

The use of an Infrared (IR) camera was explored for measuring the burn rates in tubular
pyrotechnic time delay elements. This technique provides information on the time evolution of the outside
surface temperature. COMSOL Multiphysics software together with an empirical reaction model was
used to construct a numerical model of the burning element. The kinetic parameters were adjusted to
optimize the fit between the predicted and experimental temperature profiles. The predicted burn rates
were also compared with data obtained using more conventional time delay measurement techniques.

The advantage of a validated numerical model is that it allows one to predict the influence of
various system parameters on the burn rate. These factors include geometric parameters (e.g. tube wall
thickness) and physical properties (e.g. thermal conductivity) of the material of construction and the
pyrotechnic composition as well as reaction parameters for the burning behavior of the latter.

Two stoichiometric delay compositions, Mn + MnO2 and Mn + Sb2O3, were investigated. The
effect of varying both the fuel and oxidant particle sizes was investigated using different nano- and
micron-sized fuel and oxidant particles in various combinations with one another. Two key factors were
identified that have a significant effect on burn rates. These are the heat loss from the delay element
during the reaction and the mixing and packing characteristics of the fuel and oxidant particles.

INTRODUCTION

The use of IR cameras has become an invaluable tool in several scientific fields including the
recent developments of online monitoring and diagnostics during welding procedures1 and measuring heat
fluxes in thermo-fluid-dynamics2. Since pyrotechnic redox reactions compositions generate large amounts
of excess heat, an IR camera should be able to follow the reaction front inside delay elements. A method
was developed3 in which an IR camera was used to measure the temperature profiles developed on the
surface of a delay element as the reaction progresses on the inside.

The initial evaluations performed with the infrared camera were proven moderately successful.
The IR camera was able to measure fully developed temperature profiles for slow and medium burning
delay compositions. The IR camera was however only able to measure partially developed temperature
profiles for fast burning compositions.3 The results obtained from the IR camera could therefore not be
substantiated when measuring fast burning compositions and had to be verified by other means.

In order to verify the results obtained from the IR camera a model of the complete delay element
was constructed using COMSOL Multiphysics. The model was constructed by modeling not only the
pyrotechnic reactions occurring on the inside but also including the delay element structure and all the
heat transfer effects resulting thereof. The model was constructed by fitting the temperature profiles
measured from the slow-medium burning compositions. The model could then be compared to the fast
burning compositions for validation of the partially developed temperature profiles measured with the IR
camera.
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EXPERIMENTAL

The mixed pyrotechnic powders were mixed by brushing them five times through a 45 m sieve.
The mixtures were filled by hand into the lead tubes and placed through a proprietary rolling technique4

in which the powders are evenly distributed and compacted. The lead drawn tubes were cut into 100 mm
lengths and assembled as illustrated by the schematic shown in Figure 1. The outside surface of the delay
elements were washed with acetone and painted matt black using temperature resistant enamel paint. This
was to ensure that the emissivity of the surface approaches unity and the measurement noise is reduced
through minimal reflection by the matt textured surface. The shock tubes shown in the assembly was
ignited using an electronic spark.

The temperature profiles were measured using a Dias Pyroview 380L IR camera with a resolution
of 384 x 288 pixels and a capturing rate of 55 Hz. The delay elements were placed horizontally at distance
of 250 mm from the camera representing a horizontal pixel length of 0.35 mm. The progression of the
reaction front through the IR camera images is shown in Figure 2 with the developing temperature
profiles shown in Figure 3. The burn rates were evaluated as described previously3 and compared to those
obtained following the procedure described by Kalombo et al 5 to ensure the IR camera results are valid.

The model was constructed using COMSOL Multiphysics and simulated through finite element
analysis. The Reaction Engineering, Transfer of Diluted Species and Heat transfer modules were used to
simulate the delay elements on a multiphysics platform. The geometry of the delay elements simulated is
shown in Figure 1.

The chemical reaction model was simulated through the use of a stationary plug flow batch
reactor with the reactions occurring as predicted using EKVI thermodynamic simulations. The three
compositions used for validation of the IR camera measurements with the results from the modeling
procedure are given in Table 1.

Table 1: EKVI Thermodynamic predictions for the three reactions under investigation

Composition Fuel, wt.% Tadiabatic , C Reaction products, wt.%
Si + Pb3O4 36 1410 Si (31.86) Pb (55.99) SiO2 (12.16)

Mn + Sb2O3 36 1351 MnO (55.1) Sb (41.1) Sb2O3 (3.78
Mn + MnO2 39 1780 MnO (100) - -

The governing equations describing the model can be roughly divided into chemical and physical
variables even though they are in fact inseparable. The chemical reaction is described by the mass balance
for a plug flow reactor as given in Equation 1 along with the autocatalytic reaction rate as described in
Equation 2. The reaction rate is derived from an autocatalytic kinetic rate equation where composition B
and composition C is the limiting reagent and product respectively.

(1)

(2)

The temperature dependence of the reaction is described using the Arrhenius equation described
in Equation 3.

(3)

The physical effects of the delay element taken into account are mainly concerned with the heat
addition and removal mechanisms present during the progression of the reaction. The heat produced by
the reaction used for the numerical simulations was measured with a bomb calorimeter.
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Figure 1: (a) Structure of the lead drawn delay elements constructed3 and (b) the structure of the
finite element model created in COMSOL Multiphysics.

The model has five unknown parameters (n, m, b, ko, EA). These five parameters were adjusted so
that the measured temperature profile data for a slow-medium burning composition was accurately
predicted. The optimal set of parameters was obtained by minimizing the square of the error between the
measured and predicted temperature profiles.

Table 2: Kinetic parameters used in the numerical simulations shown in Figures 2 and 3.

Kinetic Parameter n m b ko EA

Value 1 1 0 1500 mol 1s 1 50 kJ mol 1

RESULTS AND DISCUSSION

The progression of the reaction along the length of the element as measured by the IR camera and
predicted by the numerical simulation is shown in Figure 2 below. A comparison of the temperature
profiles measured at the surface of the delay element with the IR camera technique and preliminary
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predictions from the numerical simulations is shown in Figure 3. The medium-slow burning composition
measured and simulated in Figures 2 and 3 comprised a stoichiometric mixture of antimony trioxide and
manganese with the kinetic parameters as given in Table 2. These parameters still have to be optimized to
find the best fitting set of parameters to validate the predictions of the model and the IR camera
measurements.

Figure 2: The progression of the reaction as (a) measured using the infrared camera technique as
well as (b) predicted numerically with the kinetic parameters specified in Table 2.
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Figure 3: The temperature profile developed along the length of the delay element as measured
using the IR camera technique and predicted with the COMSOL Multiphysics model.

Figure 4: The effect that changing the material of the delay element wall has on the burn rate of the
delay composition.

There is a notable difference between the maximum surface temperatures reached in the
numerical prediction and the IR measurements. This is most likely due to the convective heat transfer
which was be accurately simulated and a commonly suggested6 convective heat transfer coefficient of
8.26 Wm 2K 1 was used. Upon validation, the model could be used to predict the effect that various delay
composition and heat transfer factors have on the burn rate of the delay compositions. This is illustrated in
Figure 4 below where the effect of varying the wall thickness of the delay element is evaluated based on
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the impact on the delay composition burn rate. Figure 4 shows how the burn rate of the antimony trioxide
and manganese composition is predicted to vary for tube materials with different thermal conductivities.

Evaluation of the results obtained in Figure 4 indicates that the specific composition under the
current conditions would most likely not be able to sustain a propagating reaction wave in aluminum
tubes. This is due to the large heat loss through the tube walls made from materials with high thermal
conductivities. This evaluation illustrates the utility of a numerical model.

There is one factor that cannot be evaluated with the numerical model due to the lack of scientific
knowledge on the reaction mechanisms of pyrotechnic reactions. This is the effect that changing the
particle size of both the fuel and the oxidant has on the burn rate of the delay composition. It was
therefore decided that this factor would be evaluated experimentally. If an analytical relationship could be
determined from the experimental analysis, this analytical function could be incorporated into the
numerical model to account for changes in burn rate due to particle packing effects. In order to evaluate
the packing effect, two compositions were chosen based on the volumetric ratio of fuel to oxidant at a
stoichiometric mixture. Various sized fuel and oxidant particles of each component were acquired ranging
from nano- to micro-scale particles. Lead drawn delay elements were constructed from all different
combinations of fuel and oxidant sized particles the burn rates evaluated using the IR camera technique.
The results will be published in due course.

SUMMARY

The IR camera technique developed can confidently estimate the burn rates of delay compositions
with fully developed temperature profiles. These measurements along with the numerical model
constructed can be used to validate the partially developed temperature profiles measured for fast burning
composition. The model can furthermore be used to predict performance characteristics of the delay
elements and minimize the need for expensive and time consuming experimental analysis. The model still
requires some refinement to the convective heat loss and numerical stability at high reaction orders which
could have a significant effect on validating the results. The effect of packing distribution was evaluated
by experimentally testing compositions containing different sized fuel and oxidant particles.
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ABSTRACT

In this work, a multidimensional two-phase model for the analysis of propellants is presented. The model
considers the balance equations of the gas and solid phases that comprise the propellant. They are mass,
momentum, and energy for each phase and another one which takes into account the consumption of the
solid phase during its combustion. The model is a conservative form of Gough model. The closure
relationships that account for the physical phenomena that take place during the combustion are briefly
presented jointly with the numerical method proposed to solve this system of equations. This is based on
the Finite Volumes approach and numerical fluxes are evaluated by means of approximate Rieamann
solvers. Some aspects about its implementation and evaluation are explained. Source terms are calculated
explicitly making the model quite robust for the type of problems studied so far. This has been
implemented in a multidimensional code developed in the framework of collaboration between
Universidad Politécnica de Cartagena, Centro Universitario de la Defensa, and EXPAL Systems. The
behavior of the code is tested by comparing its solution with some experiments carried out in the
Ballistics Lab of EXPAL Systems. Some conclusions close the paper.
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1. INTRODUCTION

Combustion of gas-solid mixtures has been an important subject of researchers for the last decades. Its
understanding is of primary importance as it is present y many industrial fields such as heat or power
generation (1), propulsion (2), fire propagation (3), hazard explosions (4) (5), prevention of detonations (6),
or internal ballistics (7). In this paper, we are interested in the problem of internal ballistics where combustion
takes place in limited space. One way to tackle this problem is based on the modeling of the unsteady,
reactive two-phase flow which is sustained by heat convection into the unburned solid particles (i.e.
propellant grains) and the gaseous combustion products.

One of the most relevant averaging models used in this type of problems is the one of Gough (7). It considers
the balance equations for heterogeneous two-phase reacting flow. The model of Gough assumes the solid
phase to be incompressible. This model is used in normal operation of internal ballistics where detonation
should not be present.

Many computational codes are found in the literature for the study the phenomena taking place within the
combustion chamber. Most of them include important assumptions, such as zero-dimensional approaches
(SIBIL), lumped-parameter codes (IBHVG2), or one-dimensional codes (CTA1, FNGUN 5.1.6NT). A
review of some of those codes was carried out by Woodley et al (8).

In this work, a two-phase model based on Gough model is presented. This considers the balance equations in
conservative form and treats non-conservative terms as source terms allowing us to apply numerical schemes
that do not need eigen-decomposition of the Jacobian matrix of the system of equations.

This has been implemented in a multi-dimensional code developed in the framework of collaboration
between the Universidad Politécnica de Cartagena, Centro Universitario de la Defensa, and EXPAL
Systems. The behavior of the model for the characterization of internal ballistic problems is tested by means
of an experimental test carried out by EXPAL in their ballistic laboratory. The results provided by our code
are compared with those experimental data.

2. MATHEMATICAL MODEL
The theoretical model used in this study was already presented in (9). It consists of a set of equations for
the solid phase (propellant grains) and the gas phase (combustion products). As mentioned, Gough model
is very commonly used in internal ballistics problems.

The gas and the propellant grains are defined to have uniform values of the conservative/primitive within
each fundamental control volume. In what follows, we recall the main assumptions considered in the
model:

 The solid phase is incompressible so no equation of state is needed.

 The Nobel-Abel equation of state is used for the characterization of the thermodynamic state of
the gas phase.

 Specific heats are assumed to be independent of temperature.
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 The influence of viscosity and heat conduction is neglected.

As a result, the model is defined by a system of seven partial differential equations:

 Two balance equations for the mass of the gas phase α1ρ1 and the solid phase α2ρ2, where ρ1 is the gas
density, ρ2 the solid density and α1 stands for porosity (the volumetric fraction occupied by the gas
phase) which can also be expressed in terms of the volumetric fraction of the solid phase α2=1-α1.
 Two vector equations (for a multi-dimensional problem) for the momentum conservation of the

gas phase and solid phase, α1ρ1U1, and other three for the momentum conservation of solid phase,
α2ρ2U2.

 Two for the total energy of the gas α1ρ1E1.and the solid enthalpy α2ρ2Hs. This is defined as a
function of the internal temperature of the solid grain T2 which is different from the surface
temperature of the grain Tps.

 This is completed by means of a seventh equation accounting for the so-called surface regression
length of the solid phase, dq. This is the averaged reduction of the size of all propellant grains
contained in each fundamental volume cell ( ) due to the combustion process.

Figure 1: Grain geometry showing the surface regression length.

According to the 1D version reported by Otón-Martínez et al. (9), the system of equations can be written
in conservative form for multiple dimensions, as:

� Γ Γ [1]

� � α Γ Γ [2]

� Γ

Γ [3]

� Γ [4]

� � α Γ [5]

� Γ [6]
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� Γ [7]

where the total energy of the gas phase is given by and the source terms account for
the coupling between phases due to the mass, energy and momentum exchange associated to the reaction
process. is the interphase drag, the heat per unit of surface transferred through the interphase and is
multiplied by the specific surface area of the solid phase in Eq. [3], and by the thermal

diffusivity of the solid phase, , is the rate of mass exchange between phases per unit of volume due to
the reaction process and is the heat of explosion per unit of volume. is the burning rate, i.e. the
average rate of growing of per unit of volume. Finally, , , and are, respectively, the

velocity of the ignition gases, the mass rate and the heat per unit of volume generated by the ignition
gases that initiate the combustion process. These are associated to the velocity, mass rate, and heat per
unit of volume generated by the primer (9).

This model may be considered a one-pressure model as the solid pressure is determined summing up gas
pressure and the intergranular stress which accounts for solid compression when porosity is below certain
value. Non-conservative terms are included in source terms so System of equation (1-7) can be written in
vector form

� [8]

where is the vector of the conserved variables, (F G H)the convective flux tensor, and the source terms vector
defined by

, =
+
++ ,
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=
+
+

+
, = + +

+
,

( ) =

Γ + Γ+ Γ − + Γ+ Γ − + Γ+ Γ − + Γ+ Γ + + | |2 − · − + Γ− Γ− − Γ +− − Γ +− − Γ +− Γ− Γ
2.1 Closure Laws
The authors need to close the problem adopting some correlation accounting for the physical behavior of
the phase, their interaction, and the combustion process. As mentioned above, the Noble-Abel equation of
state is chosen to characterize the thermodynamic state of the gas:, = [9]

where is the co-volume

Although solid phase is considered incompressible, certain compactness is allowed and a relation between
gas and solid pressure is needed. This is= + Λ( , ) [8]

where Λ , is the intergranular stress.

In the calculations performed in this work, Sheu and Lee expression has been used (10):
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Λ , = 0, 0 ≤ ≤, < [9]

For the interphase drag Ergun correlation has been used (11).= − | − | [10]

in which is a function depending of the grains shape and is proposed to be = 1.75 + ,

with Re = | − |(6 / )/ .

The heat flux between phases can be written as:= � − [11]

where is the temperature of the surface of the grains, the convective heat transfer coefficient is � =Nu · ( /6 ), and the Nusselt number Nu evaluated by means of

Nu = 0.4 Re Pr , [14]

where Pr =
Finally, combustion is modeled by means of Vieille law (12):= + [1415]

where , and are determined experimentally.

3. NUMERICAL MODEL
A Finite Volume method is followed to obtain approximate solutions of our problem. A splitting
technique has been proposed, it has proven to provide good results in different applications (13). This
consists of solving separately the advection system of PDEs:+ = 0 [16]

and after, the system of ODEs including the source terms:= ( ) [17]

For the solution of the convective part of the system, let us integrate this in a control volume  soΩ + ∬ · + = 0 [18]
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where A is the boundary of  and is the normal vector to surface A. Taking the first integral as a time-
rate of change of the average of the conserved variables U in each control volume and considering the
boundary A formed by N surfaces in such a way that = . Equation 18 can be written as+ | | ∑ ∬ · + = 0 [19]

By discretizing the time derivative and by approaching the surface integrals of the convective fluxes by∬ · = [20]

a Finite Volume scheme for multiple dimensions in unstructured grids is obtained, such that= − | | ∑ [12]

where As is the area of the sth surface which bounds the control volume , Ts is the rotation matrix, and Ts
-

1 its inverse. Some approximate Riemann solvers have been extended to compute the numerical fluxes
appearing in this problem. Specifically, AUSM family of schemes and Rusanov scheme have been used
with success. See (14) (15) (16) and (9) for more details.
The source terms in the ODE are solved explicitly. Non-conservative terms in particular, are evaluated by
means of a centred approximation, so the porosity gradient is calculated by≈ ∑ , , , . [22]

where I stands for the cell where the gradient is being evaluated and i+1 for any adjacent cell, is the

normal vector two the interface between these two cells, and | , | is the distance between their
centers.

The time derivative of the porosity are calculated by means of the following approximation

≈ , ,∆ [23]

leaving the scheme explicit in time.

4. EXPERIMENTAL TEST AND RESULTS

Firstly, it will be briefly described the procedure followed to analyze the internal ballistics problems. Then, in
order to validate and check the robustness and the behavior of the model proposed, an internal ballistic
experiment is analyzed.

4.1. Procedure followed in the analyzes of internal ballistic problems

Let us consider the problem of a shot gun composed by a chamber through which the projectile is inserted
and placed at the beginning of the tube. This chamber houses a propelling charge contained in a cloth bag
(Figure 2). From the computational point of view this is the domain considered in the internal ballistic
problem that the authors have studied. It is discretized one-dimensionally in the axial direction as is also
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suggested in Figure 2. The dimensions of the chamber jointly with those of the tube are part of the problem
definitions. All of them are known.

Sachet Length

Chamber
diameter

Tube
diameter

Chamber
Length

Cell

Figure 2: Schematic view of the gun showing some details about the chamber gun, projectile and the propelling charge

In this work, the tests are performed in a 155 mm 45-caliber, artillery gun.

The propellant used is a triple-base with cylindrical grains of 7 holes. The propelling charges are in
composite fillers or sachets. The primer is located close to the cloth bags in order to provide the initial
pyrotechnical energy required by the charges for their proper ignition. In this case, the primer is based on
black powder.

A key aspect to realistically analyze the problem of interior ballistics is the burning law. Its calculation is
done in the factory through the pressure-time curve of the propellant obtained by closed vessel tests in the
Laboratory of Ballistics. The data are collected by an acquisition system and treated computationally by
means of a code specifically developed for this aim.

The resistive force exerted by the barrel on the projectile is usually supplied through the pressure resistant
parameter which is a function of the distance advanced by the latter. These data are intrinsic to the weapon
and the data that we have introduced to our simulation are given by the following table. In our model the
values in Table 1 are considered

Table 1:Resistive Force.

Position (m) 0 0.04 0.2 1.074 1.075 5.8

Pres (Mpa) 3 20 1 1 0 0

A dynamic meshing algorithm is used to simulate the movement of the projectile along the gun barrel. This
algorithm generates new cells at each time step as the projectile moves on, following the procedure described
in (17) and Nussbaum (18). The dynamic equation of the projectile must be solved for prediction of its
inertial impulse and velocity: obviously this meshing is only needed on the axial coordinate for this problem.

= = max 0, − [133]
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where is the position of the projectile’s base, = 43.092 kg is the mass of the proyectile, is the

pressure at and is the tube’s section. The resistive pressure, , accounts for the friction of the bullet

with the gun’s tube presented just above.

Ignition has been modeled by adding the energy corresponding to each primer in the cells where they are
distributed. This addition of energy lasts until they are burnt. The burning times are evaluated by means of
IVHVG2 code knowing previously the burning law of the primers which were obtained by doing the
corresponding closed vessel studies.

Unlike the 1D version of this code presented in (9), this multidimensional one has been developed under
CAST3M environment (19) in order to take advantages of the 2D and 3D meshing capabilities of this code.
An example of a mesh designed for the study of internal ballistic for 155/45 is shown in Figure . The mesh is
a model of the combustion chamber 155/45, and a simplification of the model of the propellant charge.

Figure 3: Mesh used for an internal ballistic 155/45 test.

4.2 Interior ballistics test for a 155/45 mm gun

In this case, a detailed combustion chamber and barrel of a 155mm/45 gun is analyzed by our code. Some of
the data needed to define the problem are in Table 2.

Table 2: Physical data for the propellant used in the firing test (155/45).

Data Value Data Value

propellant triple base γ 1.2419

grain 7 holes n 0.372
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mass 11.5 kg b 1.188∙10-4 m/(s·Pan)

ρs 1600 kg/m3 Qex 4149.103 J/kg

cp1 1890 J/(kg·K) primer Black powder

cv1 1521.8 J/(kg·K) mass 0.141 kg

λs 0.2218 W/(s·K) specific force 249.1∙103 J/kg

8.677∙10-8 m2/s artillery gun 155 mm 45 calibers

cl 1270 m/s projectile mass 43.01 kg

The experimental results available in these tests correspond to the maximum pressures reached in the
chamber gun at the breech and at the shot base, and the velocity of the projectile at the outlet of gun muzzle.
The experiments correspond to 14 shots of projectiles weighing between 43 and 44.2 kg and several charges
of different amounts of triple base propellant manufactured by EXPAL ranging from 10.8 to 11.5 kg. Figure ,
Figure y Figure compare the pressures (breech and shot base) and the velocity of the projectile
experimentally measured and the calculated ones. We can observe that in all cases there is an overestimation
of the experimental values. The maximum pressure in the chamber (at the breech) is predicted satisfactorily
with an average error of 2.41% (lower than 2.62 in any case). Regarding the pressure at the shot base and the
projectile velocity at the gun outlet, the over-estimations are bigger, having an average value of 11.2% in the
case of pressure and 12% in the case of the velocity.

Figure 4: Comparison between experimental and calculated pressures at the breech for the 155/45 gunshot tests with
triple base propellant.
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Figure 5: Comparison between experimental and calculated pressure at the shot base for the 155/45 gunshot tests with
triple base propellant.

Figure 6: Comparison between experimental and calculated velocity of the projectile at the outlet of the muzzle for the
155/45 gunshot tests with triple base propellant.

5. CONCLUSIONS
In this paper, a code based on Finite Volume approach has been presented, which has been implemented
as a prediction and design tool for a range of pyrotechnical and ballistic devices. The code has been
applied to date, to the problems of interior ballistics, large caliber ammunition, but can be extrapolated to
pyrotechnics of mortar.

The main goal of this paper is to present a code that uses a conservative version of Gough’s model of
balance equations for the resolution of internal ballistics problem. They have been solved by using
splitting techniques that use approximate Riemann solvers to evaluate the numerical fluxes in the
advection problem. The non-conservative terms have been treated as source terms being solved explicitly
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when solving the ODEs. In comparing the results provided by our code with experimental data that have
been carried out by EXPAL Systems in their ballistic laboratory, it can be observed that the model has
provided successful results in bagged propelling charges gun tests.
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ABSTRACT

Perchlorate oxidizers used in many pyrotechnic and rocket propellant compositions have raised
environmental concerns due to the perchlorate ion’s ability to impact normal thyroid function via  its
behavior as an iodine mimic.  The solubility of perchlorate salts allows their facile migration into aquifers
used as drinking water supplies, prompting the Environmental Protection Agency to initiate the process of
developing a national primary drinking water regulation for perchlorates.  The Naval Surface Warfare
Center (NSWC) has teamed with the U.S. Army Armament Research Development and Engineering Center
(ARDEC) to eliminate the environmentally objectionable perchlorate oxidizer from colored flare
compositions.  Under the Environmental Security Technology Certification Program (ESTCP), new
perchlorate-free colored flare compositions have been developed with wide performance ranges adjustable
by judicious choice of magnesium fuel particle size distributions, fuel to oxidizer ratios, and weight
percentages of binder.  This allows these compositions to be adapted for many different in-service units.
Currently, with the bi-service use (Army and Navy) of the red formulation and the potential for this
formulation’s adaptation to other red flare units, formulation qualification via simultaneous Army Energetic
Material Qualification (EMQ) and Navy Formulation Qualification was performed, with a green
formulation to follow in the near future.  To facilitate transition to full-up flare units, a Systems
Demonstration was performed at the manufacturing facilities for a Navy and Army unit wherein a partial
First Article Test was successfully passed. Final Hazard Classification testing for the M126A1 Ground
Illumination Signal, Red Star Parachute and M158 Ground Illumination Signal, Red Star Cluster has been
completed, and units incorporating the new perchlorate-free flare formulation are ready for production.

BACKGROUND

Most colored pyrotechnic flare
compositions contain perchlorate 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 many areas around the world. The
perchlorates are known to inhibit iodine uptake
by the thyroid gland, thus lowering the level of
thyroid hormone in the body.1 This can lead to
permanent neurological damage, particularly in
fetuses and the newborn.  Accordingly,
perchlorate oxidizers currently used in various

pyrotechnic flare compositions are being
substituted with nitrates or other less energetic
oxidizers.  Because these oxidizers are less
reactive than those that contain chlorine, high-
energy or high specific surface area fuels are
being used to make-up for the loss in energy.

In the past, the vast majority of red,
green and yellow pyrotechnic flares have used
perchlorate ingredients to produce their desired
colors. This has contributed to an increase in the
total concentration of perchlorate residues at
various military and industrial sites, and to their
generally higher than desired concentration in
drinking water supplies. Clearly, any methods
that can be used to eliminate the perchlorates
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without degrading flare performance would be a
noteworthy advancement.

EXPERIMENTAL

Perchlorate-free compositions consisting of
varying size distributions of magnesium fuel,
nitrate oxidizers, a chlorine donor, and binder
have been pressed in laboratory batch sizes in
order to fine tune the burn rates and luminous
intensity output. Pen flares are in final laboratory
scale iterations and will be scaled up by July
2014. Successful compositions for the Mk 124
Mod 1, M126A1, M158, Mk 141 Mod 0, and Mk
140 are either in service or going through
formulation qualification testing and systems
demonstration for the appropriate Program Office
to pick it up and finish final type qualification
testing for in service use.

that the perchlorate-free flare performs at least as
well as the control flare in terms of general red
appearance and luminous intensity.   Table 1
contains a summary of the performance criteria
for all the flares we have data on. Table 2
contains a summary of the averaged luminous
intensities, burn times, dominant wavelengths,
and color purities obtained during the course of
this investigation.

An examination of Table 2 reveals the
perchlorate-free Mk 80 has superior performance
than the standard. The only perchlorate-free flare
not passing the performance criteria is the Mk
110. All other flares have met or surpassed the
performance specification.

Perchlorate-Free Red Flare Red Control Flare

Figure 1.  Digital Photographs of Flare Plumes Produced by A Red Control Flare and
Perchlorate-Free Red Flare

RESULTS

Flare Performance Tests

Figure 1 show’s digital photographs obtained
during performance testing of both a Red Control
flare and perchlorate-free red flare. It is obvious

Perchlorate-free compositions being used
are highly reproducible and easily manufactured.
Pot life of the composition was an issue until
extension of the pot life had been proven viable for
up to one week or longer.
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Table 1. Performance Criteria and Standards for Flares

Table 2. Performance Results for Flares

Compositions that are held at ambient
temperatures for a day to a week were tested in
comparison to composition that was only held for
a few hours. Negligible change in performance
was noticed and all compositions passed
performance criteria.

Currently, the Mk141 is starting
Formulation Qualification testing and a limited
Systems Demonstration in June 2014. The Mk
140 data noted in Table 2 was to show the
program managers the Mk 124 perchlorate-free
formulation, which is Navy approved, is a drop in
replacement. Only the final type testing needs to
be done to qualify the Mk 140 for service.

POSSIBLE COMMERCIAL
APPLICATIONS

Due to the superior performance and
excellent color characteristics as well as its wide
burn rate tailorability, the perchlorate-free red
flare composition has a wide range of potential
commercial applications.   This could range from
the fast burning red star charges used in the 200

million pounds per year commercial firework
industry, all the way to the 20 to 40 million
relatively slow burning roadside distress flares
used by U. S. motorists each year.   These
devices, on average, have 10 grams of
perchlorate per flare. Both of these types of
devices have been blamed for perchlorate
discharges and for concentrations in drinking
water that are above either the EPA (15 PPB) or
the individual states (as low as 2 PPB in
Massachusetts, 6 PPB in California) perchlorate
action levels.
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Experimental Comparison of the Matrix Detonating Cord Charge and Sheet
Explosives
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ABSTRACT

The objective of the study is to validate and advance the understanding of the Matrix detonating cord charge. The Matrix
charge is field constructed from a single length of detonating cord woven into a grid to form a “net” of detonating cord
(Figure 1). This paper examines the functionality of the Matrix charge and compares the propagation and shock wave
behavior to sheet explosive charges (deta-sheet). This was achieved through a series of tests in which the charges were
detonated underwater in an aquarium and observed with ultra high speed imaging instrumentation. The team successfully
recorded and documented various detonation events involving simple and complex charge geometries. The data enabled the
team to measure velocity of detonation (VOD) values, analyze shock front propagation and analyze shockwave interaction.
Tests results show that the sheet explosive produces a symmetrical and uniform incident shock wave, and the Matrix charge
produces multiple incident shock waves, which collide and reflect, and generate Mach stem waves.

Fig. 1 Matrix Charge; Detonating Cord “Net”
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Microcalorimetry of Things that Go Bump in the Night

Anton Chin and Daniel S. Ellison
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ABSTRACT

Stabilizers are chemical ingredients added to propellants to prevent autoignition
during the propellant's expected useful life. However explosive incidents do happen.
Generally it is assumed that stabilizer concentration reflects losses due to acids
formation during self-heating of bulk propellant. When the stabilizer is below a
minimum amount the nitrocellulose breaks down rapidly.   Measurement of
stabilizers as well as heat generation is designed to assess the potential of what could
most like be a future explosive incident. This discussion proposes that (1) size of the
stored propellant does not necessarily matter; (2) having a minimum stabilizers level
does not completely prevent an incident.   It will be shown that the probability of an
explosive incident may never occur unless certain conditions exist.  This discussion
will cover the effect of oxygen and moisture on explosive conditions as related to past
explosions and the potential for guarding against future accidents.

.
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ABSTRACT

To give a better understanding of 1064 nm laser-induced decomposition of RDX (hexahydro-l,3,5-
trinitro-l,3,5-triazine), B3LYP level of density functional theory (DFT) was employed to examine the
decomposition process of RDX. On the basis of the former research and our previous experimental
observations, we have postulated three possible pathways for RDX decomposition: C-NO2 bond fracture,
formation of an eight member ring intermediate, and the concerted ring fission. The structures and
energies of the reactants, products, intermediate products and transition states were studied by the same
calculation methods. The results showed that the dissociation of the N-NO2 bond is favorable as
compared to the other two pathways. This is similar to that of thermal decomposition.

Introduction

RDX (cyclotrimethylenetrinitramine) is a highly energetic material widely used as a major
ingredient of solid propellants in applications such as guns and rocket motors1. Laser- induced ignition,
decomposition and combustion behavior of RDX have been studied over the past several decades2-8. Due
to the high mass and ion sensitivity, time of flight mass spectrometer (TOFMS) has been used for
detection of different ionic species formed during photochemical process of energetic materials9-14. The
quantum chemical models, which also play an important role in revealing the decomposition pathways of
energetic materials.

In our previous works, the possible dissociation pathways of RDX induced by 1064 nm laser
were proposed by using TOFMS15. In this paper, density functional theory (DFT) calculations at the
B3LYP/6-31+G (d, p) level were carried out to validate the decomposition process.

Computational Details

We optimized the geometries of RDX, its subsequent decomposition products, intermediates, and
transition states (TS) by the use of Becke’s three parameter functional with Lee, Yang, and Parr’s
correlation functional (B3LYP) with the 6-31+G (d, p) basis set16,17. The B3LYP of DFT has been applied
universally to study some well-known energetic materials18-23. The frequencies were calculated at the
same level. All stationary points reported here were positively verified to be local minima (number of
imaginary frequencies (NIMAG=0) and TS (NIMAG= 1), which were located without imposing any
symmetry constraints during the geometry optimization process. Intrinsic reaction coordinate (IRC) were
performed to verify that computed transition states were saddle points between reactants and products. All
calculations were performed using the GAUSSIAN 09 program24.
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Results and Discussion

The following three decomposition pathways: fracture of N-N bond, formation of eight member
ring and concerted triple dissociation, were proposed in our previous paper as shown in Fig.115.
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Fig. 1 Possible initial decomposition schemes existed in the 1064 nm

laser-induced decomposition of RDX

The optimized geometric structures for RDX, intermediates and transition states produced in
above schemes were shown in Fig. 2.

496



Fig. 2 Geometric structures for RDX, intermediates and transition states optimized

using the B3LYP/6-31+G (d, p) calculations. The distances are in Å

Tab. 1 Calculated total energies with zero point correction of the species at the B3LYP/6-31+G (d, p)
level of theory

Species Total energy (kJ/mol) Species Total energy (kJ/mol)

RDX -2355891.1 INT1 -1817322.5

INT2 -2355803.3 INT3 -785243.2

TS1 -2355683.8 TS2 -2355652.2

Table 1 provides the calculated total energies of RDX and its decomposition intermediates and
transition states. For the N-NO2 bond fission process, the transition state did not find, the RDX molecular
broke the N-NO2 bond to form INT1 and NO2, similar conclusion have been got by the previous study22.
According to our calculated results, the bond dissociation energy of the N-NO2 bond was 143.9kJ/mol.
The energy barrier to form TS1 and TS2 were 207.3 kJ/mol and 238.9 kJ/mol. Based on the energy
needed in initial decomposition process, we can conclude that the most favorable pathway was Scheme 1,
this is similar to Chakraborty’s results22.

Summary and Conclusions

In this work, quantum chemistry calculations have been used to investigate the initial steps of
1064 nm laser-induced decomposition of RDX. The structures and energies of RDX, intermediates and
transition states were calculated using DFT method at the B3LYP/6-31+G (d, p) level. Three pathways
were investigated. The results showed that the N-NO2 bond fracture was the most favorable dissociation
pathway. This conclusion is consistent with the thermal decomposition process.
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ABSTRACT

Temperature response to constant current indicates the sensitivity of semiconductor bridge (SCB),

and also it’s an important parameter for SCB electro-explosive devices (EEDs) safety. In order to

discuss temperature behavior of the bridge surface under different current, infrared thermal

imaging experiment was employed in this paper. According to thermal images, changing process

of chip surface was observed. And a one-dimensional steady-state heat transfer model was

established based on the experiment to obtain the response of temperature with input current. The

results demonstrated that thermal images clearly and intuitively recorded the change process of

bridge, the gold contact pads near the bridge melted at 1.0A, and polysilicon began to melt at

1.2A.

INTRADUCTION

Semiconductor bridge (SCB) electro-explosive devices (EEDs) have been widely used in

civilian and military fields those years. It has been generally considered that bridge material,

when applied with a rapid rising current pulse, went through melting, vaporization, plasma

generation and then ignition1. Compared with bridge-wire EEDs, SCB has advantages of low fire

energy requirement, fast function and good safety2,3. Researchers have done lots of work in

mechanism, Lee K. N. 3 observed two peaks in voltage curve, believed that the first peak caused

by melting and the second one results from plasma generation. Zhou R.4 did researches about

plasma temperature and results show that the temperature of plasma was 4100K-6000K. Hu J.5

established a mathematical model for the galvanothermy character of SCB with V-type angles by

inputting invariable current, and obtained the relationship between firing time and firing current;

Yang G.6 studied the electro-exploding characteristics of SCB under constant current for five

minutes, and thought that the solid state of SCB was its stable equilibrium state and the melting

point of polysilicon could be considered as critical exploding point. Li Y.7 experimentally

researched the plasma-generating criticality of SCB under constant current excitation, analyzed

the critical point between electric heating and electric-explosive. Temperature variation presents

the SCB sensitivity to current, and its range is an important characterization of safety. In this

Bin Zhou: Author to whom correspondence should be addressed. Electronic mail: zhoubin8266@sina.com.cn
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paper, the infrared microthermometry of radiation temperature measurement method was

employed to detect bridge surface changes and temperature variation of SCB under current

excitation. Furthermore, a one-dimensional steady-state heat transfer model was established to

simulate theoretical values of temperature with different current level.

EXPERIMENTAL SAMPLES AND SETUP

The SCB structure is showed in Fig. 1. Bridge is formed from heavily-doped polysilicon.

Doping element is phosphorus and doping concentration is around 1020 atoms/cm3. The typical

SCB is V-shaped and its size is 100μm (Length) × 400μm (Width) × 2μm (Thickness). SCB chips

are mounted into ceramic housing with epoxy resin. The outer diameter is 4.7mm. Gold wires are

bonded between foot pins and chip pads with ultrasonic boding procedure. Then bonding wires

are covered and protected by conductive adhesive.

Fig. 1 Structure diagram of SCB chip

As the physical activities of atoms and molecules determine the wavelength and intensity of

infrared waves, which means higher temperature leads to stronger infrared radiation, so infrared

radiation measurement can be applied for surface temperature of subject. The A40-M infrared

imaging system with an 18mm microlens of FLIR® is employed in this paper. Based on different

temperature and emissivity leading to different thermal contrast ratio between object and

surroundings, this system records and displays infrared radiation energy density distribution in

real time. Operating wavelength range is from 7.5μm to13μm; pixel range is 320×240; spatial

resolution is 3×3 px; phase frequency is 50/60Hz; and temperature measurement range is from

233K to 773K, which can be extended to 1773K. The experiment setup is showed in Fig. 2.

Current source (ALG-HL-15A) can provide 1mA to 15A constant current, and pulse width is

from 1ms to 999s. Lens focusing, thermal imaging and data recording are controlled by

ThermaCAM Researcher® software on computer.
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Fig. 2 experimental setup

RESULTS AND ANALYSIS

The thermal image recorded by the system is showed in Fig. 3. The circle area in the image

is ceramic housing. The area lined up in the center is SCB bridge and the areas next to the bridge

are contact pads. Parts of the contact pads and electrodes are covered by adhesive.

Fig. 3 Microthermometry infrared thermal image with structure annotation

A point in the middle of the bridge is chosen as analysis subject to obtain temperature

variation under 300s different input current. Temperature curves are showed in Fig. 4, resistance

before and after testing are listed in Tab. 1, and bridge micrographs are posted in Fig. 5.

As input current value lower than 1.1A, SCB surface temperature rises gradually over time

and keeps to a certain value after reaching to the maximum. SCB resistance has no significant

difference under current lower than 0.9A, micrographs show that bridge and adjacent area has no

visible change. When current rising to 1.0A, melting occurs at the area around the bridge, so that

parts of the bridge are covered by melted materials, which leads to resistance dropping from

1.096Ω to 0.374Ω. Furthermore, melting gets more obvious and resistance drops from 1.074Ωto

0.138Ω under 1.1A current. As illustrated in temperature-time curve that SCB surface

temperature suddenly reaches to a peak at 175s, and decreasing gradually to room temperature.

However, under 1.2A, SCB surface temperature reaches to the maximum value in 60s, and then
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begins to decrease. Micrograph shows that not only contact pads melted but also parts of bridge

damaged.

Tab. 1 resistance before and after test

No. Resistance before /Ω Current /A Time /s Resistance after /Ω
L9 1.137 0.5 300 1.131
L8 1.160 0.6 300 1.180

L10 1.172 0.7 300 1.165

L11 1.155 0.8 300 1.136

L6 1.167 0.9 300 1.044

L7 1.096 1.0 300 0.374

L5 1.074 1.1 300 0.138

L4 1.147 1.2 300 0.120

Fig. 4 temperature-time curves under different current

Fig. 5 bridge micrographs before and after the test

Thermal images obtained from experimental system under 1.1A at individual time point are

showed in Fig. 6. Initially, bridge temperature is higher than the rest area. Ceramic housing
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thermal conduction affects more significantly with time. Left side view of the contact pad begins

to melt at 190s, melting area gets larger at 194s and melted products flow into bridge. Both

contact pads melting at 202s, bridge is almost covered by melted products. Because of extremely

low resistance of molten products that the whole circle resistance decreasing dramatically, this

leads to rapidly reducing of Joule heat generation, so SCB temperature decreasing. When the

entire bridge and contact pads are covered by molten products, temperature drops to room value

gradually.

Fig. 6 thermal images at individual time under 1.1A

According to the above analysis, contact pad materials have partially melted under 1.0A

current. The melting point of gold is 1333K, but the temperature from Fig. 4 is lower than 673K.

The reason casing this difference may be: (1) because of extremely small size of bridge compared

with the entire thermal image filed, however the thermal imaging system spatial resolution is 3×3

px, which makes the system cannot accurately detect bridge temperature real value. The detected

temperature is more like gold at the given emissivity. (2) During the test, polysilicon emissivity is

the one setting in the system, which is far larger than that of gold, makes the error further

expanded. If the emissivity is set as gold’s, due to the spatial resolution and the test range, it

cannot obtain accurate bridge temperature, but also exceed upper limit of the test system. So, the

thermal imaging results are only used for bridge surface changing-process analyzing. The actual

temperature will be simulated from modeling.

NUMERICAL SIMULATIONS

Under constant current excitation, SCB transfers electric power into internal energy, where

the heat accumulation mainly caused by Joule effect. Meanwhile, parts of the energy loss through

various ways, including heat conduction from bridge to substrate and electrodes, the potential

fusion and vaporization heat of silicon, electromagnetic radiation and energy losses in resistances

(contact resistance, electrodes resistance, et al). To simplify calculation, assumptions for

mathematical model are as follows:
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(1) The whole process is a purely one-dimensional steady-state heat transfer process.

Energy consumed in temperature rising process is generated from Joule heating as current flows

through bridge.

(2) Ignore the thermal resistance of bridge during heat transfer process. Ignore chemical

reaction heat of bridge itself.

(3) Set the bridge resistance as constant value; ignore its positive and negative temperature

coefficient effect.

Energy balance equation is expressed as:

dT 4 4 2c (T
dt

T 0) A (T T
0
) I R 1

Where, is bridge material density, kg/m3; c is bridge material specific heat capacity,

J/(kg.K); T is temperature, K; t is time, s; is total thermal conductivity, W/(m.K); T0 is initial

temperature, 298K; A is chip surface area, m2; is bridge material emissivity; is

Stefan-Boltzmann constant, 5.67 10-8 W/(m2.K4); I is input current, A; R is bridge resistance, Ω.

Equation (1) is a first-order differential equation; it can be solved by fourth-order

Runge-Kutta method with FORTRAN® programing. Temperature variation under different input

current is showed in Fig. 7.

Fig. 7 simulated temperature variation

With the mathematical model simulation, bridge temperature rising with current increasing,

and each current corresponded temperature is higher than the results in Fig. 4. The temperature is

1423K ta 1.0A, which is higher than melting point of gold (1330K) and matches the results in Fig.

5. Furthermore, 1661K at 1.1A, and 1919K at 1.2A, higher than melting point of silicon (1683K),

it means polysilicon begins to melt at 1.2A. Combined with the experiment that simulation results

is more close to the actual situation. The equation can be used for one-dimensional steady-state

heat transfer simplified calculation of SCB chip surface temperature under constant current

excitation.
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CONCLUSIONS

Infrared microscopy thermometry was employed in this paper to detect SCB surface

temperature variation with different input current. And SCB chip changing process was observed

with thermal images. Because of extremely small bridge size, which was exceeding the system

spatial resolution, the measurement error was far away from the actual situation, but it can

effectively reflect the response of temperature to current. Then, based on experiment, a

one-dimensional steady-state heat transfer model was established. Theoretical value of

temperature simulated from the equation was compliance with the results of thermal images. At

1.0A, simulated temperature was higher than gold melting point, parts of contact pads melted. At

1.2A, simulated temperature was higher than polysilicon melting point, bridge damaged.
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Abstract

A new formulation for improvement of pyrotechnic composition to emitting colored

green lights based on B2O3 and H3BO3 is presented. It should be noted that the pyrotechnics

compositions based on borates are economically attractive and environmentally friendly. The

kinetic parameters of decomposition of oxidizing agent (ammonium nitrate NH4NO3) with

the addition of dextran (C6H10O5)n was investigated  using Differential Scanning Calorimeter

(DSC). The minimum value of activation energy (64.6 kJ/mol) was determined at the dextran

concentration of 5 wt. % in the mixture. Developed pyrotechnic compositions with boron

oxide and boric acid at the ratio of 40 % B2O3 / 60 % H3BO3 exhibit the highest brightness

level in the visible spectra.

Keywords: pyrotechnics, green colored flame, activation energy, environmentally friendly

composition, differential scanning calorimeter, ammonium nitrate, dextran.
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Introduction

Pyrotechnic colorants are chemical formulations which generate a combustion flame

with a particular color. These formulations are usually used to create colors in pyrotechnic

systems like fireworks and produce the four primary effects: noise, light, smoke and floating

materials. In this report we describe the development of alternative pyrotechnic compositions

for generating green light colors based on B2O3 and H3BO3. We determined the mechanism

of chemical reactions by using Differential Scanning Calorimeter (DSC) of pyrotechnic

formulations. It should be noted that the pyrotechnics compositions based on borates are

economically inexpensive and environmentally friendly.

Mixture of fuel with the oxidizer is the basis of all pyrotechnical formulations. In

order to get the amount of heat required to create the appropriate special effect, using oxygen

from the air which could burn the fuel is not enough. Combustion of fuel components in such

conditions is generally slower than their combustion by oxygen containing oxidizer. Thus, for

pyrotechnic compositions it is important to choose the oxidizer 1].

In this work, we selected ammonium nitrate to play as the role of oxidizer, while

dextran, (C6H10O5)n was used as a fuel. Ammonium nitrate NH4NO3 is a salt of nitric acid.

This oxidizer as a component of energetic materials inspired numerous investigations on

decomposition at high temperatures and requires further study [2]. For fabrication of

pyrotechnic system fuel must meet the following basic requirements.  It should possess

sufficient thermal effect, providing the best special effect composition, as well as have the

ability to be easily oxidized by the oxygen of the oxidizer or by the air oxygen. Other

requirements include the best special effect composition for the given combustion products,

and being chemically and physically resistant in the temperature range from -60 °C to +60

°C, and whenever possible, be resistant to the action of mild acids and alkalis, as well as non-

hygroscopic and accessible, and be environmentally friendly and abundant materials.
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The B2O3 and H3BO3 were used to generate the colored lights. As it is well known,

boron, under strong heating, gives green light due to the formation of metastable boron

oxides (BO) [3]. However, due to the fast burning rate of boron, the use of boron in

pyrotechnics production does not have a wide scale application.

Experimental

Although the system NH4NO3-dextran is frequently used in the pyrotechnic mixtures,

the fundamental kinetic study is still required for this system. In this work, we deploy

thermo-gravimetric analysis to reveal activation energy change in this system depending on

the weight percentage of dextran. Fundamental study of the kinetics of combustion process

allows us to precisely control parameters such as speed, temperature, and the activation

energy of the reaction.

In order to develop green color scale formulations, studies have been conducted using

standard and widely used color pyrotechnic mixtures. We should solve the problem that, in

any weight ratios, all the components must be decomposed. Furthermore, we need to

determine the reaction of the oxidizer with the combustion fuel (ammonium nitrate and

dextran). The reaction scheme can be given according to the following equation:

12 NH4NO3 +C6H10O5 = 6 CO2 + 12 N2 + 29 H2O (1)

with decomposition factor of NH3NO4 ( 85.5 wt. %) and C6H10O5 (14.5 wt. %):

NH4NO3 N2 + 1/2O2 + 2H2O (2)

C6H10O5+ 6O2 6CO2+5H2O (3)

Working with pyrotechnic materials requires compliance with strict safety regulations.

To increase the intensity of the combustion flame, it is recommended to add magnesium [1].

However, at high concentrations magnesium gives a bright white light. Therefore, we added 3

% of magnesium to enhance light intensity. The mixed compositions were compacted before
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combustion under pressure up to 2800 kg/cm2. The photographic images of the compacted

samples shown in Figure 1.

Figure 1. Images of the compacted samples.

In order to determine the maximum emitting results the samples were prepared in

different composition ratios (Table 1).

Table 1. Prototypes in different ratios of boron oxide and acid.

The Differential Scanning Calorimetry (DSC) and Thermogravimetric Analyzer

(TGA) is an essential laboratory tool used for material and reaction characterization. The

DSC/TGA analyses were performed using Q600 analyzer from TA Instruments. The

experimental setup is given in Figure 2. The experiments were carried out for heating rates 5,

10 and 20 ºC per minute under ambient (air) atmosphere.

Set 1 Set 2 Set 3
NH4NO3 2,25 g NH4NO3 2,25 g NH4NO3 2,25 g
C6H10O5 1,25 g C6H10O5 1,25 g C6H10O5 1,25 g

B2O3 1,5 g + H3BO31 g B2O3 1 g + H3BO31,5 g B2O31,5 g + H3BO31,5 g

Mg 0,2 g Mg 0,2 g Mg 0,2 g

Set 4 Set 5 Set 6
NH4NO3 2,25 g NH4NO3 2,25 g NH4NO3 2,25 g
C6H10O5 1,25 g C6H10O5 1,25 g C6H10O5 1,25 g

B2O3 2 g + H3BO30,5 g B2O3 0,5 g + H3BO32 g B2O3 1,5 g + H3BO31,5 g
Mg 0,2 g Mg 0,2 g No Magnesium
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Figure 2. Experimental setup

We studied the systems with the dextran concentration up to 20 wt. %. We have

estimated the activation energy from the DSC data by using the isoconversional method

suggested by Starink [4], which was shown to provide a more accurate value than the

Kissinger and Ozawa methods. The Starink method determines the activation energy from the

equation:

(4)

To determine the activation energy we use the data obtained by the DSC graphs. Ea is the

apparent activation energy (in kJ/mol), β the heating rate in thermal analysis (in K/min), T is

the peak temperature of the exothermic curve (in K), and R the universal gas constant. Ea is

estimated from the slope of the graph of ln(T1.8/β) vs. 1/T.

Results and Discussion

Figure 3 is representing the decomposition pathway for dextran under argon flow (100

ml/min). We have gradual mass decline with removal of about 5 wt. % absorbed water until

100 °C. Near 200 °C partial decomposition of dextran polymeric molecule chains occurs,

which continues with two major endotherm peaks near 490 °C and 550 °C. The overall

weight loss until 600 °C is about 30 wt. %.
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Figure 3. DSC curves and thermal decomposition of dextran under argon environment.

Figure 4 is demonstrating the decomposition characteristics of NH4NO3.

Crystallographic water molecules are removed at around 130 °C and 170 °C with endotherm

heat values of 44 J/g and 49 J/g, respectively. Major decomposition takes place at around 250

J/g with decomposition energy of 1370 J/g.

Figure 4. DSC curves and thermal decomposition of NH4NO3 under argon environment.

Figure 5 is representing the interaction behavior in the mixture of NH4NO3 - 20 wt. %

dextran. The decomposition takes place at around 250 ºC. The small endotherms before

decomposition are due to small amounts of moisture in the mixture, as well as polymeric

chain scission of dextran molecules.
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Figure 5. DSC curves and thermal decomposition of NH4NO3/Dextran 20 wt. %.

Figure 6 is showing the plots of activation energy calculations for 5, 10 and 20 wt. %

dextran containing compositions, as well as pure NH4NO3 decomposition.

Figure 6. Arrhenius plots for the exothermic peaks in the system NH4NO3/Dextran: (a)
NH4NO3 decomposition, (b) NH4NO3-5 wt.% Dextran, (c) NH4NO3-10 wt.% Dextran, (d)
NH4NO3-20 wt.% Dextran.

For all mixtures the peak temperatures were taken and the activation energy

calculations were made by plotting the ln(T1.8/β) vs. 1/T. The calculated activation energies

were in the range 65-82 kJ/mol, and the energy values increase for the systems with higher

dextran concentration (Table 2).
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Table 2. The calculated activation energy for different ratios of NH4NO3/Dextran

Concentration of the
dextran (wt. %)

Heating rate Ea, KJ/mole Tpeak

0
5

10
20

86.59
282,27
298,59
310,52

5
5

10
20

64.606
242,78
263,6

288,72

10
5

10
20

69.15
236,07
253,14
277,73

20
5

10
20

82.93
239,89

259,17

275,42

The lowest activation energy has the system with 5 wt. % dextran concentrations. As

expected increasing the heating rate results on increasing of decomposition temperature in the

system (Figure 7). It should be noted that lower activation energy ensures complete

combustion at lower temperatures.

Figure 7. Dependence of decomposition temperature of NH4NO3 and NH4NO3-dextran on a
heating rate.

The decomposition activation energy for the NH4NO3 was around 86 kJ/mol, which is

in good agreement with literature data [5].  Thus, small amount of dextran is acting as a

catalyzer for decomposing the NH4NO3 with lesser amount of activation energy [6]. Further
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research is needed for expanding these results on various kinds of organic fuels used in the

pyrotechnic mixtures.

Application of boron is known as a green light emitter due to the formation of

metastable boron oxides (BO). However, not all boron compounds are suitable for

pyrotechnics. For example, the composition of amorphous boron and potassium nitrate

(KNO3), burns too quickly, and the practical applications for long burning formulations

remains unsolved problem. Attempts to slow down the combustion rate with additional

additives may affect the formation of metastable molecules of boron and may not be

economically efficient. Results of this study showed that the use of B2O3 and H3BO3 in

colored compositions proved an alternative method to obtain the composition of green flame.

With the adjustment in the ratio of B2O3/H3BO3 variation in the brightness and color of the

flame speed was observed. At higher concentrations of H3BO3 flame gets a green shade. The

results showed that the composition could be a good alternative to existing green

formulations. Figure 8 is representing photographs of burning samples with borates.

а) б)

Figure 8. B2O3/H3BO3 burning pyrotechnic composition with green light (a) B2O3 1,5 g +
H3BO3 1 g; (b) B2O3 1 g + H3BO3 1,5 g.

We used standatd methodology to determination linear and mass burning rate under

normal conditions. Table 3 is representing the data for linear and mass burning rate of

samples taken from experimental sets 1-6 described in Table 1.
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Table 3. Linear and mass burning rate of samples.

Conclusions

Study shows that pyrotechnic compounds with B2O3 and H3BO3 additives display

combustion with green color lights. Dependence of activation energy on dextran

concentration in pyrotechnic compositions was determined. The minimum value of activation

energy was determined at the dextran concentration of 5 wt. % in the mixture. Developed

pyrotechnic compositions with boron oxide and boric acid at the ratio of 40 % B2O3 / 60 %

H3BO3 exhibit the highest brightness level in the visible spectra.
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Sample
number

Sample
height,

mm

Sample
diameter,

mm

Sample
weight, g

Burning
time, s

Linear
burning
rate, mm

Mass
burning

rate, g/sec
1 25 20 6,5 50 0,5 4,14 *10-4

2 25 20 6,5 59 0,42 3,5 *10-4

3 24 20 6,5 63 0,38 3,28 *10-4

4 24 20 6,5 70 0,34 2,95 *10-4

5 24 20 6,5 78 0,3 2,65 *10-4

6 23 20 6 90 0,25 2,12*10-4
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ABSTRACT

Key words: deflagrating HE, nano carbon, laser initiation, detonation

The paper presents the results of experimental studies of nanocarbon effect on the
sensitivity of pressed samples made of secondary deflagrating HE to the laser radiation. In the
course of work nanocarbon modified HE of diperchlorate (5-nitro tetra zolato) cobalt pentamine
(III) were studied. Pressed samples were put into robust steel case with further laser initiation at
a wavelength = 1 μm. Semiconducting lasers of 10 W (energy – 0.1 – 1.5 mJ) were used as a
source of laser radiation. Radiation was introduced with an optic fiber quartz-quartz (105/125
μm). Effect of the sample density (porosity) and a percentage of nano carbon (0.1 – 5% mass) on
initiation energy threshold values (energy density, power density) was studied. Experiments
registered induction time, delay time, burning rate (explosive transformation, detonation) and
pressure profile at the output of the sample under study. The paper also gives the results of
structural and morphological studies. It was shown that nano carbon introduction (to 5% mass)
does not decrease the basic safety indexes (sensitivity to shock and friction). At that the
threshold of sensitivity to laser radiation within studied IR-range decreases by a factor of several
tens.
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ABSTRACT 
 

In an effort to improve electrostatic discharge (ESD) adaptability and prevent electrostatic 
damage of semiconductor bridge (SCB) electrical explosive devices (EEDs), theoretical 
principles were analyzed and three types of varistor were chosen as electrostatic reinforcement 
elements. The ESD experiment results showed that the varistor with an 8V breakdown voltage 
could significantly improve ESD adaptability of SCB. And the electro-explosive experiment 
indicated that the varistor had no effect on the SCB performance under normal use, even though 
the varistor breaks down and bypasses the current during the process. Therefore, a varistor is an 
effective approach to ESD protection of SCB EEDs. 
 
 
Introduction 
 

A semiconductor bridge (SCB) is a kind of electro-explosive device (EEDs) that uses 
semiconductor film as firing element. SCB has been widely applied in military and civilian fields 
due to the advantages of small size, fast function time, low input-energy required and high safety. 
The electrostatic discharge (ESD) and electromagnetic interference (EMI) environment of EEDs 
has changed dramatically over the past several decades, and as an obvious consequence, the 
safety problem of EEDs is much more severe in a typical operating environment. Researchers 
have done a lot of work to improve EEDs safety. Novotney D B[1]developed a new SCB structure, 
so the dielectric materials bypass high-frequency current, and meanwhile clamping the 
electrostatic voltage. King T L [2] intentioned to protect SCB from ESD by connecting in parallel 
with a zener diode, but there was a limiting factor; its protection capability became weaker and 
weaker with the rise of diode breakdown voltage. Dow R L [3] added ferrite in EEDs structure to 
form an ESD pathway within the shell, and also ferrite absorbed radio frequency (RF) energy. 
Chen F [4]studied the damage mechanism of SCB EEDs under ESD, establishing a mathematical 
and physical model to simulate the electrostatic interaction process. Zhou B [5]employed the 
transient voltage suppressor (TVS) for SCB EEDs protection, the research results showed that the 
TVS chips with lower parasitic resistance and larger parasitic capacitance had better effects. In 
this paper, we discuss the theory and possibility of using varistors for the ESD protection of SCB 
EEDs, and experimentally test its protective effects. 
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1 Theoretical Analysis 
 

ill change to several 
milliohms in a nanosecond (less than 0.5ns) as long as overvoltage loads in circle, and the 
overvoltage is caused by ESD or RF. Therefore, varistor absorbs the majority energy of high 
current impulses and keeps SCB protected. After overvoltage, the resistance returns to high state 
for the next impulse [6].Due to its special microstructure; a serial-parallel combination of 
numerous PN junctions and grains, the varistor is capable of high absorption, fast response and 
repeated use.  

In order to facilitate packaging, SMD varistor is selected for the protection of SCB EEDs, 
the equivalent circuit model is showed in Fig. 1. In an ESD environment, varistor changes to a 
low-impedance path and bypasses the majority of ESD energy in a nanosecond when the voltage 
is higher than its breakdown voltage, so it protects SCB EEDs from damage caused by ESD. 
Three types of varistor are chosen. Breakdown voltage of A type is 8V, B is 12V and C is 27V. 

 
Fig. 1 Equivalent circuit model of varistor 

 
 
2 Samples 
 

The core component of the SCB EED is the heavily doped polysilicon film, showed in Fig. 2. 
The thickness (T) of the bridge is determined by that of the polysilicon film deposited onto the 
silicon dioxide (SiO2) layer; the width (W) of the bridge is decided from the shape of the doped 
region; and the length (L) is determined by the gold lands, which provide the means for electrical 
contact with the underlying polysilicon layer. The size of SCB chip is 1.4mm×1.8mm. Dope 
concentration is about 7×1019 atom/cm3, and bridge size is 400 m(W)×100 m(L)×2 m(T), 
resistance is about 1.0  

SCB chip and varistor are mounted onto the top and bottom notch of the ceramic housing 
separately to form a parallel structure, both are electric contacted to leg wires. Lead styphnate 
(LTNR)is used as the primary explosive on the surface of SCB chip.This packaging structure 
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keeps the explosive away from the heat generated in the varistor to avoid unexpected fire when 
current flows through varistor after breakdown in an ESD environment, moreover maintains the 
EEDs volume. 

In the later experiment, four types of samples are tested: SCB without any protection (D), 
SCB in parallel with A type varistor (8D, breakdown voltage is 8V), SCB in parallel with B type 
varistor (12D, breakdown voltage is 12V), and SCB in parallel with C type varistor (27D, 
breakdown voltage is 27V). 

 
Fig. 2 Structure of SCB chip 

 
 
3 Experiment and Discuss 
 
3.1 ESD experiment 

As noted that ESD can be treated as transient current pulses, the ESD damage mechanism 
differs with different energy that is applied to the SCB. Under ESD low-energy, electrostatic 
current flows through SCB film and heats the explosive due to Joule heating effect. As long as the 
heat accumulated to a certain point, the EED fires. On the contrary, high-energy electrostatic 
causes the vaporization of SCB film and forms silicon plasma igniting the explosive. So we chose 

GJB5309.14-2004), and the other is 500pF, 
MIL-STD-23659C). The energy applied to SCB of the former condition is ten times 

higher than that of the latter. 
First, the ESD sensitivity of SCB was tested under the two conditions, and the results are 

listed in Tab. 1.  
Tab. 1 ESD experiment results of SCB 

Type Condition Tested Samples Fires Samples 
SCB EEDs (D)  10 0 
SCB EEDs (D)  10 10 

The resistance of SCB is about 1 . But when it 
applied in SCB is too small to cause any damage to the film or the explosive, so none of the 10 
SCB samples fired. This means that SCB has certain ESD insensitive properties under test 
condition of GJB5309.14-2004. But when the series resistor was 
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samples fired. 
Then, we tested the protective performance of samples under the condition of 

MIL-STD-23659C. And the test results are listed in Tab. 2. 

Tab. 2 ESD experiment results of four types samples 

Type Tested Samples Fires Samples 
SCB EEDs 10 10 

SCB EEDs with A varistor (8D) 10 0 
SCB EEDs with B varistor (12D) 5 4 
SCB EEDs with C varistor (27D) 5 5 

By comparison, the A type varistor performs much better than the others in ESD protection 
of SCB EEDs. None of the 10 samples fired. Under electrostatic discharge, the varistor breaks 
down in nanosecond (less than 0.5ns) and resistance changes from very high (larger than 100M  
to extremely low, bypassing the majority of the ESD energy. The difference between the three 
types of varistors in ESD protection performance is the resistance after breakdown. A type 
varistor is about 80m  By calculating the energy ratio, it showed that 
only 7% of the energy was applied onto SCB when in parallel with the A type varistor, while 
about 97% of the energy was applied onto SCB when in parallel with C type varistor. Hence we 
can say that the varistor with lower resistance after breakdown has better performance in ESD 
protection for SCB EEDs. 

 
3.2 Electro-explosiveExperiment 

From the ESD experiment we obtained that the A type varistor performed well in ESD 
protection of SCB EEDs. Then we tested the electro-explosive performances of the samples. 
Experiment condition is 47μF capacitor charged to 22V.Characteristics versus time curves of 
SCB EEDs in parallel with A type varistor are showed in Fig. 3. 

 
Fig. 3 Characteristics versus time curves 

When the capacitor discharges, the varistor breakdown s because its breakdown voltage (8V) 
is lower than the applied voltage; then current flows through the varistor, but its value is much 
smaller than that of current flowing through the SCB. Therefore, the varistor theoretically has no 
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normal use. To further study it, we tested three groups of samples, each 
group has 10 samples. The Three groups include SCB, SCB in parallel with varistor before ESD 
and SCB in parallel with the varistor after ESD. The experiment results are listed in Tab. 3. 
Where T is the average electro-explosive time of the 10 samples corresponding to the second 
peak in the voltage curve in Fig. 3, and E is the average energy consumed of 10 samples during 
the electro-explosive process, calculated by multiplying the voltage with the current and 
integrating over time. And the significant test (t-test) results are listed in Tab. 4. 

Tab. 3 Electro-explosive experiment results 

No. Type  State Quantity T /μs E /mJ 
D SCB Before ESD 10 6.41 1.098 

8D1 SCB in parallel with 
varistor 

Before ESD 10 6.44 1.011 
8D2 After ESD 10 6.57 1.083 

Tab. 4 t-test results 

Item Level Value tT S.D. tE S.D. 
D and 8D1   0.014 No 0.189 No 
D and 8D2 0.05 2.101 0.104 No 0.024 No 

8D1 and 8D2   0.129 No 0.127 No 

As the results in Tab. 3 and Tab. 4 show that there is no significant difference among those 
three samples. That means the varistor has no effect on electro-explosive performances, even 
though it breaks down and bypasses the current during the electro-explosive process. Furthermore, 
no performance changes after ESD indicates effective ESD protection of varistor for SCB EEDs 
using varistors. 

 

 
4 Conclusions 
 

In this paper, we analyzed the ESD protective principles of varistors for SCB EEDs, Three 
types of varistors were chosen, and the packaging structure designed. Then the ESD protective 
effectiveness and influence on electro-explosive performances were discussed. Some conclusions 
are as follows: 

(1) None of , while all 
a certain 

ESD resilence but insufficient. 
(2) When SCB EEDs are in parallel with the A type varistor, none of the samples fired 

under the : 
ESD protective capability. 
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(3) In an electro-explosive experiment, the significant test indicated that the varistor has no 
visible effect on the electro-explosive performance of the SCB, even though the varistor breaks 
down and bypasses current during the process.  
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Resistance to Detonation Test of Ammonium Nitrate and Other Fertilizer
Products Related to Safe Handling and Storage, Transportation and Hazard

Risk Management
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ABSTRACT

Ammonium nitrate (AN) has a complex behavior and not surprisingly has undergone extensive research
as a chemical substance. There are three main hazards associated with ammonium nitrate: fire due to its
oxidizing nature, decomposition and explosion/detonation. The most important parameters that influence
the presence of the hazard are particle (peril, granule) size, particle density/bulk density/porosity, purity,
nitrogen content and confinement.

Certain types of AN and some other fertilizers have caused the worst chemical explosions in the past
century. To address AN hazard risk issues, new guidance, evaluation testing and analysis available to
better understand the potential dangers.

Resistance to Detonation Test discussed in the paper can be  used to address as basic element of hazard
risk analysis for safe management, storage, cargo transportation and handling practices of AN and other
fertilizer products.

AN possesses oxidizing properties and, as such, can react with most combustible materials. When heated,
it undergoes thermal decomposition, which is complex as it involves a combination of a number of
irreversible exothermic reactions and endothermic reactions.
Ammonium nitrate (AN) is a hazardous chemical, a regulated safety concern, and is regulated by the U.S.
Environmental Protection Agency (EPA), the Occupational Safety and Health Administration (OSHA),
the Bureau of Alcohol, Tobacco and Firearms (ATF), and the International Maritime Dangerous Goods
Code (IMDG).

Pure AN is difficult to detonate; normal friction, spark and impact are incapable of initiation. Fertilizer
grade AN, which is in the form of high density perils or granules, is particularly difficult to detonate.
Change in the physical form and/or presence of reactive contaminants lower the resistance to detonation.

Based on the hazardous properties described above a number of fertilizer materials are classified as
dangerous in the transport regulations such as Transport of Dangerous Goods Model Regulations and the
International Maritime Dangerous Goods Code (IMDG).

Prior loading any fertilizer, whether it is in any kind of packed form or in bulk, the composition, type of
class and corresponding proper safety and emergency procedures for that fertilizer must be accurately
determined. To determine detonation risk, per IMO code DSC 9/4 Add. 4 section 5 “Resistance to
Detonation Test” must be also conducted. Once this has been established beyond doubt the proper MSDS
and IMSBC sections must be consulted and followed in full, before these types materials are offered for
Transportation.

Key word: Resistance to Detonation Study and Testing Methods, Fuel/oxidizer formulations, Sensitivity
and safety, Ammonium Nitrate (AN) Fertilizer, Safe handling and Storage of AN.
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Evaluating Properties of New Energetic Hazardous Materials

Abdollah Kashani, Author, Author, Safety Consulting Engineers, Inc., Schaumburg, Illinios
Swati M Umbrajkar, PhD, Author, hilworth Technology, Inc., Princeton, New Jersey

ABSTRACT

Energetic materials are capable of releasing high energy in a short time upon initiation by various sources
such as mechanical (impact, friction), chemical (a runaway reaction that results in a temperature rise),
thermal (heat) or detonation (shock) etc. The high energy release can result in detonation, explosion,
deflagration equipment rupture or many other failure events due to high pressure and or high temperature
(see photo below). Energetic compounds can detonate (decompose at a propagation rate above the speed
to sound) if initiated by any of the following sources: Thermal sources (heat, flame, fire), Mechanical
sources (friction, impact), Explosive shock (detonative shock, DDT), Chemical reaction (self-heating,
self-reactivity), Electrical sources (ESD, Spark).

Figure 1. Photo: US Chemical Safety Board 2010 Texas Tech Laboratory Accident

Several active pharmaceutical ingredients and fine chemicals contain highly energetic functional groups.
These highly energetic groups can impart potentially explosive properties to a molecule.

Even though such chemicals are synthesized without the intention of being used as a potential explosive
substance it is critical to identify, and apply a suitable handling methodology for such materials.  This is
achieved by conducting a structured evaluation of the material. If the evaluation indicates that the material
may contain explosive properties, then an small scale testing procedure needs to be followed, particularly
if the material is to be scale up and launched as a new product. There are many reasons to better
understand the safe handling of energetic materials in your workplace.

Examples of the testing methods some test results for the evaluating properties of energetic materials
sensitivity to the above ignition sources will be discussed and presented in this paper.

Key word: Energetic materials, new explosive, energetic materials sensitivity testing Methods,
Fuel/oxidizer formulations, safe handling and Storage, unstable reactive chemical  and pharmaceutical
intermediate, threshold initiation levels, thermal instability and hazard identification /evaluation.
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Overview of Explosive and Energetic Materials Hazards

Thaddeus C. Speed, Author, Graham Walsh, Author, Safety Consulting Engineers, Inc.

ABSTRACT

Energetic materials are chemical compounds such as explosives, propellants, pyrotechnics that have
exothermic heats of decomposition (positive heats of formation). Energetic materials also include
mixtures of materials that can react to produce high-energy releases. Explosive or high-energy releases
typically are initiated by detonative or mechanical impact, friction, or runaway reaction that results in a
temperature rise. A proper training to safely handle these types of material are discussed.

Explosive (Energetic) Materials and Hazards (Part A)

Part A is designed to introduce those that need to better understand the energetic materials and
their hazards through an understanding of the sources and types of explosive events, types of explosives,
and explosive classification systems. The regulations, protection methods, and industry practices designed
to avoid obvious and hidden explosion hazards will be presented.

Process Safety Management (PSM) For Energetic Processes (Part B)

Part B is designed to introduce the participants to the concept of energetic materials and processes
and the fundamental differences between “energetic materials” process safety and process safety related
to other processes/materials. The 14 elements of OSHA Process Safety Management (PSM) will be
introduced and their contribution to improved process safety reviewed. A critical element of PSM is the
Process Hazards Analysis (PHA). The concepts of the PHA team, why it is important, and how to
build/manage a team to perform and track PHA’s will be discussed. Several role playing exercises and a
team look at a PHA are included in this course.

Process Hazards Analysis for Energetic Materials

Part C is designed for those that need to use or understand the Process Hazards Analysis (PHA)
tools. The hazards analyst should have a variety of techniques and tools at his or her disposal when
performing a PHA. The tools and techniques of choice will depend on the complexity of the process, the
frequency and severity of potential failure modes and the consequences that would ensue. In this course
students will gain an understanding of qualitative and quantitative analysis methods. They will explore
the fundamental PHA analysis techniques of What-If, HAZOP, FMEA, Fault-Tree and Logic Tree. They
will receive an introduction into quantitative statistical methods and qualitative analysis tools. Perhaps
most importantly, the student will learn how process and material data can be infused in to the analysis to
determine safety margins, probability of an event, etc. While the principles taught will be applicable to
any hazardous process, the focus and examples will be for Energetic Materials.

Key word: Energetic materials, Energetic materials Training, identification /evaluation, Energetic
materials sensitivity testing Methods, Energetic materials classification,
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(E)-1,1,4,4-Tetramethyl-2-tetrazene: Synthesis, Stability and DFT
Calculations

C. Miró Sabaté, H. Delalu

Hydrazines and Polynitrogen Energetic Compounds, University of Lyon, Bât. Berthollet, 3è étage, 22, av.
Gaston Berger, 69622 Villeurbanne, France (Fax: +33-472-431-291; E-mail: carlos.miro-sabate@univ-
lyon1.fr)

ABSTRACT

The geometry and electronic structure of energetic (E)-N4Me4 (1) and the (E)-N4Me4H+ and the
(E)-N4Me5

+ cations were examined by a DFT approach, showing that the terminal nitrogen
atoms in 1 are strongly basic. Interestingly, protonation of 1 to form the (E)-N4Me4H+ cation
does not result in significant changes in the NBO charges, contrary to classical views describing
tetracoordinated nitrogen atoms as positively charged. Insight into the thermal stability of salts
of the (E)-N4Me4H+ and the (E)-N4Me5

+ cations was gained experimentally by DSC
measurements of two salts of the (E)-N4Me4H+ cation (2 and 3) and one salt of the (E)-N4Me5

+

cation (4). Compounds 2–4 were characterized by analytical (elemental analysis and mass
spectrometry) and spectroscopic (1H/13C NMR, IR/Raman and UV spectroscopies) methods.
Protonation/methylation of 1 to form the (E)-N4Me4H+ and (E)-N4Me5

+ cations, appears to occur
at the terminal nitrogen atoms. The geometry optimization by the B3LYP method points at very
weak N3–N4 bonds (N4 = protonated/methylated nitrogen atom), which explains the formation
of the products observed upon thermal decomposition of salt 3. This suggests that
dialkylaminium radicals (R2N.+) are involved in the decomposition pathway.
Keywords: 2-Tetrazene, Energetic Materials, Stability, DFT calculations

Introduction

Classical energetic materials such as TNT = trinitrotoluene or RDX =
cyclotrimethylenetrinitramine derive their energy from the oxidation of their carbon
backbones,1,2 in contrast to N–N compounds, which owe their high energies to their positive
heats of formation.3,4 Unfortunately, many of these materials are highly sensitive. Other
compounds, such as hydrazine and its derivatives, form hypergolic mixtures with oxidizers such
as NTO = nitrogen tetroxide or LOX = liquid oxygen. Unfortunately, hydrazine and its
derivatives have high vapour pressures and are known to be toxic and carcinogenic.5 In this
context, salt formation is known to stabilize a material6 and, additionally, ionic materials tend to
display lower vapour pressures.

Recently, 2-tetrazenes (Fig. 1) have emerged as a class of energetic materials with good
chemical and thermal stability and lower toxicity than commonly used compounds.7 2-
Tetrazenes are isoelectronic with the butadiene dianion, i.e., they are electron-rich compounds
with several lone pairs. For this reason they are involved in both intra- and extra-molecular
hydrogen-bonding.8 The electron-rich character give them also a high intrinsic basicity (e.g.,
pKb (N4Et4) = 5.12).9 The simplest 2-tetrazene possible, i.e., N4H4, (R = H) was synthesized as
the trans- form by Wiberg and coworkers in 1975 over a four steps procedure starting from
hydrazine.10 Unfortunately, this highly energetic compound is thermally labile and crystals of
pure N4H4 might decompose explosively forming nitrogen gas, hydrazine and ammonium azide,
even when stored at 0 ºC. Additionally, salts based on the 2-tetrazenium cation, i.e., N4H5

+,
decompose at temperatures above ca. –20 ºC forming ammonium salts and hydrazoic acid.11

The simplest 2-tetrazene known, which is stable at room conditions is the methyl derivative (E)-
N4Me4 (R = Me). Much work has been carried out concerning the synthesis of the latter
compound by the oxidation reaction of UDMH.7,9,12–14
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Due to the interesting electronic properties of 2-tetrazenes and their potential for energetic
applications, we became interested in studying the reaction of (E)-N4Me4 with hydrochloric and
picric acids as well as with methyl iodide and the thermal stability of the resulting products.

Fig. 1 Formula structures of cis- and trans-2-tetrazenes.

Experimental

Safety note
2-Tetrazenes and their derivatives are potentially explosive compounds. Preliminary testing

showed decreased sensitivities towards impact and friction, however, we recommend care to be
taken at all times, particularly, when working on a large scale. We further recommend the
synthesis of the compounds reported here to be carried out only by experienced personnel using
non-conductive equipment (e.g., plastic spatulas and plastic wear) and wearing safety gear such
as Kevlar gloves and jacket, conductive shoes and face shield.

General method

All chemical reagents and solvents of analytical grade were obtrained from Sigma-Aldrich
Inc. or Acros Organics and used as supplied. 1H and 13C NMR spectra were recorded on a JEOL
Eclipse 400 instrument. The chemical shifts are given relative to tetramethylsilane as a external
standard. Infrared (IR) spectra were recorded at room temperature on a Perkin-Elmer Spectrum
instrument equipped with a Universal ATR sampling accessory. Raman spectra were recorded
on a Perkin-Elmer Spectrum 2000R NIR FT-Raman instrument equipped with a Nd:YAG laser
(1064 nm). IR intensities are given in parentheses as vw = very weak, w = weak, m = medium, s
= strong and vs = very strong. Raman activities are reported in percentages relative to the most
intense peak and are given in parentheses. Elemental analyses were performed with a Netsch
Simultanous Thermal Analyzer STA 429. The thermal behaviour was analysed by differential
scanning calorimetry (SETARAM DSC131 instrument, calibrated with standard pure indium
and zinc) at a heating rate of β = 5 °C min 1 in closed aluminium containers and with a nitrogen
flow of 20 mL min 1. The reference sample was a closed aluminium container.

Syntheses

(E)-1,1,4,4-Tetramethyl-2-tetrazene (1). 1 was synthesized according to a literature
procedure.15 C4H12N4 (MW = 116.16 g mol−1, calc./found): C 41.35 / 41.28, H 10.42 / 10.40, N
48.23 / 48.06 %; 1H NMR (CDCl3, 400.18 MHz, TMS) δ/ppm: 2.72 (12 H, s, –CH3); Raman
v~ /cm−1 (rel. int.): 202(11), 328(10), 372(10), 458(6), 584(5), 897(21), 1036(1), 1090(1),
1142(25), 1240(1), 1290(1), 1395(9), 1415(27), 1443(15), 1473(100), 2777(31), 2822(31),
2853(33), 2883(29), 2962(72), 2999(22), 3088(13); IR v~ /cm–1 (golden gate, rel. int.): 2999(vw)
2961(w) 2857(w) 2822(w) 2788(vw) 1633(vw) 1593(vw) 1469(m) 1441(w) 1399(vw) 1277(m)
1244(w) 1141(m) 1091(vw) 1037(w) 997(vs) 891(w) 822(m) 591(s).
(E)-1,1,4,4-Tetramethyl-2-tetrazanium Chloride (2). Compound 1 (0.238 g, 2.0 mmol) was
dissolved in diethyl ether (4 mL) under exclusion of air to give an slightly yellow solution. A 2
N ethereal hydrochloric acid solution (1.0 mL, 2.0 mmol) was added dropwise resulting in a
slightly exothermic reaction and the immediate precipitation of a colorless solid. After the
addition was finished, the reaction mixture was stirred at room temperature for 10 min. and the
insoluble material was filtered under vacuum, washed with diethyl ether (2 x 2 mL) and dried
under vacuum. The title compound was obtained as a colorless powder (0.295 g, 97 %) and no
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further purification was necessary. C4H13N4Cl (MW = 152.63 g mol−1, calc./found): C 31.48 /
31.09, H 8.58 / 8.37, N 36.71 / 36.44; DSC (5 °C min−1): one exothermic peak (sharp, Peak
onset: 56.61 ºC, Peak maximum: 59.67 ºC, ∆H = –296.97 J g-1); m/z (FAB+, Xenon, 6 keV, m-
NBA matrix): 117.0 (N4Me4H+); 1H NMR (DMSO-[D6], 400.18 MHz, TMS) δ/ppm: 3.05 (s, 12
H, –CH3), 13.19 (s(br), 1 H, –NH); 13C{1H} NMR (DMSO-d6, 100.63 MHz, 25 °C, TMS)
δ/ppm: 33.6 (4 C, CH3); IR v~ /cm–1 (golden gate, rel. int.): 3016(w) 3001(w) 2954(w) 2917(w)
2780(vw) 2526(w) 2492(w) 2356(m) 2274(m) 2121(m) 1487(m) 1456(m) 1446(m) 1433(w)
1414(w) 1397(m) 1380(m) 1357(s) 1297(w) 1229(w) 1188(w) 1177(m) 1129(vw) 1102(w)
1062(w) 1045(w) 1001(m) 947(m) 895(w) 814(w) 677(w) 617(vs) 575(vw) 566(vw).
(E)-1,1,4,4-Tetramethyl-2-tetrazanium Picrate (3). Compound 1 (780 μL, 0.701 g, 6.04
mmol) was added dropwise to a suspension of picric acid (1.374 g, 6.00 mmol) in ether (50 mL)
causing the immediate precipitation of a bright yellow powder and the formation of a bright
yellow solution. The insoluble compound was filtered after stirring for ca. 1 h, washed with
little ether and dried under high vacuum. No further purification was necessary (1.960 g, 95 %).
ρ (picnometer, 17.4 ºC): 1.440 g cm–3; C10H15N7O7 (MW = 345.27 g mol−1, calc./found): C
34.78 / 34.79, H 4.38 / 4.31, N 28.40 / 28.23; DSC (5 °C min−1): two exothermic peaks (Peak 1:
sharp, onset: 72.50 ºC, Peak maximum: 76.64 ºC, ∆H = –442.66 J g-1; Peak 2: broad, onset:
231.76 ºC, Peak maximum: 253.76 ºC, ∆H = –560.36 J g-1); m/z (–c ESI): 228.1 (76, A–), 478.9
(17, [A2Na]–), 708.0 (19), 724.0 (25), 729.8 (78, [A3Na2]–), 974.7 (100), 1225.5 (15), 1476.1 (4);
m/z (+c ESI): 74.0 (15, [Cat – N(CH3)2]+), 102.1 (100, [Cat – CH3]+), 126.9 (18), 201.9 (12),
273.9 (14); 1H NMR (DMSO-d6, 400.18 MHz, 25 °C, TMS) δ/ppm: 11.51 (s(br), 1 H, –NH),
8.58 (2 H, s, H-aromat.), 3.04 (12 H, s, CH3); 13C{1H} NMR (DMSO-d6, 100.63 MHz, 25 °C,
TMS) δ/ppm: 160.9 (1 C, C1), 141.7 (2 C, C2), 125.3 (2 C, C3), 124.5 (1 C, C4), 34.4 (4 C,
CH3); IR v~ /cm–1 (golden gate, rel. int.): 3082(w) 3023(w) 2960(w) 2441(w) 1633(w) 1606(m)
1562(m) 1538(m) 1494(m) 1434(m) 1405(w) 1384(m) 1361(m) 1314(s) 1271(vs) 1238(m)
1182(m) 1162(m) 1112(m) 1079(m) 1053(m) 1004(w) 942(w) 913(m) 837(w) 818(w) 791(m)
770(w) 743(m) 721(m) 709(vs) 670(m) 620(m).
(E)-1,1,1,4,4-Pentamethyl-2-tetrazenium Iodide (4)16. Compound 1 (1.290 mL, 1.16 g, 9.99
mmol) was loaded in a 10 mL round-bottom flask and cooled to 0 ºC by means of a water/ice
bath. At this point, previously cooled methyl iodide (0.615 mL, 1.42 g, 10.00 mmol) was added
dropwise with strong stirring (careful, very exothermic reaction!). Immediate cloudiness was
observed and a white precipitate formed after a few minutes. The reaction mixture was stirred
for ca. 15 min at 0 ºC and the white precipitate was filtered at this temperature, washed with
ether and vacuum-dried (1.158 g, 45%). Low quality single crystals were grown by dissolving 4
in dry ethanol and storing in an ether chamber in the fridge over two weeks. C5H15N4I (MW =
258.10 g mol−1, calc./found): C 23.27 / 22.94, H 5.86 / 5.53, N 21.71 / 21.09; DSC (5 °C min−1):
one exothermic peak (sharp, Peak onset: 52.15 ºC, EX. dec.); m/z (ESI+): 46.0 (5, [Me2NH2]+),
60.1 (26, [Me3NH]+), 74.1 (2, [Me2N–N=NH2]+), 87.1 (3, [Cat+ – Me2N.]+.), 116.1 (10, [Cat+ –
Me.]+.), 128.1 (14, Cat+), 219.0 (77, [2 Cat+ – HN3]+), 233.1 (100, [2 Cat+ – HN2]+), 247.1 (75, [2
Cat+ – HN]+), 261.2 (52, [2 Cat+ – H+]+); m/z (ESI–): 126.9 (37, I–), 254.8 (12, [2 I– + H+]–),
276.8 (19, [2 I– + Na+]–), 285.9 (20), 299.9 (100), 380.7 (31); 1H NMR (DMSO-[D6], 400.18
MHz, TMS) δ/ppm: 3.12 (s, 9 H, –CH3), 3.49 (s, 6 H, –CH3); 13C{1H} NMR (DMSO-d6, 100.63
MHz, 25 °C, TMS) δ/ppm: 42.4 (3 C, CH3), 38.1 (2 C, CH3); IR v~ /cm–1 (golden gate, rel. int.):
3071(w) 3010(w) 2945(w) 2356(w) 2182(w) 2168(w) 2042(w) 1963(w) 1946(w) 1704(w)
1629(w) 1598(w) 1555(w) 1482(m) 1461(m) 1439(w) 1407(m) 1385(s) 1361(m) 1299(w)
1261(m) 1229(m) 1139(w) 1113(w) 1101(m) 1049(w) 968(m) 948(m) 908(m) 820(w) 775(m)
746(w) 707(w) 638(w) 589(s) 558(w) 497(w) 473(w) 463(w).

Results and Discussion

Synthesis and stability
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Oxydation of 1,1-dimethylhydrazine using mercury oxide in ether according to the method of
Madgzinski and coworkers15 afforded (E)-N4Me4 (1) as a pale yellow liquid. 1 was subsequently
reacted with an equivalent amount of hydrochloric and picric acids to form the (E)-N4Me4H+

cation as its chloride (2) and picrate (3) salts, which separated in high purity and yield from the
ether reaction mixture (Scheme 1). Additionally, 1 was reacted with an equivalent amount of
methyl iodide in the cold and in the absence of solvent to form the iodide salt of the (E)-N4Me5

+

cation (4), which separated out of the reaction mixture. Compounds 2 and 4 were obtained as
white powders, whereas the picrate salt 3 is a bright yellow solid.
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Scheme 1 Protonation and alkylation of 1 to form the N4Me4H+ and N4Me5
+ cations.

Both salts of the (E)-N4Me4H+ cation (2 and 3) and that of the (E)-N4Me5
+ cation (4) are

readily soluble in polar solvents such as water, DMSO or ethanol and insoluble in apolar solvent
such as cychlohexane. In solvents like wet ether or toluene, suspensions of compound 3 turn
yellow, possibly because of the formation of picric acid, which is soluble in these solvents. A
similar behaviour is observed for 2 with the formation of hydrochloric acid. When dissolved in
DMSO, compounds 3 and 4 give strong gas evolution. In water, 3 seems to have relatively good
stability, however, when aqueous solutions of the compound are warmed, crystals of
dimethylammonium picrate can be obtained (see discussion below).

In the solid state and in the absence of moisture, compound 2 decomposes within hours at
room temperature, whereas the iodide salt 4 decomposes within a few days and the picrate salt 3
is stable for several weeks, slowly decomposing to form picric acid and 1. In the refrigerator,
compounds 3 and 4 can be stored for (at least) several weeks or even months, while 2
decomposes after a few days. In the freezer at ca. –20 ºC, none of the three salts 2–4 showed
appreciable decomposition after several months. When the solids are left standing in air, 4
decomposes within minutes into a reddish powder, i.e., iodine formation, while 2 turns yellow
and finally into a brown sticky mass with UV (H2O) maxima at 242 nm, characteristic of (E)-
N4Me4 (1).

The thermal labiality of compounds 2–4 is in keeping with the differential scanning
calorimetry (DSC) results. Whereas (E)-N4Me4 (1) is stable up to its boiling point (ca. 130 ºC),
the chloride salt 2 decomposes already at ca. 57 ºC and compound 3, with the generally more
thermally robust picrate anion, is stable up to ca. 72 ºC. The above mentioned observations are
also in agreement with the lower decomposition point of iodide 4, which shows a sharp
exotherm in the DSC measurements at ca. 52 ºC (explosive decomposition!).

Spectroscopic discussion

In the 1H NMR spectra of salts of the (E)-N4Me4H+ cation (2 and 3) in DMSO-[D6], two
resonances are observed at ca. 3.05 ppm for the protons of the methyl groups and at 13.19 (2)
and 11.51 ppm (3) for the proton of the nitrogen atom. Note the low field shift of the resonance
of the N–H proton in compound 2 in comparison to 3, in agreement with the higher acidity of
hydrochloric acid in comparison to picric acid. In the 13C NMR spectra, both 2 and 3 show only
one signal for the carbon atoms of the methyl groups at ca. 34 ppm. By comparison, (E)-N4Me4

(1) has resonances at 2.72 (1H NMR) and ca. 39.9 (13C NMR) ppm. The extra methyl group in
the (E)-N4Me5

+ cation of compound 4 in comparison to the (E)-N4Me4H+ cation of salts 2 and 3,
results in loss of symmetry and the carbon and hydrogen atoms of the –NMe2 and –NMe3

fragments show different resonances. In the 1H NMR spectrum two resonances are observed at
3.12 (–NMe3) and 3.49 (–NMe2) ppm. In analogy, the 13C NMR spectrum of 4 also shows two
resonances for the carbon atoms, which can be found at 38.1 (–NMe2) and 42.4 (–NMe3) ppm.
Lastly, all compounds 2, 3 and 4 were too insoluble or unstable in any solvent tried to record a
15N NMR spectrum (natural abundance).
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Geometry and NBO analysis of (E)-N4Me4 (1) and the (E)-N4Me4H+ and (E)-N4Me5
+ cations

Table 1 contains a summary of the bond distances and angles calculated for the optimized
(gas phase) structures of (E)-N4Me4 (1) and the (E)-N4Me4H+ and (E)-N4Me5

+ cations. The
optimized geometry of (E)-N4Me4 (1) shows N–N distances for the terminal nitrogen atoms of
N1–N2 = N3–N4 = 1.377 Å between N–N single (1.454 Å) and N=N double bonds (1.245 Å).17

The azo bridge distance (N2–N3 = 1.257 Å) is slightly longer than the average N=N double
bond and comparable to the analogous X-ray distances found in salts of the 5,5’-azotetrazolate
anion.18 As expected, the C–N distances (1.457 Å) are typical for C–N single bonds (1.47 Å).11

Protonation/methylation of 1 to form the (E)-N4Me4H+ and (E)-N4Me5
+ cations, respectively,

results, in a significant weakening (lengthening) of the bond distances around the
protonated/methylated nitrogen atom (N4), which is more accentuated in the case of the (E)-
N4Me5

+ cation (N3–N4 = 1.507 Å and C3–N4 = C4–N4 = 1.505 Å) than for the (E)-N4Me4H+

cation (N3–N4 = 1.477 Å and C3–N4 = C4–N4 = 1.500 Å). In contrast, the N–N bond distance
of the non-protonated/non-methylated terminal nitrogen atom (N1) is significantly shorter for
the (E)-N4Me4H+ and the (E)-N4Me5

+ cations (N1–N2 = 1.294 Å and 1.296 Å, respectively) than
for 1.

Table 1 Selected optimized geometry parameters for (E)-N4Me4 (1) and the (E)-N4Me4H+

and (E)-N4Me5
+ cations in the gas phase (B3LYP/6-31+G(d,p).a

a R = bond distance (in Å), A = bond angle (in º).

Tables 2 and 3 contain a summary of the electronic and zero point energegies as well as the
dipole moment of the (E)-N4Me4H+ and (E)-N4Me5

+ cations. According to our B3LYP
calculations , both the (E)-N4Me4H+ and (E)-N4Me5

+ cations with the proton/methyl group at N1
or N4 positions, have approximately the same electronic and zero point energies. However, the
conformations with the proton/methyl group at N2 or N3 positions, have different energies
between them and are predicted to be less stable by 51.4 and 55.6 kcal mol–1 ((E)-N4Me4H+

cation protonated at N3 and N2, respectively) and by 71.6 and 80.2 kcal mol–1 ((E)-N4Me5
+

cation methylated at N3 and N2, respectively). Note that the electronic energy calculated by
Porath et al.8 for 1 (–378.59825990 a. u.) points at the protonation/methylation of 1 playing a
stabilizing role.

Table 2 Computational results for the (E)-N4Me4H+ cation using DFT calculations
(B3LYP/6-31+G(d,p)).a

−

a p.g = point group; E = Electronic energy in atomic units; Δ = destabilization energy relative to
the most favourable isomer in kcal mol 1; zpe = zero point energy in kcal mol–1; NI = number of
imaginary frequencies; μ = dipole moment in Debye.
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Table 3 Computational results for the (E)-N4Me5
+ cation using DFT calculations

(RB3LYP/6-31+G(d,p)).a

−

a p.g = point group; E = Electronic energy in atomic units; Δ = destabilization energy relative to
the most favourable isomer in kcal mol 1; zpe = zero point energy in kcal mol–1; NI = number of
imaginary frequencies; μ = dipole moment in Debye.

Decomposition of 3 in hot water

When dissolving 3 is water at room temperature, no appreciable decomposition was observed,
however, when the compound was dissolved in hot water and the solvent was left to evaporate,
single crystals of dimethylammonium picrate were obtained. This decomposition is in
agreement with previous studies, which suggest tetraalkyl-2-tetrazenes might decompose to
form two entities of the dialkylaminium radical (R2N.+) and molecular nitrogen15,17 and suggest
the following mechanism for the decomposition of 3 (Scheme 2):8

Scheme 2 Proposed mechanism for the decomposition of picrate salt 3 in hot water. Pic– =
picrate anion.

The formation of dimmeric networks in the sctructure of dimethylammonium picrate is
dominant. These take the descriptors D1,1(2), D1,2(3) and D2,2(X) (X = 5, 7, 9). Additionally,
ring graph-sets of the type R2,1(6) are also formed (Fig. 2), which are reminiscent to those
found in the crystal structure of azolium salts of the same anion.18

Fig. 2 Ring hydrogen-bonding networks in the structure of dimethylammonium picrate.
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Summary

From this combined experimental and theoretical study, the following conclusions can be
drawn:

We synthesized two salts of the (E)-N4Me4H+ cation with chloride (2) and picrate (3) anions
and the iodide salt of the (E)-N4Me5

+ cation (4) and characterized the compounds extensively by
analytical (elemental analysis and mass spectrometry) and spectroscopic methods (IR, Raman,
NMR and UV). The low thermal stability of compounds 2–4 as the pure solids and in several
solvents is in agreement with the low decomposition temperatures obtained from the DSC
measurements. NBO analysis on (E)-N4Me4 (1) anticipate a high concentration of electron
density on the terminal nitrogen atoms, which suggest these atoms as the most likely to undergo
protonation/methylation to form the (E)-N4Me4H+ and the (E)-N4Me5

+ cations. These results are
in agreement with the DFT energy calculations for the (E)-N4Me4H+ and the (E)-N4Me5

+

cations, that predict the conformations with the proton/methyl group on the terminal nitrogen
atom to be the most stable, and fit the experimental observations. Additionally, the long N3–N4
distances calculated for the optimized geometries of the (E)-N4Me4H+ and the (E)-N4Me5

+

cations in comparison to the analogous distances in (E)-N4Me4 (1), suggest this bond to be the
initiating point for the decomposition of 2-tetrazenium salts to form molecular nitrogen and
ammonium salts, as supported by the formation of dimethylammonium picrate upon
decomposition of 3 in hot water. These results suggest the formation of dialkylaminium radicals
(R2N.+) during the decomposition pathway of 3. Lastly, the low thermal stability of compounds
2-4 limits their application in the field of energetic materials, however, salts 2 and 4 should be
regarded as valuable intermediates for the synthesis of salts of the energetically interesting (E)-
N4Me4H+ and (E)-N4Me5

+ cations. In particular, combination of the (E)-N4Me4H+ and (E)-
N4Me5

+ cations with larger and nitrogen-rich anions, which might have the possibility of
stabilizing the materials via electrostatic dipole-dipole interactions, are expected to have
improved thermal stabilities. We are currently studying the effect of several anions in the
thermal stability of the resulting 2-tetrazenium salts. The results of this work will be presented
in a future report.
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The TATB production cost is currently too high to enable its use in conventional weapons. We have 
been focusing our efforts towards the development of low cost TATB-based formulations. Two issues 
were addressed: overall cost of the composition and cost of TATB itself.  
 
1) Overall cost of the composition: the nature and ratio of the components were evaluated to decrease 
the cost without affecting the explosive properties of the formulations. The influence of the 
components modifications on sensitivity and mechanical properties were also studied. 
 
2) TATB cost: known syntheses were evaluated in terms of reliability and cost (including 
environmental aspects). It appeared that the 3,5-dichloroanisole (DCA) route was promising, but 
accurate cost studies highlighted that the major contributor was the starting material (DCA) itself. We 
therefore turned our attention towards this problem. 
 
Cost-effective synthesis of DCA: 
The major issue was to design an efficient synthesis without requiring any carcinogenic solvent. A 
number of solvents was screened to replace the toxic HMPA for methoxidation of the cheap 1,3,5-
trichlorobenzene. DMSO was selected and other experimental parameters (temperature, 

-up at the 
kilogram scale. 
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