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Twenty-Ninth International Pyrotechnics Seminar, July 14-19, 2002 

PREFACE 

 

There is a very special aspect to this twenty-ninth in the series of pyrotechnics seminars 
sanctioned by the International Pyrotechnics Society and held in many attractive destinations 
around the world.  This is the first USA Seminar since the atrocity of September 11, 2001.  As we 
prepared for this meeting, we were reminded many times that the effects of this event have a 
lasting influence on all of us.  In memory of all those affected in some way by this tragedy, we 
wish to dedicate this Seminar. 

This series of Seminars was created through the vision of Mr. Bob Blunt, formerly of the Denver 
Research Institute.  Bob, who passed away in 1995, gloried in the Colorado Mountain country, 
and all US Seminars were held in Colorado until the 1998 Seminar at Monterey, California.  This 
Seminar is being held in Colorado again to celebrate this tradition at the start of the new 
millennium.  Bob or Al Tulis chaired all the US Seminars through the 27th, and Al continues to 
chair the IPSUSA, Inc., Board of Directors and Steering Committee for the US Seminars.  
IPSUSA, Inc. sponsors this event, and the International Pyrotechnics Society has assisted in 
many ways toward its success. 

We are delighted that two winners of Frank Carver Bursary Awards will participate in this 
Seminar.  They are Ms. Octávia Frota of Portugal presenting a paper entitled Effect Of Scale On 
Slow Cook-Off Studies Of Explosives and Dr. Hidefumi Shibamoto of Japan presenting a paper 
entitled Super-Rate Burning Of LiF Catalyzed HMX Pyrolants.  We are excited to have five 
invited papers, dealing with various aspects of application of nano-technology and energetic 
nano-materials, presented at this Seminar.  For building this timely and fascinating theme for the 
Seminar, we thank our invited speakers: 

Dr. James Murday, Naval Research Laboratory USA. 
Dr. Murday is Director of the U.S. National Nanotechnology Coordinating Office and is 
Superintendent of the Chemistry Division at the Naval Research Laboratory. 

Dr. Alla Pivkina, Semenov Institute of Chemical Physics, RUSSIA 

Prof. Jan Puszynski, South Dakota School of Mining and Technology, USA 

Dr. Paul Peterson, Los Alamos National Laboratory, USA 

Mr. Patrick Brousseau, Defence R&D Canada - Valcartier, Valcartier, CANADA 
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In addition to the book of proceedings that is being distributed at the Seminar, we also are 
distributing a CD-ROM disc containing the proceedings.  Papers presented at this Seminar that 
were unavailable in time for inclusion in the proceedings book were included in the CD-ROM 
proceedings if received before the CDs were produced.  The papers may also be submitted for 
publication in Propellants, Explosives and Pyrotechnics, the official journal of the International 
Pyrotechnics Society.  Our thanks go to Dr. Joe Schelling of Albuquerque for editing the 
proceedings in both forms. 

The organizers of this Seminar and the host sponsoring organization, IPSUSA, Inc., wish to 
acknowledge the major contribution made by Mrs. Alita Roach and Dr. Bill Deal of Los Alamos 
National Laboratory, in the planning, logistics, and operation of this Seminar.  Some of you had 
the pleasure of meeting them at Grand Junction and the rest of you will have this pleasure here in 
Westminster. 

The IPSUSA, Inc. Board of Directors and the Co-Chairs of this Seminar especially thank the 
authors and attendees at this Seminar for achieving the Seminar goal to share scientific and 
technical information on energetic materials among the international community.  We wish you a 
stimulating, memorable, enjoyable week at the 29th Seminar in Westminster, Colorado. 

James E. Kennedy and Bernard E. Douda, Co-Chairs 
Twenty-Ninth International Pyrotechnics Seminar, July, 2002 
International Pyrotechnics Seminars, U.S.A.; IPSUSA, Inc. 
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Abstract 
 

Combustion characteristics of GAP (glycidyl azide polymer)/AN (ammonium nitrate) 
pyrolants were studied in order to obtain environmentally-friendly gas generators.  GAP was 
used as an energetic binder and crystalline AN particles were used as a halogen-free oxidizer.  
The major combustion products are H2O, N2, and H2 and the adiabatic flame temperature is 
ranged from 1400 K to 2340 K.  The burning rate and the pressure exponent are depend largely 
on the mixture ratio of GAP and AN.  The burning rate decreases as the mass fraction of AN, 
ξ(AN), increases at a constant pressure.  The combustion mode shifts from the combustion 
mode of GAP to that of AN above ξ(0.3).  During the mode shift the pressure exponent appears 
to be high above 1.1.  However, the pressure exponent reduced to 0.7 when ξ(AN) is increased 
above ξ (0.3).  In order to widen the burning rate spectrum of GAP/AN pyrolants the effects of 
the addition of aluminum particles (Al) and ammonium perchlorate (AP) were also examined in 
the process of the development of GAP/AN pyrolants. 
 
1. Introduction 

Hydrocarbon binders such as hydroxyl terminated polybutadiene (HTPB) and carboxyl 
terminated polybutadiene (CTPB) used for composite propellants are also used as the binders of 
pyrolants.  HTPB and CTPB do not burn by themselves without oxidizers such as ammonium 
perchlorate (AP) and ammonium nitrate (AN).  Since AP produces relatively high mass fraction 
of HCl as a combustion product, AP is not favorable to use as an oxidizer component of 
pyrolants.  On the other hand, AN produces halogen free combustion products and is said to be 
a “clean oxidizer”.  However, AN is not used as an oxidizer component to mix with HTPB or 
CTPB because AN is less energetic oxidizer compared with AP. (1) 
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Glycidyl azide polymer (GAP) is an energetic polymer that burns by itself without any 
oxidizers.  When AN mixed with GAP, an environmentally accepted pyrolant is formed.  The 
low energetic nature of AN is boosted by the addition of GAP to formulated GAP/AN pyrolants. 
(2),(3),(4)  In this study, experimental studies on the combustion of GAP/AN pyrolants have been 
done to clarify their burning characteristics. 

The thermodynamic energy of pyrolants, Θ, is defined by (1) 
             Θ = Tg/Mg                        (1) 
where Tg is adiabatic flame temperature and Mg is molecular mass of the combustion products.  
Since hot-particles ignite on the surface of a propellant grain in a rocket motor, Θ is not 
necessary to be high as long as Tg is high.  In general, the Mg of metal containing pyrolants is 
high due to the solid oxide particles as combustion products.  On the other hand, a high value of 
Θ is needed to gain high pressure and then high thrust of a rocket motor.  A high pressure is 
obtained if a low value of Mg is obtained even Tg is low of the combustion products. 

GAP is a typical energetic polymer that burns by itself without any crystalline oxidizers.  
The decomposition of –N3 bonds within GAP produces a significant amount of heat without 
oxidation reaction by oxygen atoms.  However, GAP is a fuel rich material and produces high 
concentration of solid carbon and hydrogen.  When crystalline oxidizers such as AN and AP are 
mixed with GAP, energetic composite materials are formed.  Though AP is the most convenient 
crystalline oxidizers used for pyrolants and propellants, the combustion products contain 
relatively high concentration of hydrogen chloride (HCl) that is not favorable to the environment. 

When GAP is mixed with AN, GAP/AN pyrolants are formed, which are halogen free 
and clean for the atmosphere.  However, since AN is a low energetic oxidizer compared with AP, 
an addition of aluminum (Al) or AP within GAP/AN pyrolants improves the combustion 
characteristics.  In this study, effects of the addition of Al particles and AP particles on 
combustion are examined to clarify the burning rate characteristics. 
 
 
2. Theoretical Calculation of GAP/AN Pyrolants 
2.1  GAP/AN Pyrolants 

Figure 1 shows the results of Tg, Mg, and Θ at 10 MPa of GAP/AN pyrolants as a 
function of the mass fraction AN designated by ξ(AN). (1)  It is shown that Tg, Mg, and Θ 
decrease simultaneously as ξ(AN) increases in the region of ξ(AN) < 0.4.  However, Tg, Mg, 
and Θ increase in the region of ξ(AN) > 0.4.  The maximum values of Tg = 2340 K, Mg = 23 
kg/kmol, and Θ = 103 kmol K/kg are obtained at ξ(AN) = 0.85 of this pyrolant system.  Further 
increase of ξ(AN), Tg, Mg, and Θ all decrease abruptly. 
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Fig. 1  Tg, Mg, and ΘΘΘΘ    vs. ξξξξ(AN) of GAP/AN pyrolants. 
 

The mole fraction of combustion products is gained in accordance with ξ(AN) as shown 
in Fig. 2.  The major combustion products are H2O, H2, N2, CO, CO2, C(S), and CH4.  In the 
region of ξ(AN) > 0.4, C(S) disappears almost completely, and no solid products are formed as 
combustion products.  In the region of ξ(AN) > 0.5, H2, CO, and CH4 are all oxidized to form 
H2O and CO2. 
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Fig. 2  Mole fraction of combustion products vs. ξξξξ(AN) of GAP/AN pyrolants. 

 
2.2  Effect of Al on Thermodynamic Energy 

When aluminum particles are added within GAP/AN pyrolants, the so called aluminized 
GAP/AN pyrolants, the aluminum particles are oxidized by an excess oxidizer component of AN.  
This implies that hot Al particles are obtained even Mg is increased.  Figure 3 shows Tg, Mg, 
and Θ as a function of the mass fraction of Al designated by ξ(Al) at 10 MPa.  The basic 
chemical component of the GAP/AN pyrolant is kept ξ(GAP)/ξ(AN) = 0.3/0.7.  It is shown that 
Tg, Mg, and Θ increase simultaneously as ξ(Al) increases in the region of ξ(Al) = 0.0 - 0.3.  The 
maximum Tg, 3280 K, is obtained at ξ(Al) = 0.3 even Mg is as high as 27 kg/kmol.   

As shown in Fig. 4, the combustion products of aluminized GAP/AN pyrolants are H2O, 
H2, N2, CO, CO2, and Al2O3 at 10 MPa. The mass fraction of Al2O3 increases linearly and that of 
H2O decreases also linearly as ξ(Al) increases.  This is caused by the overall reaction of Al + 
H2O → Al2O3 + H2.  It is evident that the increased Mg by the generation of Al2O3 is reduced 
the decreased Mg by the generation of H2. 
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Fig. 3     Effect of Al addition on Tg, Mg, and ΘΘΘΘ    of GAP/AN pyrolants. 

 

0.1

0.2

0.3

0.4

0.5

0

H2O

N2

H2

CO

CO2

Al2O3

M
ol

e 
 fr

ac
tio

n 
 o

f  
co

m
bu

st
io

n  
 p

ro
du

ct
s

Pressure : 10 MPa

0 0.1 0.2 0.3
ξξξξ (Al)  

Fig. 4     Mole fraction of combustion products of aluminized GAP/AN pyrolants. 
 

 



 

 186

2.3  Effect of AP on Thermodynamic Energy 
Since AN is considered to be a low capability of oxidation even mixed with GAP, some 

portion of AN is replaced with AP to gain improved combustion characteristics of GAP/AN 
pyrolant system.  Figure 5 shows Tg, Mg, and Θ as a function of the mass fraction of AP 
designated by ξ(AP) at 10 MPa.  The basic chemical component of the GAP/AN pyrolant is 
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Fig. 5  Effect of AP addition on Tg, Mg, and ΘΘΘΘ    of GAP/AN pyrolants. 
 
composed of ξ(GAP) = 0.3.  It is shown that Tg, Mg, and Θ are all increased linearly when 
ξ(AP) is increased in the region of ξ(AP) = 0.0 - 0.7.  The maximum Tg = 3030 K, Mg = 25 
kg/kmol, and Θ = 120 kmol K/kg are obtained at ξ(AP) = 0.7.  In other words, Tg and Θ of 
GAP/AP pyrolants are higher than those of GAP/AN pyrolants.  However, the mole fraction of 
HCl increases almost linearly as ξ(AP) increases as shown in Fig. 6. 
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Fig. 6  Mole fraction of combustion products of AP contained GAP/AN pyrolants. 

 
3. Burning Rate Characteristics of GAP/AN Pyrolants 

The burning rate of these materials was measured using a chimney-type strand burner that 
was pressurized nitrogen.  The size of each pyrolant strand tested was 7 mm x 7 mm in 
cross-section and 70 mm in length.  Ignition of each strand was done by an electrically heated 
nickel-fine-wire that was threaded through the top of the strand.  Four low-melting-point fuse 
wires were threaded through the strand separated each by 15 mm.  The electric signal caused by 
the cut of each fuse wire was recorded by a signal analyzer.  The burning rate was deduced 
from the relationship of each signal and distance of the separation of each fuse wire. 

The effect of the addition of AN within GAP on burning rate is shown in Fig. 7.  The 
burning rate decreases as ξ(AN) increases at constant pressure.  The rate of burning rate 
decrease is large at ξ(AN) = 0.3 - 0.5.  The pressure exponent of burning rate n is defined in 
        n = ∂ln (burning rate)/∂ln (pressure)   at constant T0        (2)  
where T0 is the initial temperature of pyrolant.  The effect of the addition of AN on the 
pressure exponent appeared to be significant: n = 0.70 for ξ(AN) = 0.0, 1.05 for ξ(AN) = 0.3, 
and 0.78 for ξ(AN) = 0.5 in the range of pressure tested.  As shown in Fig. 8, the burning rate 
decreases drastically even though Tg remains relatively constant in the region of Tg = 1410 K - 
1570 K.  However, the burning rate remains relatively unchanged even Tg increased from 1570 
K to 2060 K. 
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In general, the burning rate increases as the energy content of the unit mass of pyrolants 
increases for conventional pyrolants and propellants.  Accordingly, the GAP/AN pyrolants 
developed in this study demonstrates an inverse property of the burning rate. 
 
4. Combustion Wave Structure of GAP/AN Pyrolants 

The flame structure was observed through a transparent window attached on the side of 
the strand burner.  The regressing burning surface of the strand samples was recorded by a 
high-speed video camera through the window.  The measurements of the temperature profiles in 
the combustion wave were conducted by using fine thermocouples which were threaded through 
the pyrolant samples. 

The AN particles mixed within the GAP/AN pyrolants form a melt layer on the burning 
surface and decompose to form oxidizer fragments.  The fuel-rich gas produced by the 
decomposition of GAP diffuses to the oxidizer fragments on and above the burning surface and 
produces a premixed flame.  A luminous flame is formed above the burning surface. 

When AP particles are added within the GAP/AN pyrolants, a number of luminous 
flamelets are formed above the burning surface.  These flamelets are produced by the 
diffusional mixing between the decomposed gas of the AP particles that are oxidizer-rich gas 
stream and the decomposed fuel-rich gas produced by the GAP/AN pyrolants.  Thus, the 
temperature profile in the gas phase increases irregularly due to the nature of diffusional 
flamelets. 

When Al particles are added within the GAP/AN pyrolants, agglomerated Al fragments 
are formed on the burning surface.  However, when Al particles are mixed with the pyrolants 
composed of GAP, AN, and AP, numerous flame streams are formed in the gas phase.  The Al 
particles are oxidized by the decomposed gas streams which were produced by the AP particles.  
The combustion efficiency of the Al particles is improved significantly by the addition of the AP 
particles. 
 
5. Conclusions 

Though the combustion temperature is relatively independent of the addition of AN in the 
range of ξ(AN) = 0.1 - 0.5, the burning rate is reduced significantly by the addition of AN.  The 
decomposed gas of GAP/AN pyrolants produced at the burning surface forms a premixed flame 
above the burning surface.  However, the premixed flame is diminished when AP particles are 
added.  This is caused by the diffusional flamelets produced by the oxidizer-rich decomposed 
gas of each AP particle and the fuel-rich gas of the GAP surrounding each AP particle. 

When Al particles are added, numerous bright streams are formed above the burning 
surface.  These streams are produced by the oxidation of each Al particles.  However, no 
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oxidation occurs when the AP particles are removed from GAP/AN pyrolants.  Though no 
oxidation of the Al particles occurs without AP particles, agglomerated aluminum fragments are 
formed on the burning surface.  The AP particles mixed within GAP/AN pyrolants play a 
significant role on the heat release when the pyrolants are aluminized. 
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Abstract 
 

Electromagnetic scattering by small particles of various materials and geometries has been 
modelled to determine their extinction properties as a basis for the assessment of their effect as 
obscurants. Computer codes used range from the well established Mie theory for homogeneous 
particles of high symmetry to more modem, computation intensive, approaches such as the 
Discrete Dipole Approximation and the Finite Difference Time Domain methods which may be 
applied to particles of arbitrary geometry.  

Extinction cross sections (Cext), and mass (αm) and volume (γ) extinction coefficients have been 
calculated from published optical properties for a range of incident wavelengths (primarily the 
infrared waveband). 

Correlation of the optical properties of particular types of material and particle geometry with 
the characteristics of the extinction curve has been sought with a view to obtaining guidance on 
how performance of current 'in service' obscurants may be improved, and on the selection of 
materials and optimum particle geometry for 'new' obscurants. 

 

Introduction 
 

Work on developing new infrared (IR) 
obscurants in the past has often been by 
experimental and empirical methods. This 
has often lead to confusion in the obscurants 
and smokes community as to which 
materials are effective. The work presented 
in this paper has been funded by a UK 
Ministry of Defence contract to assess the 
performance of current in-service obscurants 
and investigate the potential of new 
materials as effective obscurants. Key to 
achieving this is to assess the impact of 
particle material, size and geometry on 
extinction performance. This work is an 
attempt to answer this problem by modelling 
electromagnetic scattering by small particles 
theoretically, and thus provide guidance to 
obscurant manufacturers. 

A large amount of work[1][2][3] has been 
performed in the past on calculating and 
experimentally determining single particle 
extinction cross sections (Cext) and mass 
extinction coefficients (αm) to assess a 
materials potential suitability as an 
obscurant. However particles in previous 
calculations have often been restricted to 
spherical geometry or an equivalent volume 
sphere (EQVS) approximation made for non 
spherical particles. A further obstacle has 
been the lack of reliable optical property 
data for certain materials required to perform 
the calculations. Recent advances in non 
spherical single particle electromagnetic 
scattering models and the increased amount 
of available optical property data make it 
possible to attempt a systematic theoretical 
investigation into the impact of particle 
morphology and material on the extinction 
properties. This paper reports our initial 
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calculations in the infrared and is by no 
means comprehensive, but hopefully will be 
illuminating to those involved in the 
practicalities of obscurant materials. We 
have concentrated on the infrared waveband 
because of the large amount of optical 
property data available for this spectral 
region and also because many military 
sensors operate in this waveband. 

In assessing the impact of particle material, 
size and geometry we have strived to 
simplify the problem as much as possible by 
classifying obscurant materials into five 
basic groups based on their optical property 
behaviour. From the modelling it has been 
possible to assess, and identify optimum, 
various particle geometries and sizes for 
each of these groups. The geometries 
modelled include spherical, fibrous, flake 
and long flat flake geometries.  

Modelling Single Particle Electromagnetic 
Scattering 

All the single particle electromagnetic 
scattering models used solve Maxwell�s 
vector wave equation for a divergence free 
electromagnetic field in a linear, isotropic 
and homogeneous medium[4], 
 

0k 22 =+∇ EE  0k 22 =+∇ HH  
(1) 

where E and H are the electric and 
magnetic field vectors respectively. For time 
harmonic, plane E and H waves the 
dispersion relation may be written as; 

 
µεω22 =k  

(2) 
where the permeability µ and permittivity 

ε are fundamental constants of the particle 
material, k (in italic) is the wavenumber and 
ω is the angular frequency of the 
electromagnetic (EM) radiation. Absorbing 
materials and conduction can be accounted 
for by writing ε as a complex quantity, 

( )rro iεεεε ′′+′= . 

Single Particle Scattering Properties 
For an arbitrary particle, the incident and 

scattered electromagnetic fields are related 
to each other with the following 
relationship[5] 
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where k is the wavenumber, Sj (j = 1 .. 4) 

form the scattering amplitude matrix and iE , 

sE , iE  and sE  are the incident and scattered 
electric fields parallel and perpendicular to 
the scattering plane respectively. The Sj are 
complex quantities and are functions of 
scattering angle. For simple geometries 
Maxwell�s wave equation (1) can be solved 
analytically resulting in expressions for Sj. 
For example, for a homogeneous isotropic 
sphere (Mie theory)[5] equation (3) simplifies 
to 

 



















−

=









i

i
ikr

s

s

E
E

S
S

ikr
e

E
E

1

2

0
0

 

(4) 
 
with the off diagonal matrix elements S3 

and S4 disappearing due to symmetry, and 
elements S1 and S2 given by 
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(6) 
 
where an and bn are complex scattering 
coefficients, τn and πn are scattering angle 
dependent functions and n is set sufficiently 
large to ensure an accurate solution. The 
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extinction and scattering cross sections are 
given by 
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For non spherical or irregular shaped 

particles other methods of solving (1) must 
be employed to obtain Cext and Csca, some of 
which are described in the next section. 

For all particles the extinction cross 
section is related to the scattering and 
absorption cross sections by Cext = Cabs + 
Csca. Extinction cross section is related to the 
more familiar properties (in obscuration 
circles) of mass extinction coefficient αm and 
volume extinction coefficient γ with the 
following relationships; 
 

v
Cext

m ⋅
=

ρ
α  

v
Cext=γ  

(9) 
 

where ρ and ν are the particle density and 
volume respectively. Thus αm and γ  are 
simply the extinction cross section weighted 
by the mass and volume of the particle 
respectively. Which coefficient is the most 
critical depends upon whether the obscurant 
payload is mass or volume limited. Either of 
these properties are central in calculating the 
attenuation of EM radiation by a particulate 
cloud of given obscurant mass or volume. 

 
Of further interest is the scattering matrix 

which, for an arbitrary particle, is written[5] 
as 
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where I, Q, U and V are the Stoke�s 

parameters of the incident and scattered 
light. The Sij of the scattering matrix can be 
derived directly from the Sj of the scattering 
amplitude matrix. The scattering matrix 
relates incident to scattered irradiances for 
all possible polarisation states and therefore 
contains all information regarding scattering 
of an incident plane electromagnetic wave 
by a given particle. Generally, the matrix 
elements are functions of the polar scattering 
angles θ and φ and, if computed for all 
scattering angles at a particular incident 
wavelength, can be used to determine the 
following; 

 
! scattering diagram, defined as 

2
111

k
S

C
p

sca

=  

(11) 
 
which is proportional to the scattered 
irradiance per unit incident irradiance 
as a function of scattering angle 

! the extent of any polarisation (for 
unpolarised incident light) 

! the extent of any cross polarisation 
(for polarised incident light) 

! the variation of the various 
polarisation states with scattering 
angle. 

 
The scattering matrix is reduced in 

complexity for simple, highly symmetric 
particle geometries, and the scattering matrix 
for a collection of identical particles, 
irrespective of individual particle geometry, 
is also simplified (usually with the off block-
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diagonal elements disappearing) due to 
symmetry arguments. 

Modelling Methodology 
The modelling methodology varies in fine 

detail depending on the model used, but the 
general procedure is similar for each model. 
The particle size, complex refractive index 
and incident wavelength are specified. In 
models for simple geometries (such as the 
Mie theory for homogeneous spheres) a 
single size parameter, x = 2πa/λ , is entered, 
where a is the sphere radius and λ the 
incident wavelength. However more 
complex models that can accommodate more 
sophisticated particle geometry and 
inhomogeneous materials, usually require a 
more elaborate particle parameter input 
method. This usually takes the form of a 
computer data file accurately describing the 
geometrical coordinates of the particle shape 
and the material parameters (optical 
constants).  

The optical constants of the particle 
material for the specified wavelengths must 
also be entered, commonly as either the 
complex refractive index (n + ik) or complex 
dielectric constant ( )rr iεε ′′+′ . On completing 
a computation most models will typically 
return Cext, Qext, αm and Sij in a period 
ranging from a few seconds to several hours, 
depending upon the input parameters 
selected and the complexity of the model. 

It is also necessary to specify the 
orientation of the scattering particle, either a 
single orientation or (more commonly) 
randomly orientated. The scattering 
properties of a randomly orientated particle 
can take much longer to compute than a 
single orientation as an average over many 
single orientation calculations must be 
performed. The limits of the orientational 
averaging depend on the symmetry of the 
particle. 

With many of the models it is possible to 
perform calculations for a range of 

wavelengths in a single run, provided that 
optical property data is available for the 
waveband. The infrared waveband most 
commonly utilised by military sensors is 0.5 
to 15.0 microns wavelength. 

Description of Scattering Models 
Single particle electromagnetic scattering 

models are based either on an exact 
analytical solution to Maxwell�s wave 
equation (1) or, if there is no exact solution, 
a numerical technique. Unfortunately 
analytical solutions only exist for a few 
simple particle geometries and where they 
exist for slightly more complex geometries, 
such as spheroids, are of such complexity 
that alternative methods of solving (1) are 
more useful. Indeed the majority of 
irregularly shaped particles necessitate the 
use of models employing numerical methods 
to solve (1). Fortunately there have been 
many advances in such methods over recent 
years and, most importantly, in the 
computing power required to facilitate them. 
A list of models and their basic capabilities 
we have at our disposal is provided in table 
1, and brief descriptions of the main models, 
both analytical and numerical, employed in 
this paper are given below. 

Separation of Variables Method  
The Separation of Variables Method 

(SVM) relies on analytically solving the 
vector wave equation (1) by expanding in 
eigenfunctions the incident, internal and 
scattered fields. Such expansions can only 
satisfy the necessary boundary conditions 
when the vector wave equation is defined in 
a coordinate system compatible with the 
particle geometry that renders it separable. 
Exact solutions using this method exist for 
homogeneous, isotropic spheres (Mie 
theory[5]), infinite cylinders and spheroids. 
There are also solutions for layered spheres, 
layered infinite cylinders and layered 
spheroids where the various layers are 
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homogeneous. A solution also exists for 
anisotropic and optically active spheres. 

The advantages with analytical solutions 
for simple geometries, are low 
computational effort, high accuracy and their 
applicability to any material (i.e. no 
restriction on refractive index) and size 
parameter. Although relatively few new 
exact solutions have been published in recent 
years, two of the older, well established 
solutions to scattering by homogeneous, 
isotropic spheres and infinite cylinders have 
been extensively tried and tested and are still 
very much in use. Indeed these two solutions 
along with the anisotropic sphere solution 
have been extensively used in this work. 

Discrete Dipole Approximation 
The Discrete Dipole Approximation 

(DDA)[6][7] approximates the scattering 
particle as an array of N dipoles. Each dipole 
experiences a electric field that is a 
combination of the incident field and the 
fields arising from the N-1 remaining 
dipoles. The dipole moments Pj (j = 1 .... N) 
satisfy a system of 3N linear equations :  

 

∑
=

=
N

j
iincjij EPA

1
,  

(12) 
 

where i = 1 ... N, Aij represents a 
polarizability tensor and Einc,j is the incident 
field at the jth dipole. This is a many 
computation task performed by computer, 
but once Pj have been calculated the particle 
Cext and αm can be obtained. Particles of 
arbitrary geometry may be modelled, but 
there is a restriction on the maximum 
allowable complex refractive index N. 

Disadvantages with the DDA are the 
restriction on the maximum allowable 
complex refractive index, lower accuracy of 
the solution and increased computation time. 
The accuracy of the solution is improved by 
increasing the number of dipoles 

approximating the target, although the 
amount of computer memory and computing 
time required is proportional to N. 

Finite Difference Time Domain Method 
The Finite Difference Time Domain 

Method[6][8] (FDTD) is the most flexible 
method, although with increased 
computational demands. However, with 
recent advances in computing power and the 
wide range of problems the method can 
solve, there has been a large increase in the 
use of FDTD. The method is somewhat 
similar to the Finite Element Method (FEM) 
but calculates the electromagnetic scattering 
problem in the time domain rather than the 
frequency domain. This is done by directly 
solving Maxwell�s time dependent curl 
equations.  

A finite difference analogue of Maxwell�s 
curl equations is created by discretizing 
space and time. Space is typically discretized 
by a grid system constructed of small 
rectangular cells. Time is also discretized, 
and a scattering problem is solved by 
applying the discretized Maxwell�s 
equations in a time marching iteration that 
models the interaction between the incoming 
wave and the particle. The grid must encase 
the particle, and optical properties for all 
cells constituting the particle must be 
defined. It is possible to define different 
optical properties for each cell and in each of 
the three coordinate directions. As such it is 
possible to use the method for 
inhomogeneous materials of arbitrary 
geometry. A special absorbing boundary 
condition must be employed at the cells 
forming the boundary of the grid system to 
avoid spurious reflections from the boundary 
layer. As the fields have been calculated in 
the time domain, it is necessary to perform a 
Fourier transform to yield results in the 
frequency domain. It is also necessary to use 
a rigorous electromagnetic integral method 
to transform the near field calculated to a 
corresponding far field. 
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Non rectangular particles can lead to stair-
casing effects when using a Cartesian 
discretization scheme, although the errors 
associated with this can be reduced by 
choosing a finer cell size. The necessary 
computational power increases with 
increased grid density and (in avoiding 
overly coarse discretization) thus with 
increased particle size parameter. A cell size 
of 0.1 microns was considered adequate for 
the majority of particle geometries modelled 
in this work. The main drawbacks associated 
with this technique are lower accuracy, the 
computational complexity and the need to 
repeat calculations for each new direction of 
incident field. 

Computational Details 
All of the models have been coded in 

FORTRAN and have been adapted and 
compiled to run on a variety of operating 
environments. The environments used 
include standard PC and UNIX. The more 
complex models such as the FDTD and the 
DDA require a significant amount of 
memory and processing power. In practice a 
modern PC with 500Mb of memory and a 
1Ghz processor has proved sufficient for 
most of the models. The exact environment 
chosen depends upon convenience and 
desired computing time. Table 1 lists 
approximate computing time for each of the 
models. 

To give an idea, a few examples of target 
particle parameterisation and computing 
time are listed below. The times quoted are 
for the PC mentioned above. 

Thin Lamellar Flake (FDTD) 
A thin lamellar flake of 0.1 microns 

thickness and 5.0 microns diameter was 
typically modelled using a cell size of 0.1 
microns, requiring 3872 cells to describe the 
particle. The Cext was calculated for both 
incident polarisation states, for a waveband 
ranging from 2.0 to 15.0 microns, with 30 

steps in wavelength considered sufficient. To 
calculate an effective Cext for a randomly 
orientated flake, the computations were 
repeated for 36 orientations at each 
wavelength with orientational angles 
(relative to the incident light) θ and φ 
ranging from 0 to 180°. All together 1080 
(36 by 30) calculations were performed 
taking approximately 24 hours to complete. 

Finite Cylinder (DDA) 
A finite cylinder of 10 microns length and 

0.1 microns diameter was typically described 
by 173,563 dipoles where the maximum 
number of dipoles in the x and z dimensions 
was set to 1300, and in the y dimension to 
13. This required approximately 109.2 Mb of 
computer memory. To calculate an effective 
Cext for a randomly orientated fibre, the 
computations were averaged over 36 
orientations for each λ, with θ and φ ranging 
from 0 to 180°. The waveband of 
approximately 0.5 to 15.0 microns was 
divided into 30 steps. For this particle 
computation of a αm curve would take 
approximately 36 hours. 

Optical Properties of Obscurant Materials 
The optical properties of a material are of 

key importance in calculating the single 
particle scattering properties, and are often 
referred to as the complex refractive index[9] 
N = n + ik or the complex permittivity 

( )rro ii εεεεεε ′′+′=′′+′= , the latter 
appearing in the dispersion relation (2). The 
two are synonymous and for non magnetic 
materials are related to each other by[5]; 
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( )
2

k
22

rrr εεε ′−′′+′
=  

(14) 
 

In this paper the complex refractive index 
will be used, where n is the real part and k is 
the imaginary part. The real part n represents 
the change of phase velocity of light in the 
material relative to free space and k is a 
measure of the absorption of light into the 
material. Reflection, transmission and 
absorption at the boundary of a material 
depends on the relative magnitude of n and 
k, with reflection given by; 
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++
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(15) 
 
 In all of the single particle scattering 

models outlined earlier it is necessary to 
enter values for both n and k. 

A further complication to the problem is 
that the optical properties of very small 
particles are not necessarily the same as 
those for the bulk material. However it is 
generally considered that any changes in the 
optical properties will not become 
significant for particles greater than 0.1 
microns, and often 0.01 microns, in size, 
although this may depend upon the particle 
material, geometry and surface area etc.. 
Thus, to a very good approximation, the bulk 
optical properties may be accepted as being 
valid for the particles considered in this 
work, which being primarily infrared 
obscuring particles are normally greater than 
0.1 microns in any dimension. 
 

The behaviour of n and k can vary 
considerably for different material types. To 
rationalise the problem of predicting 
obscurant performance of small particles, 
optical property behaviour in the infrared 
region was classified into five basic groups, 

and each of the materials modelled was 
categorised into one of these groups. It must 
be stated that such a classification risks 
being an over simplification of optical 
property behaviour of materials and does not 
necessarily pay close attention to the 
underlying physics responsible. However, as 
one may expect, materials with similar 
optical properties often share similar 
physics.  

By doing this we have been able to 
identify trends in single particle scattering 
properties that correlate to each of the 
respective optical property groups (OPG). A 
brief description of each of the optical 
property groups follows. 

Optical Properties in the 0.5 to 15.0 micron 
Infrared Region 

Optical Property Group 1: Liquids 
Optical property group 1 is defined as 

materials that possess a low n value of 
approximately 1.5, a small or negligible k 
value and no regions of significant 
dispersion. An example of the optical 
property behaviour of OPG1 is given in 
figure 1, which shows the optical properties 
of Ethanediol[10]. A material with these 
optical properties is effectively transparent 
in the infrared region, with no significant 
reflection or absorption. This OPG is 
representative of many liquids, generally 
because there are no structural resonances 
with the incident infrared radiation in the 
liquid due to the relatively weak van der 
Waals forces between molecules. However 
many liquids do posses intramolecular 
infrared activity depending on the chemistry 
of the constituent molecules and thus there 
may be absorptions at localised infrared 
wavelengths. Such an absorption is normally 
associated with a mild dispersion in the 
optical properties and a relatively weak 
reflection. The dispersion leads to a small 
peak in k, an example of which can be seen 
in figure 1 at approximately 9.5 microns  
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Figure 1. Optical properties of Ethanediol in 
the infrared region which are characteristic of 
OPG1. Note the weak dispersions at 
approximately 9.5 microns and 11.5 microns. 

Figure 3. Optical properties of Silicon in the 
infrared region which are characteristic of 
OPG3.  

Figure 4. Optical properties of Carbon Black 
(produced from burning Acetylene) in the 
infrared region which are characteristic of 
OPG4.  

Figure 5. Optical properties of Carbon 
Graphite (randomly orientated polycrystalline 
sample) in the infrared region which are 
characteristic of OPG4.  

Figure 6. Optical properties of Aluminium in 
the infrared region which are characteristic of 
OPG5. 

Figure 2. Optical properties of α-SiC in the 
infrared region which are characteristic of 
OPG2. Note the strong dispersions (due to 
restrahlan bands) at approximately 11 to 14 
microns.
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wavelength. The significance of this is 
relative, as k values of approximately 10-4 
can actually lead to quite strong absorptions, 
however compared to larger dispersions in 
solid materials these values of k are small. 

Whilst the optical property behaviour 
defined as OPG1 is normally associated with 
liquids there are many examples of solids 
that also display similar optical properties, 
such as organic polymers like polythene and 
certain silicate glasses. 

Optical Property Group 2: Insulating 
Crystalline Solids 

Optical property group 2 is defined as 
materials that posses a low n value of 
approximately 1.5 to 2.5, a small or 
negligible k value in much of the infrared 
region, but also one or more very strong, 
localised dispersions in the optical 
properties. This behaviour is typical of many 
inorganic, crystalline insulating materials. 
An example of OPG2 is shown in figure 2, 
which shows the optical properties of α-
SiC[5]. There is a strong dispersion at 
approximately 12 microns incident 
wavelength, and at this dispersive point the 
value of n undergoes a very strong and 
characteristic fluctuation with an associated 
strong peak in k. The dispersion in 
crystalline solids like α-SiC is usually due to 
resonant vibrational modes of the crystal 
lattice and is often well described by 
classical oscillator theory[5]. At the region of 
dispersion, which is sometimes referred to as 
a �restrahlan band� or residual ray band, 
there is strong reflection of incident 
radiation. The presence of a reflection band 
in the infrared region results in significant 
peaks in the single particle mass extinction 
coefficient αm at the same wavelengths. An 
insulating solid that displays no dispersions 
in n and k will essentially possess optical 
properties consistent with OPG1, and thus 
the main difference between these two 

groups is the presence or otherwise of 
dispersions. 

A common phenomena in materials 
consistent with OPG2 is anisotropy of the 
lattice vibrations of the crystal structure 
giving rise to differing optical properties 
depending upon the orientation of the crystal 
to the incident radiation. Often such 
anisotropies are negligible in the 0.5 to 15.0 
micron waveband pertinent to obscuration. 
Due consideration has been given when 
modelling infrared scattering by particulate 
materials that possess significant 
anisotropies in their optical properties, and 
these will be highlighted where relevant. 

Optical Property Group 3: 
Semiconducting Solids 

Optical property group 3 is defined as 
materials that possess a high n value of 
around 3 to 4, a value of k and no significant 
dispersions in the 0.5 to 15.0 micron infrared 
region. An example of the optical property 
behaviour typical of OPG3 is displayed in 
figure 3 which shows the optical properties 
of Silicon[11]. A material with this optical 
property behaviour, like OPG1, is also 
essentially transparent in the infrared region. 
This group represents the optical property 
behaviour typical of many semiconducting 
solids. 

Optical Property Group 4: Carbon 
Solids 

Optical property group 4 is defined as 
materials that possess value of n of about 1.5 
to 4.0, a very high k value of approximately 
0.5 to 3.0 and no regions of radical, localised 
dispersion in the infrared region. An 
example of this is displayed in figure 4, 
which shows the optical properties of 
Carbon Black[10] produced by the burning of 
acetylene. Materials that possess this optical 
property behaviour absorb strongly 
throughout the infrared. These optical 
property characteristics are typical of various 
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Carbon solids, such as Graphite[11], 
amorphous Carbon and Carbon Black. 
Graphite has a well documented anisotropy 
in its optical properties. Perpendicular the c 
axis of the crystal it is conducting, resulting 
in optical property behaviour similar to a 
metallic conductor (see next section) when 
reflectivity is measured normal to the basal 
plane. In this direction Graphite has a 
reflectivity ranging from 30 to 70% in the 
infrared region and large absorption, in 
contrast to metals that are essentially wholly 
reflecting. Parallel to the c axis the crystal 
acts more like an insulator and the optical 
properties normal to the c axis are loosely 
similar to OPG1.  

In amorphous Carbon or Graphite that has 
randomly orientated polycrystallites, the 
optical properties are similar to those normal 
the basal plane (�ordinary� ray with E vector 
perpendicular to c axis) of crystalline 
Graphite. An example of this is illustrated in 
figure 5 which shows the optical properties 
of a polycrystalline graphite sample[12] 
experimentally determined by polarised 
reflectivity experiment. 

Optical Property Group 5: Metallic 
Conductors 

Optical property group 5 is defined as 
materials that possess very large n values 
that increase rapidly from ~1 to 
approximately 40 or higher, and a larger and 
more rapidly increasing k value in the 
infrared region. This optical property 
behaviour is typical of nearly free electron 
metallic conductors and results in reflection 
greater than 90%. An example of the optical 
property behaviour of this group is 
illustrated in figure 6, which shows the 
optical properties of Aluminium[11] in the 
infrared region. 

The optical properties can be related to the 
conductivity with the following 
expressions[4]; 
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where rε ′  is the real part of the complex 
relative permittivity, µr is the relative 
permeability, ω is the angular frequency of 
the incident light and σ is the conductivity. 
In metals at infrared frequencies rε ′  is 
normally extremely large and negative. 

Another useful property is the skin depth 
δ, the distance in which the amplitude of the 
EM wave is attenuated by a factor of e. Skin 
depth may be described by[4]; 
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If σ is much greater than orεεω ′ , then the 
above reduces to; 
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which is valid for metals at frequencies 

much lower than the infrared, although it is 
not for infrared frequencies where rε ′  is very 
large and negative. Using (18) the skin depth 
of Aluminium at an incident wavelength of 5 
microns is approx. 0.01637 microns. In 
modelling the scattering and absorption of 
light by metal particles it would seem wise 
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to avoid going below the skin depth in any 
one dimension of the particle. 

Results for the Infrared Region 
In this section we present the results of αm 

calculations for a range of geometries for 
each of the optical property groups described 
in the previous section. Target particle 
parameterisation varied depending on the 
model used, but was similar to the examples 
quoted earlier. Where relevant the 
calculations were averaged over all 
orientations to approximate the �effective� 
extinction cross section of a randomly 
orientated particle. Incident light was set as 
unpolarised for all calculations which were 
performed for a �single� particle size (i.e. 
monodispersed) and were not averaged over 
some particle size distribution. The 
calculations were repeated for a range of 
sizes in order to build a matrix of values of 
αm for varying particle size and wavelength. 
The majority of the results in this paper are 
so represented, either as 2D contour or 3D 
surface plots. 

Preliminary Simulations and Observations 
Before presenting the results for specific 

materials it is worth highlighting the basic 
relationships between the principal scattering 
peak maximum in αm and the material 
refractive index for some key particle 
geometries. The complex refractive indices 
chosen for the simulation calculations 
represent transparent materials and thus 
there are no peaks in αm due to absorption. 
This is done by simply fixing n to a desired 
value and k to zero throughout the infrared 
region, an excusable manipulation of the 
optical properties for illustrative purposes. 
Generally it is not realistic to arbitrarily set 
both n and k for absorbing materials. 

The results of the simulations are 
displayed in figures 7 to 11, which show 2D 
contour plots of calculated αm values for 
various particle geometries and values of n. 

The density of the particle material has been 
set to 1 gcm-3 in all simulations. Figure 7 
portrays αm for transparent spheres with 
varying n values as a function of sphere 
radius and incident wavelength, calculated 
using Mie theory SVM. Figure 8 shows αm 
for transparent long fibres in random 
orientation with varying values of n as a 
function of fibre radius and incident 
wavelength, calculated using the infinite 
cylinder SVM.  

From these figures it can be seen that the 
particle size dependence of the principal 
scattering peak increases with increasing n 
value for both spherical and cylindrical 
geometry. Also the particle size dependence 
of the principal scattering peak in αm 
increases more rapidly with increasing n 
value for fibre geometry than for spherical 
geometry. This is illustrated more clearly by 
figure 9 which shows the maximum in αm 
principal scattering peak as a function of 
incident wavelength and particle radius. The 
straight lines represent this relationship for 
spheres and the dashed lines for long fibres. 
As well as the increase in particle size 
dependence of the principal scattering peak, 
it can also be seen from figures 7 and 8 that 
for a given particle radius the scattering peak 
is wider along the wavelength axis for long 
fibres than for spheres. 

From these simulations it may be 
concluded that, for obscuration purposes, a 
fibrous geometry for non absorbing, 
transparent particles is preferential to 
spherical geometry. Furthermore, for both 
geometries, a high real part of the complex 
refractive index, i.e. n > 3, is desirable as, for 
such values, the αm principal scattering peak 
still has appreciable magnitude in the mid 
and far infrared. In practice a high value of n 
is consistent with OPG3 described in the 
previous section. 

Figure 10 shows αm for lamellar flakes (or 
thin discs) for two values of n and varying 
flake thickness as a function of flake 
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diameter and incident wavelength. Figure 11 
shows αm for elongated flakes (or long flat 
rectangular flakes) for a n value of 4, 0.1 
micron flake thickness, 0.6 micron depth and 
varying length. The results for both types of 
flake geometry were calculated using the 
FDTD model. Included in both figures are 
results from an EQVS Mie theory SVM 
calculation, and it is apparent that such a 
calculation serves as a rough approximation 
to the non spherical single particle scattering 
models. The results show that the principal 
αm scattering peak dependence on particle 
size increases with increasing n. It is also 
clear that for thin transparent lamellar flakes, 
a high n value and a very large (~ 10 micron) 
diameter would result in significant αm 
across the waveband. Furthermore, using the 
EQVS approximation, estimates indicate that 
for a 0.1 micron thick, 0.6 micron wide 
transparent elongated flake with n equal to 4, 
a 560 micron length would be required to 
ensure a reasonable αm across the waveband. 

Calculation of Mass Extinction Coefficient 
(ααααm) 

Optical Property Group 1 (OPG1) 
Optical properties obtained from various 

published sources for Tri-N-Butyl 
Phosphate[10], Phosphoric Acid[12], Fog 
Oil[12], Water[11], Polythene[11] and 
Terephthalic Acid are displayed in figure 12. 
This data was used with Mie theory SVM to 
calculate αm for a range of sphere radii and 
incident wavelengths. The sphere model was 
deemed appropriate as most liquids form 
spherical droplets after dispersion. The range 
of incident wavelengths that αm could be 
calculated for was restricted to regions for 
which optical property data was available. 

Figure 13 shows plots of αm calculated for 
Ethanediol droplets of 0.1 to 5.0 micron 
radius and unpolarised incident light of 
wavelength 0.35 to 14.0 microns. There is a 
small dispersion in n and k at around 9 to 10 

microns, and an even smaller one at approx. 
11 microns. These dispersions are due to 
intramolecular activity, most probably from 
a C-C stretching vibration, and result in 
weak absorptions in the αm spectrum at these 
wavelengths. However the principal 
scattering peak dominates the contribution to 
αm. 

Figure 14 shows plots of αm calculated for 
Fog Oil droplets of 0.1 to 5.0 micron radius 
and incident unpolarised light of wavelength 
0.2 to 14.0 microns. There are no weak 
dispersions in the optical properties, and 
therefore the results are very similar to the 
simulation calculation for transparent 
spheres with n = 1.5. The principal scattering 
peak is the only contributor to extinction. 

Figure 15 shows plots of αm calculated for 
Phosphoric Acid droplets of 0.1 to 5.0 
micron radius and incident unpolarised light 
of wavelength 0.2 to 14 microns. The optical 
properties used were measured from 
collected droplets formed from burning 
Phosphorus in the atmosphere with a relative 
humidity of 10%. The optical properties 
show notable dispersion at around 8 to 12 
microns incident wavelength due to a P=O 
stretching vibration in the Phosphoric Acid 
molecule. This results in a reflection of 
~20% and an appreciable absorption peak in 
αm at the same wavelength in addition to the 
principal scattering peak. A very weak 
dispersion is just visible at ~3 microns, 
presumably due to a stretching O-H 
vibration of water. 

Figure 16 shows plots of αm calculated for 
Water droplets of 0.1 to 5.0 micron radius 
and incident unpolarised light of wavelength 
0.5 to 15 microns. Water displays a small 
dispersion at 3 microns wavelength and a 
weaker less localised dispersion at around 12 
microns due to stretching O-H and out of 
plane vibrations respectively. The dispersion 
at 3 microns results in an absorption peak in 
αm that is just resolved from the principal 
scattering peak. 
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Figure 7. Simulation calculations of αm for transparent spheres of radii 0.1 to 5.0 microns and varying real part of 

co mplex refractive index n in the infrared region 0.5 to 15.0 microns.  The Mie theory SVM was used to calculate 
αm. 
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Figure 8. Simulation calculations of αm for transparent long acicular fibres of radii 0.1 to 5.0 microns and varying 

real part of complex refractive index n in the infrared region 0.5 to 15.0 microns. The Infinite Cylinder SVM theory 
was used to calculate αm. 
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Figure 9. Maximum in αm scattering peak as a function of incident wavelength and particle radius for transparent 

spheres and randomly orientated infinite acicular fibres. Results for several values of n are displayed. The solid and 
dashed lines represent results for spheres and fibres respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10a. Plot of αm for randomly orientated transparent lamellar flakes of n = 1 (left plot), 0.2 micron thickness, 
0.6 to 5.0 micron diameter calculated using FDTD and equivalent volume spheres (EQVS, right) calculated with Mie 
theory SVM, both with unpolarised incident light (λ = 1.0 to 15.0 microns). 
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Figure 10b. Plot of αm for randomly orientated transparent lamellar flakes of n = 4 (left plot), 0.2 micron thickness, 
0.6 to 5.0 micron diameter calculated using FDTD and equivalent volume spheres (EQVS, right) calculated with Mie 
theory SVM, both with unpolarised incident light (λ = 1.0 to 15.0 microns) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11. Plot of αm for randomly orientated transparent elongated flakes of n = 4 (left plot), 0.1 micron thickness, 
0.6 micron width and 2.0 to 12.0 micron length calculated using FDTD and equivalent volume spheres (EQVS, right) 
calculated with Mie theory SVM, both with unpolarised incident light (λ = 1.0 to 15.0 microns) 
 

 
Figure 17 shows plots of αm calculated for 

droplets of Tri-n-Butyl Phosphate of 0.1 to 
5.0 micron radius and incident unpolarised 
light of wavelength 0.34 to 16 microns. 
There is a very weak dispersion in n and k at 
8 to 11 microns, most likely due to a 
combination of a P=O stretching vibration 
and a P-O-C out of phase stretching 
vibration. This results in a barely noticeable 

absorption peak in αm at the same 
wavelengths. 

The results show that the principal 
scattering peak in αm will be by far the 
dominant contributor to extinction for all 
liquids consistent with OPG1. As the 
simulations showed for the assumed 
spherical geometry, the principal scattering 
peak maximum will occur at a wavelength 
roughly equivalent to 1.4 times the droplet 
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radius. Thus the magnitude of the principal 
scattering peak will decrease rapidly with 
increasing droplet size as the particle mass 
increases in proportion to the radius cubed. 
This results in an overall αm peak biased 
towards the near infrared at around 0.5 to 
1.0 micron incident wavelength and 0.1 to 
1.0 micron droplet radius. The largest 
wavelength at which the principal scattering 
peak will possess a magnitude of 1 m2g-1, 
generally considered a reasonable 
performance standard for obscurants, is 
approximately 5 microns occurring for 
particle radii of around 2.5 microns. 

 
Whilst many liquids are generally 

consistent with OPG1, some possess mild 
dispersions in n and k in the mid and far 
infrared, Phosphoric Acid being a good 
example. Liquids with similar dispersions 
will posses an absorption peak in αm at the 
dispersion wavelength, with a position on 
the wavelength axis largely independent of 
droplet size and of relatively weak 
magnitude in comparison to the principal 
scattering peak. 

It may also be concluded that many 
liquids, irrespective of their chemistry or 
droplet size, will make poor candidates for 
effective obscuration in the mid and far 
infrared, i.e. at wavelengths greater than 5 
microns. However if a liquid obscurant is 
desirable, then one with mild dispersion in 
the optical properties (from some 
intramolecular activity) in the mid and far 
infrared should lead to a reasonable 
absorption peak in αm at these wavelengths. 

Polythene is an example of a solid material 
that possesses optical properties consistent 
with OPG1. It displays no minor dispersions 
and thus the calculated αm values are very 
similar to the simulations. Figure 18 shows 
plots of αm calculated for Polythene spheres 
and randomly orientated long fibres of 0.1 to 
5.0 micron radius and unpolarised incident 
light of wavelength of 0.49 to 14.93 microns. 

The figure shows that there is no real 
improvement in αm by switching from 
spherical to cylindrical geometry. As 
expected, the principal scattering peak is the 
only contributor to αm and there are no 
absorption peaks. The particle size 
dependence of the principal scattering peak, 
as shown in the simulations, is slightly 
increased for long fibre geometry resulting 
in a minimal improvement in αm in the mid 
infrared. For both geometries αm drops 
below 1 m2g-1 for wavelengths greater than 6 
microns and radii of approximately 3 
microns. 

Terephthalic acid possesses interesting 
optical properties. It is a solid at room 
temperature although n and k loosely 
conform to the criteria for OPG1. However 
there are several weak dispersions in the mid 
and far infrared leading to small absorption 
peaks in αm. Despite this the overriding 
contributor to αm is the principal scattering 
peak, as can be seen in figure 19, which 
shows calculated αm for Terephthalic Acid 
spheres of 0.1 to 5.0 micron radius and 
incident wavelengths of 0.56 to 15.06 
microns. 

Figure 20 shows a plot of αm calculated for 
randomly orientated Polythene lamellar 
flakes of 0.2 micron thickness, varying 
diameter between 0.6 microns and 4.4 
microns and unpolarised incident light of 
wavelength 1.27 to 14.93 microns. 
Consistent with the simulations for 
transparent lamellar flakes with low value of 
n, the scattering peak is localised to the very 
near infrared. Again assuming that an EQVS 
calculation is a rough approximation, a 20 
micron diameter, 0.2 micron thick lamellar 
flake would be necessary to have a αm 
scattering peak that stretches into the mid 
infrared, although far infrared performance 
would be negligible. 
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Figure 12. Optical properties of (left to right) Fog Oil, Phosphoric Acid, Water and Tri-n-Butyl Phosphate, 

Polythene and Terephthalic Acid. These optical properties are consistent with OPG1. 
 
 
 
 



 

 527

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13. Plots of αm for Ethanediol droplets of 0.1 to 5.0 micron radius and unpolarised incident light (λ = 0.35 

to 14.0 microns) calculated using Mie theory SVM. The scattering peak at approximately 1 micron incident 
wavelength is the dominant contributor to αm. A weak contribution to αm from absorption is visible at approximately 
10 microns incident wavelength. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14. Plots of αm for Fog Oil droplets of 0.1 to 5.0 micron radius and unpolarised incident light (λ = 0.2 to 

14.0 microns) calculated using Mie theory SVM. The scattering peak at approximately 1 micron incident wavelength 
is the only contributor to αm and there is a complete absence of any absorption.  

 
 
 
 
 
 
 
 
 
 
 
 

Fog Oil 

Ethanediol 



 

 528

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 15. Plots of αm for Phosphoric Acid droplets of 0.1 to 5.0 micron radius and unpolarised incident light (λ = 

0.2 to 14.0 microns) calculated using Mie theory SVM. The scattering peak at approximately 1 micron incident 
wavelength is again the dominant contributor to αm. However a noticeable contribution to αm from absorption is 
visible at approximately 8 to 12 microns incident wavelength. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 16. Plots of αm for water droplets of 0.1 to 5.0 micron radius and unpolarised incident light (λ = 0.5 to 15.0 

microns) calculated using Mie theory SVM. The scattering peak at approximately 1 micron incident wavelength is 
again the dominant contributor to αm. However a contribution to αm from absorption is visible at approximately 3 
microns incident wavelength. 
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Figure 17. Plots of αm for Tri-N-Butyl Phosphate droplets of 0.1 to 5.0 micron radius and unpolarised incident light 

(λ = 0.34 to 16.0 microns) calculated using Mie theory SVM. The scattering peak at approximately 1 micron incident 
wavelength is the dominant contributor to αm. A minor contribution to αm from absorption is visible at ~12.5 
microns. 

 
. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 18. Plots of αm for Polythene spheres (upper plots) of 0.1 to 5.0 micron radius and unpolarised incident light 

calculated using Mie theory SVM and for randomly orientated Polythene acicular fibres (lower plots) of 0.1 to 5.0 
microns radius calculated using infinite cylinder SVM, both with unpolarised incident light (λ = 0.49 to 14.93 
microns). The scattering peak at approximately 1 micron incident wavelength is the only contributor to αm for both 
geometries.  
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Figure 19. Plots of αm for Terephthalic Acid spheres calculated using Mie theory SVM. Aside from the dominant 
principal αm scattering peak at approx. 1 micron, several small peaks can be seen in the mid and far infrared due to 
weak dispersions in n and k. 

 
 

 
Figure 20. Plot of αm for randomly orientated Polythene lamellar flakes of 0.2 micron thickness, 0.6 to 4.4 micron 
diameter and unpolarised incident light (λ = 1.27 to 14.93 microns) calculated using FDTD. 

 
 

Optical Property Group 2 (OPG2) 
The infrared optical properties for MgO[5], 

TiO2
[11], α-SiC[5], Quartz[5] and CaCO3

[10] 
were obtained from the literature and used to 
calculate αm. Figure 21 displays plots of 
these optical properties for the infrared 
region. All of these materials possess optical 
properties consistent with OPG2. As these 
materials are in solid phase at room 

temperature, geometries other than spherical 
were assessed in the modelling including 
long fibre, short fibre, flake and elongated 
flake. 

Figure 22 shows calculated αm for spheres 
of the OPG2 solids MgO, α-SiC and Quartz 
and of 0.1 to 5.0 micron radius. The incident 
wavelengths vary slightly depending upon 
the available optical property data, but are 
roughly 0.5 to 15.0 microns. All these results 

Terephthalic 
Acid 
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were calculated using Mie theory SVM, 
except those for Quartz which were 
calculated using the anisotropic sphere SVM 
as Quartz possesses a significant anisotropy 
in its infrared optical properties. 

 The results show that there is a peak in αm 
at incident wavelengths corresponding to 
regions of strong dispersion in n and k. 
However, for MgO a dispersion begins at 17 
microns, and hence the associated peak in αm 
is beyond the maximum of the wavelength 
axis and not visible in the figure. Figure 23 
comprises of two composite plots illustrating 
the position and relative contribution of the 
scattering and absorption peaks arising from 
a strong dispersion in n and k for α-SiC and 
Quartz. The top right graph of each 
composite shows n and k and the bottom 
right graph the reflectivity, related to n and k 
by equation (15). 

 
Strong reflection due to the dispersion in n 

and k is clearly visible for both materials. 
The top left and bottom left contour plots 
show the contributions to αm from 
absorption and scattering respectively. For 
α-SiC it can be seen that an absorption peak 
is very localised at a wavelength at the 
leading edge of the dispersion region, where 
the reflectivity is climbing rapidly to nearly 
100%. A second, smaller absorption peak 
can be seen at ~13 microns at the trailing 
edge of the dispersion. The bottom left plot 
shows that there are two scattering peaks 
arising from the dispersion. The first begins 
at the leading edge of the dispersion just 
after the first absorption peak, but stretches 
somewhat across the dispersion region (i.e. 
the region of high reflectivity) and the 
second just after the absorption peak at the 
trailing edge of the dispersion. Often these 
peaks will not be clearly resolved, 
particularly for materials with a narrow 
dispersion region, exemplified by the 
composite plots for Quartz in the bottom half 
of figure 23. Here there are two, narrower 

dispersion regions, one at ~9 microns and a 
weaker one at ~13 microns The peaks from 
scattering and absorption can just be 
resolved for the first dispersion region in the 
separate plots of scattering and absorption 
contributions to αm, however the peaks can 
barely be resolved from the overall plot of 
αm displayed in figure 22. 

 
This general behaviour in αm will be 

observed for all insulating solids consistent 
with OPG2, i.e. possessing strong, localised 
dispersion regions in n and k similar to α-
SiC and Quartz. Notably the position on the 
wavelength axis of the absorption and 
scattering peaks caused by  dispersions in n 
and k is largely particle size independent.  

 
In the near infrared, outside of any 

dispersion regions, n and k for OPG2 are 
very similar to OPG1 in that the material is 
transparent, although n can possess values as 
high as ~2.5. For materials with n ~1.5 in 
this transparent region the principal αm 
scattering peak occurs at a wavelength 
approximately 1.4 times the particle radius 
and, as for OPG1, is biased towards the near 
infrared. Again the largest wavelength at 
which the principal αm scattering peak will 
be significant will be a balance between 
particle radius and density, but will typically 
be no greater than 5 microns. TiO2 and α-
SiC are slight exceptions, as in the 
transparent region n is approximately 2.5 
which results in a slightly stronger particle 
size dependence of the principle scattering 
peak (see figure 9), with the peak maximum 
occurring at a wavelength ~5.25 times the 
particle radius. Given a material density of 
around 2 gcm-3 (α-SiC is 3.22 gcm-3) the 
maximum wavelength for which αm is 
greater than 1m2g-1 is around 8 microns for 
particle radii of approximately 2 microns. 
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Figure 21. Optical properties of MgO (|| to c axis), TiO2 (|| to c axis), Quartz (|| to c axis) and CaCO3, which are 
consistent with OPG 2. 

 
 
 
Long fibre geometry in random orientation 

does not drastically alter the αm 
characteristics for OPG2 materials. This is 
evident from figure 24 which shows the 
contributions to calculated αm for α-SiC 
from absorption and scattering arising from 
the dispersion in n and k, for fibre radii of 
0.1 to 5.0 microns. The principal scattering 
peak is still the main contributor to αm 
although is reduced in peak magnitude. 
However, in comparison to spheres, it is of 
significant magnitude for a slightly larger 
incident wavelength of ~9 microns 
corresponding to a fibre radius of 1.5 
microns. This was demonstrated by the 
simulations which showed that the position 
of the principal scattering peak was more 

sensitive to long fibre radius than sphere 
radius. As expected the position of the 
absorption and scattering peaks caused by 
the dispersion in n and k are unaltered, 
although the magnitudes of these peaks vary 
slightly.  

Figure 25 displays calculated αm for 
CaCO3 long fibres of 0.1 to 5.0 micron 
radius in random orientation and for incident 
wavelength of 1.0 to 13.0 microns. CaCO3 
possesses a single narrow dispersion in n and 
k between 0.5 and 15 microns at ~6 microns, 
and the corresponding peak in αm is clearly 
visible in the figure. 

 
Figure 26 displays a plot of calculated αm 

for randomly orientated CaCO3 lamellar 
flakes of 0.1 micron thickness, varying 

MgO 
TiO2

Quartz 

CaCO3 
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diameter of 0.6 to 5.0 microns and incident 
unpolarised light of wavelength 1.0 to 13.0 
microns. The results were calculated using 
the DDA. Also shown in the figure is an 
EQVS Mie theory SVM calculation. It is 
apparent that the principal αm scattering peak 
is restricted to the very near infrared, but 
there is still a particle size independent αm 
peak at ~6 microns due to the restrahlan 
band of CaCO3. Also the EQVS calculation 
again serves as a basic approximation in 
calculated αm. The results in the near 
infrared are consistent with the simulations 
for transparent lamellar flakes, as CaCO3 is 
effectively transparent in this region. 

Figure 27 displays plots of calculated αm 
for CaCO3 acicular fibres for incident light 
of wavelength 1.0 to 13.0 microns. The left 
plot shows results for finite fibres of 10 
micron length, varying diameter of 0.1 to 4.1 
microns calculated using the DDA. The right 
plot shows corresponding results for long 
fibres calculated using the infinite cylinder 
SVM. Both sets of calculations are for a 
randomly orientated particle. In both figures 
the peak in αm at the near infrared is the 
principal scattering peak, which is particle 
size dependent. The peak at ~6 microns is 
again due to the localised dispersion in the 
optical properties at the same wavelength, 
and is a combination of scattering and 
absorption peaks whose position on the 
wavelength axis is largely independent of 
particle size. The particle size dependence of 
the principal scattering peak is slightly 
stronger for the finite fibre than for the 
infinite fibre. On balance though, a 
reasonable agreement between the two 
calculations is evident and, for OPG2, would 
suggest that infinite cylinder SVM 
calculations should serve as a good 
approximation for finite fibres of lengths of 
approximately 10 microns or more. 
 

The results of the modelling show that the 
effectiveness of an OPG2 material as an 
obscurant depends upon the location of 

dispersions in n and k in the mid or far 
infrared region. One possibility is to use 
mixtures of OPG2 materials with constituent 
materials selected on the basis of the 
position of the dispersion in n and k in the 
waveband. An example of this is shown in 
figure 28, which shows the calculated αm of 
a mixture of 25% Al2O3,  25% α-SiC and 
50% CaCO3 spheres of radii 0.1 to 5.0 
microns in the 0.4 to 15.15 micron 
waveband. Al2O3 has a dispersion at ~14 
microns, α-SiC at ~12 microns and CaCO3 
at ~6 microns. This was done simply by 
adding the results of single particle αm 
calculations for the constituent particles 
weighted by the respective proportions in the 
mixture. 

The localised absorption and scattering 
peaks in αm due to the dispersions in n and k 
can be seen in the mid and far infrared. 
However the particle size independence of 
the position of these peaks results in gaps in 
αm at certain wavelengths which could well 
compromise the mixture�s obscurant 
potential. 

This approach of calculating αm for a 
mixture of spheres is a basic approximation 
using the exact results for individual single 
particles. To correctly calculate the cross 
sections of a mixture of particles is a very 
complex problem, further limited by 
computing requirements. However using αm 
calculated in this fashion and incorporating 
multiple scattering theories of radiation 
transfer it is possible to calculate with 
reasonable accuracy the attenuation of light 
by clouds of monodispersed mixtures, and 
this is discussed further in a later section. 
However the full radiation transfer equation 
in the single scattering case reduces to the 
well known Beer Lambert law. Attenuation 
of light has been calculated for the mixture 
described earlier using the Beer Lambert 
law, and the results are also displayed in 
figure 28. The results are for a even 
monodispersed hemispherical cloud 
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produced by a 5kg payload with a path 
length of 50 metres. 

 
It also appears from the modelling that the 

only practical particle geometry for infrared 
obscuration applications are spheres or fibres 
of selected radii and length, as large aspect 
ratio particles such as lamellar flakes will 
require very large diameters. This is 
consistent with the simulations for lamellar 
flakes which showed that an n value of ~1.5 
and k = 0, typical of the transparent region of 
OPG2 materials, resulted in a αm principal 
scattering peak restricted to the very near 
infrared for a diameter of ~5 microns. It has 
also been shown that EQVS approach is a 
rough approximation in modelling such large 
aspect ratio particle geometries. 

 

Optical Property Group 3 (OPG3) 
The optical properties for Silicon[11] and 

Germanium[11] were obtained from published 
literature and used to calculate αm for 
selected particle geometries. The optical 
properties of these materials in the infrared 
may be viewed in figures 3 and 29, and both 
are consistent with the criteria given for 
OPG3. Scattering by spherical, long fibre, 
lamellar flake and elongated rectangular 
flake particle geometries was modelled. 
There are no dispersions in the n and k of 
OPG3 materials, and therefore the principal 
scattering peak is the only contributor to αm 
for all geometries. 

Figure 30 shows calculated αm for 
Germanium spheres of radii 0.1 to 5.0 
microns and incident wavelengths 0.12 to 
15.0 microns. The results for Germanium 
spheres are very similar to the simulations 
for transparent spheres which showed that, 
for large n of ~ 4, the principal scattering 
peak�s position in the waveband is more 
sensitive to radius, occurring at a wavelength 
~8.4 times the sphere radius. This results in a 
αm principal scattering peak in the far 

infrared of appreciable magnitude for 
relatively small spheres of 2.0 micron radius. 
As was demonstrated by the simulations, the 
sensitivity of the principal scattering peak 
dependence on radius is greater for long 
fibres than spheres, with the principal 
scattering peak occurring at a wavelength 
~10.7 times the fibre radius. This is reflected 
in figure 31 which shows calculated αm for 
long Silicon fibres of 0.1 to 5.0 micron 
radius and incident wavelengths 0.41 to 15.7 
microns. Here the principal αm scattering 
peak reaches into the far infrared for fibres 
of radius 1.2 microns, with a magnitude of 
~0.6 m2g-1. 

 
Calculated αm for lamellar Silicon flakes 

of 0.2 micron thickness, 0.6 to 5.0 micron 
diameter and incident wavelength 2.03 to 
15.7 microns is displayed in figure 32. The 
results are very similar to the simulations of 
n = 4, k = 0 lamellar flakes discussed earlier, 
which also showed that an EQVS calculation 
of αm served as a rough approximation. Thus 
lamellar flakes of 0.2 micron thickness 
would have to be of at least 5 microns 
diameter to have appreciable value of αm in 
the mid infrared, and a diameter of at least 
10 microns to have reasonable value of αm in 
the far infrared. 

 
Figure 33 shows a plot of αm calculated for 

elongated Silicon flakes of 0.1 micron 
thickness, 0.6 micron width, 2.0 to 14.0 
micron length and unpolarised incident light 
of wavelength 2.0 to 15.7 microns calculated 
using FDTD. The results echo those found in 
the simulation calculations discussed earlier, 
and a rough extrapolation would indicate 
that a flake length of approx. 600 microns 
would be required to result in a principal 
scattering peak of ~ 0.5 m2g-1 in the far 
infrared. 
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Figure 22. Plots of αm for MgO and α-SiC spheres calculated using Mie theory SVM and Quartz spheres 
calculated using anisotropic sphere SVM, for various unpolarised incident wavelengths. Scattering peak maximum 
occurs at approximately 1 micron radius. A large absorption contribution to αm is present for all three materials, 
although the absorption peak for MgO lies beyond the displayed wavelength axis. 
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Figure 23. Composite plots illustrating contribution to αm from absorption and scattering due to dispersion in n and k 
for spheres of α-SiC (top composite) and Quartz (bottom composite) both calculated using Mie theory SVM. The 
incident light is unpolarised and the reflectivity across the waveband is also displayed in each composite (bottom 
right). 
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Figure 24. Composite plot illustrating contribution to calculated αm for randomly orientated long fibres of α-SiC 
from (top left) absorption and (bottom left) scattering due to dispersion in n and k (top right) at ~12 microns. Incident 
light is unpolarised (λ = 0.5 to 15.03 microns). The reflectivity across the waveband is also displayed (bottom right). 
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Figure 25. Plots of αm for randomly orientated CaCO3 acicular fibres of 0.1 to 5.0 microns radius and unpolarised 
incident light (λ = 1.0 to 13.0 microns) calculated using infinite cylinder SVM. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 26. Plot of αm for randomly orientated CaCO3 lamellar flakes of 0.1 micron thickness, 0.6 to 5.0 micron 
diameter calculated using DDA, and EQVS (right) calculated with Mie theory SVM, both with unpolarised incident 
light (λ = 1.0 to 13.0 microns). 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 27. Plot of αm for CaCO3 acicular fibres of 10 micron length (left), 0.1 to 4.1 micron diameter calculated 
using DDA, and CaCO3 acicular long fibres (right) of same diameters calculated using infinite cylinder SVM, both 
sets of calculations for randomly orientated fibres and unpolarised incident light (λ = 1.0 to 13.0 microns). 

CaCO3
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Figure 28. Calculated αm and estimated attenuation for unpolarised incident infrared light for a 25% Al2O3, 25% α-
SiC, 50% CaCO3 mixture of spherical particles. The particle radius and wavelength ranges are 0.1 to 5.0 microns and 
0.4 to 15.15 microns respectively. The attenuation has been estimated using the Beer Lambert law for a path length 
of 50m through an evenly dispersed hemispherical cloud produced by a 5kg payload. 

 
 

 

Optical Property Group 4 (OPG4) 
The optical properties of Carbon Black[10] 

produced from burning Acetylene and 
Graphite[11] were obtained from the literature 
and used to calculate αm for various particle 
geometries. Plots of n and k against 
wavelength in the infrared region for these 
materials are displayed in figures 4 and 5. 
Figure 34 shows calculated αm for Carbon 
Black spheres of 0.1 to 5.0 micron radius 
and 2.0 to 14.0 micron incident wavelength. 
At first glance the results look similar to 
those for low n, transparent spheres of 
equivalent size. However the peak in figure 
34 is a combination of both a principal 
scattering peak and a significant absorption 
peak. The nature of each contribution is 
illustrated more clearly in figure 35 where it 
can be seen that both peaks appear to be 
heavily particle size dependent, and that the 
absorption peak is larger than the principal 
scattering peak. However the absorption for 
this material is not restricted to a narrow 
dispersion region, as for OPG2, and occurs 

fairly evenly right across the infrared 
waveband. The absorption peak is thus very 
wide and largely particle size independent. 
Overall the value of αm in the far infrared is 
fairly low. 

Figure 36 shows calculated αm for long 
Graphite fibres of 0.01 to 2.5 micron radius 
and 0.3 to 14.09 micron incident 
wavelength. The extinction peak is a 
combination of a principal scattering peak 
and an absorption peak larger in magnitude. 
The absorption peak is again stretched across 
the waveband, reflecting the absorbing 
nature of the material, and is very large for 
small fibre radii of ~0.01 microns. The 
principal scattering peak is strongly 
dependent on fibre radius, but tails off 
rapidly for fibre radii greater than 0.1 
microns in the mid and far infrared. Overall 
a high αm across the waveband is achievable 
with fibres of ~0.01 micron radius, occurring 
predominantly by absorption. The results for 
finite CaCO3 acicular fibres would indicate 
that a fibre length of ~ 5 to 10 microns is 
required. 
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Figure 37 shows calculated αm for 
Graphite lamellar flakes of 0.1 micron 
thickness and 0.6 to 5.0 micron diameter. 
The αm peak is again a combination of 
principal scattering peak and a broad 
absorption peak. It is evident from the figure 
that a flake diameter of ~4 to 5 microns is 
required to produce an even αm of ~3 m2g-1 
across the infrared waveband. 

Optical Property Group 5 (OPG5) 
The optical properties of Aluminium[11] 

were obtained from the literature and used to 
calculate αm for two particle geometries, thin 
lamellar flakes and very narrow radius 
acicular fibres. A plot of n and k in the 
infrared region for Aluminium is displayed 
in figure 6. Figure 38 shows αm calculated 
for randomly orientated lamellar flakes of 
0.1 micron thickness, 0.6 to 3.8 micron 
diameter and 2.0 to 15.0 micron incident 
wavelength. The principal scattering peak is 
the dominant contributor to extinction, i.e. 
the particle is almost wholly scattering. It 
can be seen that, for a flake of this thickness, 
a diameter of ~ 4 microns or slightly greater 
would be required to ensure a good 
extinction across the waveband. For 
comparison an EQVS Mie calculation is also 
shown in the figure, and it is apparent that 
this calculation significantly underestimates 
the magnitude of αm and does not give a true 
indication of αm in the mid and far infrared.  

It may be expected that even thinner 
lamellar flakes would possess even larger 
values of αm, but as the flake thickness 
becomes significantly less than the skin 
depth (~0.02 microns for Al at infrared 
wavelengths) of the metal one would expect 
the Cext to be reduced.  

Figure 39 shows calculated αm for long 
Aluminium fibres of 0.01 to 1.0 micron 

radius and 0.4 to 14.59 micron incident 
wavelength calculated using infinite cylinder 
SVM. The extinction is a combination of a 
principal scattering peak and a significant 
absorption peak. The absorption peak is 
stretched across the waveband and is very 
large for small fibre radii of ~0.01 microns. 
The combined effect of scattering and 
absorption results in extremely high 
predicted αm of the order 200m2g-1 are 
predicted across the waveband for 
aluminium fibres of ~0.01 micron radius. 
The infinite fibre SVM calculation should 
act as a valid approximation for finite metal 
fibres of length ~ 5 microns or larger, 
although will not account for any possible 
resonance effects. 

The results shown here are for Aluminium, 
but should be similar for any other metal 
particles possessing identical geometry and 
optical properties consistent with OPG5. 
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Figure 29. Optical properties of Germanium in 
the infrared. 

Figure 30. Plot of αm for Germanium spheres of 
0.1 to 5.0 microns radius and unpolarised 
incident light (λ = 0.12 to 15.0 microns) 
calculated using Mie theory SVM. 

Figure 31. Plot of αm for randomly orientated 
Silicon acicular fibres of 0.1 to 5.0 microns 
radius and unpolarised incident light (λ = 0.41 
to 15.7 microns) calculated using infinite 
cylinder SVM.

Figure 32. Plot of αm for randomly orientated 
Silicon lamellar flakes of 0.2 micron thickness, 
0.6 to 5.0 micron diameter and unpolarised 
incident light (λ = 2.0 to 15.7 microns) 
calculated using FDTD.
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Comments on Light Intensity Attenuation 
by an Obscurant Cloud 

Calculation of light attenuation by a cloud 
of small particles is a further complex 
problem. Most theories require values of Cext 
to calculate transmission and attenuation. 
Generally the attenuation of radiation 
intensity along the line of sight (LOS) is 
given by the following expression; 
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where I is the intensity of radiation, x the 

distance along the LOS, µ is the cosine of 
the particle scattering angle away from the 
LOS, µ′  is the cosine of the particle 
scattering angle back into the LOS from 
multiple scattering events, Np is the number 
of particles per unit volume, ω is the single 

scattering albedo and p is the scattering 
diagram. 

The single scattering albedo ω is given by 
Csca/( Csca+ Cabs) and is zero for wholly 
absorbing particles. In this case the integral 
term of (20) disappears, and the whole 
expression reduces to that of the Beer 
Lambert law. For particles that have a 
significant Csca, ω is close to unity and the 
integral term of (20) must be considered. 
Calculating the integral term can be very 
difficult. 

It is important to recognise that, for a cloud 
of particles each with a given αm, largely 
scattering particles will not attenuate light as 
much as a largely absorbing particles due to 
scattering of light back into the LOS. 
However if Cext is zero at a given wavelength 
there will of course be no attenuation. Thus 
the calculations of Cext presented in this 
paper should provide an excellent indication 
of where attenuation peaks and troughs will 
exist for clouds comprised of the relevant 
particles, if not quite the relative magnitude.  

Figure 33. Plot of αm for randomly orientated 
Silicon rectangular flakes of 0.1 micron 
thickness, 0.6 micron width, 2.0 to 14.0 micron 
length and unpolarised incident light (λ = 2.0 to 
15.7 microns) calculated using FDTD. 
.

Figure 34. Plot of αm for Graphite spheres of 
0.1 to 5.0 micron radius and unpolarised 
incident light (λ = 2.0 to 14.0 microns) 
calculated using Mie theory SVM.. 
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Figure 35. Composite plot illustrating contribution to calculated αm for Carbon Black spheres from (top left) 
absorption and (bottom left) scattering. Optical properties n and k (top right) are typical of a material with high 
absorption across the waveband. Incident light is unpolarised (λ = 2.0 to 14.0 microns). The reflectivity across the 
waveband is also displayed (bottom right). 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 36. Plot of αm for randomly orientated 
Graphite acicular fibres of 0.01 to 2.5 microns 
radius and unpolarised incident light (λ = 0.3 to 
14.09 microns) calculated using infinite 
cylinder SVM. 

Figure 37. Plot of αm for randomly orientated 
Graphite lamellar flakes of 0.1 micron 
thickness, 0.6 to 5.0 micron diameter and 
unpolarised incident light (λ = 2.0 to 14.09 
microns) calculated using FDTD. 
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Figure 39. Plot of αm for randomly orientated Aluminium acicular fibres of 0.01 to 1.0 microns radius and 
unpolarised incident light (λ = 0.4 to 14.59 microns) calculated using infinite cylinder SVM. 
 
 

 

Conclusions 
The results of our modelling provide a 

good indication of infrared obscuration 
performance for a variety of particle 
materials, geometries and sizes. It should be 
noted that our results assume that the bulk 
optical properties are valid for small 
particles, and in certain instances do not 

account for resonances, surface modes or 
quantum size effects. For each of the OPG 
we conclude: 

OPG1. Obscuration performance is limited 
to the near infrared with spherical geometry 
possessing similar performance as fibrous. 
Optimum particle radii range is approx. 0.5 
to 2.5 micron radius for both geometries. No 
advantage is gained from high aspect ratio 
particles such as thin lamellar flakes. 

Figure 38. Plot of αm for randomly orientated Aluminium lamellar flakes (left) of 0.1 micron 
thickness, 0.6 to 3.0 micron diameter calculated using FDTD, and EQVS (right) calculated with Mie 
theory SVM, both with unpolarised incident light (λ = 2.0 to 15.0 microns). 
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OPG2. There will be good obscuration 
performance in the near infrared, somewhat 
similar to the near infrared performance of 
OPG1 materials. Performance in the mid and 
far infrared will depend upon the exact 
frequency of any resonant modes of 
vibration in the crystal structure of the 
material. However peaks in αm arising from 
such resonances will be localised in 
wavelength leaving �gaps� in αm in the mid 
and far infrared, compromising potential 
performance as an effective infrared 
obscurant. Spheres and fibres give similar 
performance, and no advantage is gained by 
using high aspect ratio lamellar flakes. 
Optimum particle radii range is approx. 0.5 
to 2.5 micron for either spherical or fibre 
geometry. 

OPG3. Obscuration performance will be 
very good in the near infrared, good in the 
mid infrared and moderate in the far 
infrared. Fibrous geometry should offer 
slightly better performance than spherical. 
Optimum particle radii range should be 0.2 
to 2.0 microns for spheres and 0.2 to 1.2 
microns for fibres. Thin lamellar flakes offer 
no performance advantage. 

OPG4. Obscuration performance will be 
very good across the whole 0.5 to 15.0 
micron infrared waveband for thin lamellar 
flakes and narrow diameter acicular fibres. 
For lamellar flakes a thickness of 0.1 
microns and diameter of ~4 microns offers 
very good performance. The skin depth of 
graphite is approx 0.1 microns at infrared 
frequencies, and decreasing flake diameter 

much below this will not result in radical 
increases in αm. Optimum sizes for acicular 
fibres are a radius of 0.01 microns and a 
length of ~ 5 to 10 microns. 

OPG5. The ultimate infrared obscuration 
performance is offered by metal particles 
with optical properties consistent with 
OPG5. The optimum geometries are very 
high aspect ratio lamellar flakes and acicular 
fibres. Our results show that lamellar flakes 
of 0.1 micron thickness and ~ 4 micron 
diameter possess very high αm of ~4 m2g-1 
across the infrared waveband. The skin 
depth of Aluminium is ~0.01 microns at 
infrared frequencies, and decreasing flake 
thickness to this size should dramatically 
increase αm, roughly by a factor of 10. 
Further decreases in flake thickness over this 
will ultimately result in a decrease of αm as 
the flake becomes effectively transparent. 
Acicular fibres of radius ~0.01 microns and 
length ~5 microns will also result in 
extremely high αm values of ~200 m2g-1. 

 
Furthermore an EQVS approach using Mie 

theory SVM has been shown to be a 
reasonable approximation in assessing likely 
performance of non spherical particles 
belonging to OPGs 1, 2 and 3. Table 2 
provides a list of a number of materials that 
have been included in our modelling work 
and the OPG to which they belong. 
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Model 
Material Refractive 

Index 
Particle 

Geometry 
Typical 

Computation 
Time 

Mie (SVM) Homogeneous Any Sphere 5 min 
Inf. Cylinder 
(SVM) 

Homogeneous Any Infinite 
Cylinder 

4 hrs* 

DDA Homogeneous approx. |N-1| ≤ 
2 

Any 12 hrs� 

FDTD Homogeneous 
and 

Inhomogeneous

Any Any 12 hrs�� 

Table 1. Summary of applicability of main models used. 
* Averaged over all orientations. � Thin lamellar flake, 5×106 dipoles µm-3, averaged over all 
orientations. �� Thin lamellar flake, 3872 0.1µm3 cells, averaged over all orientations. 

 
 

Group Materials 
H2O Diesel Oil DiIsoOctyl 

Phthalate 
TriEthyl 

Phosphate 
Tri-n-Butyl 
Phosphate 

TriXylyl 
Phosphate 

Polyethylen
e Glycol 

Phosphoric 
Acid 

Fog Oil Polythene Hexochloroeth
ane 

Terephthalic 
Acid 

OPG 1 

Ethanediol Digol Trigol    
Al2O3 Fumed Silica CaCO3 TiO2 BeO α-SiC OPG 2 
GeO MgO Quartz    

OPG 3 Silicon  Germanium CsI CdTe   

OPG 4 Carbon 
Black 

Carbon 
Graphite 

Amorphous 
Carbon 

   

Aluminium Brass Gold Copper Silver Iron OPG 5 Nickel Indium Chromium    

 
Table 2. List of materials and OPG group to which they belong. 

List of Codes 
OCEM Obscurant Cloud Extinction Model. SVM modelling suite developed by authors 

based on codes by Bohren C.F. and Huffman D.R (Mie theory)., P.W. Barber and 
S.C. Hill  (Infinite Cylinder) and others. 

DDSCAT Discrete Dipole Approximation by Draine B.T. and Flatau P. J.. 
FDTD Finite Difference Time Domain by Taflove A.. 
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ABSTRACT 

 

The physics underlying the interaction of visible and infrared radiation with small particles has 
been well understood for many years, but the computation involved made investigation of all but 
the simplest, most symmetrical particles a lengthy and inconvenient task until the advent of 
modern fast computers. 

Under contract to UK MoD, a suite of programs suitable for a PC or UNIX platform has been 
constructed. The programs are based on various theoretical solutions of Maxwell’s equations of 
electromagnetism to calculate the scattering properties of small particles. They range from the 
exact analytical solution to Maxwell’s wave equation for the homogeneous sphere (Mie theory) 
to more recent, computationally intensive approximation methods such as the Finite Difference 
Time Domain Method 

The programs calculate scattering properties for particles of various materials, geometry and size 
including the single particle scattering cross sections, mass extinction coefficient and the 
scattering diagram. The aim of the research under the contract is to model the scattering and 
extinction properties of a wide range of particulate materials and identify any correlations 
between extinction performance and material type, geometry and size. To achieve this the optical 
properties (an input parameter required by the models) of many materials have been collated 
from the literature and grouped on the basis of similar behaviour. 

The research has identified such correlations, some of which are presented in this poster. The 
poster also presents details of the programs, and gives representative outputs of the scattering 
and extinction properties for a range of particles of potential interest as obscurants. 
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ABSTRACT 
 
Previous description has been given of potential advantages and challenges associated with the 
development of nano-energetic materials [1].  Such nanometric-scale energetic materials, as well 
as counterpart combustible metals, and reactive materials, are all of current research interest, for 
one reason, because surface-control of their decomposition properties provides for the possibility 
of orders of magnitude increase in energy release rates at ultrafine particle sizes [2].  Recent 
report of enhanced burn rate results for aluminum particle combustion [3] appears to substantiate 
the prediction. 
 
The surface energy property is of paramount importance at nanometric particle sizes, as 
evidenced by nano-particle processing difficulties with agglomeration.  Particle coating can 
alleviate the problem, especially relating to coating energetic materials with polymers that have 
relatively lower surface energies.  Otherwise, the added surface areas of smaller energetic 
particles provide for energy enhancement and this can be substantial, say, compared to heats of 
fusion among different materials.  At the smallest particle sizes, or at the level of atomic or 
molecular clusters, issues of strained bonds at the material surfaces and size-dependent surface or 
interfacial energies are to be considered [4].  The topic lends itself to molecular dynamics (MD) 
modeling as described for the simulated oxidation of aluminum nano-clusters [5]. 
 
Generally, more severe conditions of phase transformation or material deformation are required 
to produce smaller material particles and, consequently, added internal defects, say, point or line 
(dislocation) defects, might be expected to be contained within the particles.  For energetic 
materials, the large lattice-structure-determined Burgers vectors of dislocations provide internal 
strain energies that so outweigh the relative surface energies that hollow dislocation cores of nm 
dimensions are predicted to be energetically feasible, based on a pioneering model description, 
particularly, for vapor grown crystals [6]. 
 
The mechanical strength and fracturing behaviors of nanometric-scale material particles and 
structures are challenging areas of research so far as concerns a dearth of material testing 
methods and also prediction of size-dependent material deformation/decompo-sition properties.   
Extrapolations to nm crystal sizes of significantly increased drop-weight height measurements 
required for mechanical initiation of energetic crystals remain to be confirmed.  Recent atomic 
force microscopy (AFM) observations on RDX (cyclotrimethylenetrinitramine) crystals have 
indicated the presence of shock-generated nanoscale shear cracks with displacement vectors 
smaller than the length of individual molecules [7].   More recent AFM observations have 
included preliminary examination of nanoindentation deformations. 
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ABSTRACT  

The goal of this paper is to present new 
experimental and theoretical evidences of 
important role of clusters and nano-
aggregates in mechanism of aluminum 
droplets combustion. Emphasis is on 
synthesis of nano-composites in Al-
combustion, and on correlation between the 
combustion products morphology and 
characteristics of droplet and environment 
(droplet size, gas-mixture content and 
pressure).  

The paper presents some recent 
experimental and theoretical studies of 
aluminum droplets combustion in normal 
and low gravity oxidizing environment, 
carried out in ICP RAS. Certain attention is 
paid to combustion of Al-droplets under sub 
and super atmospheric pressures of CO2. Al-
combustion in carbon oxides is proposed as 
one of the promising ways for synthesis of 
the carbon containing nano-composites. 
Therefore main regularities of clusters' 
formation, morphology characteristics of 
carbon, aluminum and alumina clusters' 
aggregates, and their stability are studied 
experimentally and theoretically. The 
morphology characteristics were determined 
using optical and different types of electron 
microscopy (SEM, TEM) combined with X-
ray micro-diagnostics. The obtained data on 
atoms' distribution into the particles of Al-
combustion products prove first carbon 
accumulation in the surface layer. A 
molecular-dynamic model of this process is 
discussed. 

INTRODUCTION 
A distinguish feature of aluminum (as some 
other metals) combustion is formation of 
condensed products. Despite of great 
significance of this process for many 
applications (from ceramic to dust formation 
in cosmos) there is not any commonly 
accepted theoretical model of this process 
[1,2]. First, it is due to difficulties of 
experimental investigations associated with 
high gradients of temperature and 
concentrations around burning particle, that 
seriously restricts diagnostics of chemical 
reactions. Additional difficulties are 
associated with free and induced convection 
complicating the flow around burning 
particle. To overcome these problems, an 
advanced experimental technique has been 
used in this study. It allows one to determine 
the thermal structure of reaction zones and 
the products' morphology at various 
moments of particle's ignition, combustion 
and extinction.  

Metal combustion in carbon oxides is 
one of the promising ways for synthesis of 
the carbon nano-composites [3]. That is why 
the main purpose of this paper is to study 
aluminum combustion in carbon dioxide in 
normal and low-gravity conditions. 
Emphasis is on correlation between the 
combustion products morphology and gas 
pressure in combustion chamber. 

METHODS OF STUDY  
The experiments on combustion of quite 
large single particle (size from 0,4 up to 0,8 
mm) were conducted using installation with 
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dropping platform [4]. This setup provides 
decreasing of gravity level less than 0.01 g. 
Maximum duration of low gravity 
conditions is equal to 0.65 s that is enough 
to study all stages of combustion of 
relatively small particles and initial stage of 
the large particles combustion. The dropping 
platform is equipped for optical and thermal 
registration of droplet ignition and 
combustion. A high-pressure combustion- 
chamber and equipment for high-speed 
photo and cinema filming are placed on the 
platform. The chamber keeps pressure from 
0.1 at up to 80 at. The particle ignition is 
executed using the ruby laser. The 
combustion chamber has a net of micro-
thermocouples to record the temperature 
distribution around the burning particle 
during its slow drift through the net in low-
gravity conditions [4]. This low-gravity 
installation was used in this work to study 
ignition and subsequent combustion of 
single Al-particles in mixtures of 20% 
oxygen with 80% argon (or helium), and in 
100% CO2 under pressures from 0.5 at up to 
60 at.  

There are two main reasons to 
investigate the droplet combustion in low- or 
micro- gravity environment. First, the 
microgravity gives a unique opportunity to 
avoid non-regular disturbances introduced in 
the combustion process by free convection. 
Such conditions, assumed in many theories 
(see the review [1]), provide a correct 
comparison of theories with experimental 
data. Second, preliminary experiments of 
Al-combustion in oxygen mixtures [4] have 
shown that morphology of condensed phase 
(c-phase) of combustion products depends 
on gravity level as on other characteristics of 
oxidizing gas. 

Combustion of small-sized particles in 
normal gravity environment was studied 
using an original installation based on Al-
explosion under electric discharge [5]. This 
setup has longitudinal combustion chamber, 

which is able to keep gas pressure from 
vacuum to 150 at.  There is a special unit 
inside the chamber that provides short jet of 
Al-particles of different sizes. The particle 
size distribution depends on characteristics 
of the electric pulse.  

The effect of the droplet size, gas 
pressure, gravity level and other 
characteristics of environment on the c-
phase formation was tested by catching the 
burning particle on metallic plate (or special 
target) at different moments of combustion 
process. The products' morphology was 
investigated using scanning and 
transmission electron microscopy. The 
Philips microscopes SEM 515 and EM-
430ST (operated at 200 kV), as JEOL JSM-
5300LV have been used for this purpose. 
Qualitative and quantitative microanalysis of 
elements distribution in the condensed phase 
of products was carried out using the JSM-
5300LV integrated with X-ray Oxford 
detector. This method has allowed for the 
first time to obtain data on the elements 
distribution over small particles in products 
of Al-droplet combustion. The tunnel 
microscopy [6] was used in some 
experiments to analyze fine structure of the 
products. This method seems most 
perspective to analyze the atomic structure 
of clusters on the Al-surface.  

The theoretical methods of study 
included thermodynamic estimations of the 
product temperature and content [7], as 
analysis of thermo- and electro- phoresis 
phenomena [8] in a cluster transport during 
combustion process. These phenomena are 
taken into account by numerical simulation 
of carbon condensation on a burning particle 
surface, which was carried out using a 
modified method of molecular dynamics [9]. 

RESULTS AND DISCUSSION 
Al- Combustion in Oxygen Mixtures 
The ignition and combustion temperatures 
of particle do not significantly depend on the 
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gravity level. On the other hand, the 
temperature distribution around the burning 
particle is characterized by wide spatial 
scale in low-gravity environment (in 
contrast to the normal gravity). In addition, 
there are observed pulsations of the thermal 
radiation of particle during low gravity 
combustion. It is more expressed if gas 
pressure is higher than a critical one (5 at for 
20% O2+80% Ar).  

Clusters Aggregates in Combustion 
Products. Reduction of gravity level 
influences the morphology of combustion 
products. The electron microscopy shows 
that c-phase in low-gravity conditions 
consists of aggregates of spherical clusters 
(sizes from tens nanometer to 3 microns). 
These nano- and micro-particles form chains 
(length up to 10 microns), looking like fine 
fibers at low magnification. Altogether these 
chains form a longitudinal (snake-like) 
macro aggregate (length up to 1-2 cm). This 
structure is probably due to a drift of the 
burning Al-droplet through its own smoke 
cloud. The products of low-gravity 
combustion of single Al-droplet have 
peculiar clusters and longitudinal macro-
aggregates of nano- and micro- particles if 
gas pressure is high enough (>10 at for 20% 
O2+80%Ar). It is found a correlation of 
geometrical characteristics of clusters, 
chains, and aggregates with pressure of 
oxidizing gas. The mean size of spherical 
microparticles at 60 at (0.6-0.7 micron) is 
three times higher than that one at 20 at. The 
size distribution of microparticles is more 
uniform at 60 and 20 at than that one at 40 
at. 

The indicated space structures are not 
typically observed in normal-gravity 
conditions. In such a case the smoke 
sediment is uniformly distributed as separate 
particles or small aggregates (consisting of 
several particles) size from 100 nm up to 1-2 
microns. The contact surfaces in these 
aggregates are comparable with contacting 

particles. The linear aggregates are not 
observed. 

In all cases the investigated structures 
are quite stable against the long effect of 
electron beam of scanning microscope, 
which results, for example, to heating of 
tested sample. The chains of spherical 
clusters are strongly connected among them, 
in spite of the square of the clusters' contact 
is rather small, Fig. 1, in contrast with 
normal gravity conditions, Fig. 2. Some 
types of nano-particles are unstable under 
the beam of trans-illuminating electron 
microscope. The unstable nanoparticles have 
contained Al2O3 as a thin surface layer that 
indicates incompleteness of the Al-droplet 
combustion.  

The analysis of diffraction patterns 
and images taken by transmission electron 
microscopy indicates that spherical clusters 
may have crystallized or quasi-amorphous 
structure. The crystallized clusters by their 
nature correspond to aluminum oxide, but 
also to pure aluminum. Typical size of such 
crystals formed under 60 at of 20%O2+ 
80%Ar is equal to 200-300 nm. The quasi-
amorphous particles have skin-layer of 
Al2O3 with hexagonal lattice.  

It must be noted significant difference 
in behavior of crystal and amorphous 
clusters under electron beam in the TEM 
column. The crystal particles are quite stable 
against the long effect of electron beam of 
transmission microscope. In contrast with 
this, the image and diffraction patterns of 
quasi-amorphous particle are transformed 
under the electron beam.  

Al- Combustion in Carbon Dioxide 
It was expected that small Al-clusters 
formed in smoke of Al-combustion in CO2 
could be the centers of carbon nucleation 
and formation of carbon nano-composites 
[3]. This idea is confirmed by experiments 
presented in this paper.  
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Composite Aggregates in Combustion 
Products. The products of normal and low-
gravity combustion of Al in 100%CO2 
contain the main composite particle, Fig. 3, 
covered by carbonized layer (carbon skin). 
This particle is surrounded by the nano- and 
micro- clusters aggregates, Fig. 4. These 
aggregates are similar to the aluminum 
oxide aggregates (aerogel) determined in 
low gravity Al-combustion in the oxygen 
mixtures, Fig. 1. The main particle and some 
clusters are unstable: their morphology is 
transforming with time, during several days, 
in normal conditions (the air environment at 
room temperature), and much more quickly 
during the SEM-diagnostics. In some cases 
it looks like a particle explosion.  

In result of this transformation of Al-
combustion product there is variety of types 
and size-scales of composite particles and 
aggregates. Some of them are presented on 
Figs.6-9. Figs. 6-8 illustrate the structure 
and atomic content of different part of the 
composite particle of combustion products. 
Two aggregates presented on Fig.9 are 
results of the carbon skin transformation 
under the SEM beam. These composite 
aggregates are similar to the exfoliated 
(thermally expanded) graphite particle 
preliminarily intercalated by sub-oxides of 
Al. This type of aggregates was not 
observed under sub-atmospheric and low 
(P<5 at) pressures of CO2. 

CONCLUSIONS 
Experiments have determined peculiar 
clusters and macro-aggregates of nano- and 
micro- particles in products of Al-
combustion in oxidizing mixtures (O2/Ar, 
CO2) if gas pressure is high enough. Some 
nano-particles are unstable under the beam 
of trans-illuminating electron microscope. 
The unstable nano-particles have contained 
Al2O3 as a thin surface layer that indicated 
incompleteness of the Al-droplet 
combustion. The products of Al-combustion 

in CO2 contain the main (biggest) particle 
covered by carbon layer and the aggregates 
around it. The main particle and some 
aggregates are unstable: their morphology is 
transforming with time in the air 
environment and during the SEM-
diagnostics. In result there is variety of types 
and size-scales of aggregates depending on 
content and pressure of environment. Some 
of them are similar to the exfoliated 
(thermally expanded) graphite particle 
preliminarily intercalated by sub-oxides of 
Al. This type of aggregates is not observed 
under low pressure of CO2 (from sub-
atmospheric to 5 at). 

A treatment of obtained experimental 
data needs further development of Al 
combustion theory taking into account real 
droplet temperature and kinetics of 
heterogeneous and bulk reactions, thermo- 
and electro- phoretic transport of c-phase 
clusters, as carbon accumulation on the 
burning particle surface.  
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Fig. 1. The chains of clusters in the cloud of 
low gravity combustion. P=60 at, O2+Ar. 

Fig. 2. The clusters in the smoke of normal 
gravity combustion. P=60 at, O2+Ar. 

 
 
 

 
Fig. 3. The composite product of Al-combustion 

in 100% CO2. P=20 at. 

 
Fig. 4. Clusters aggregate in the cloud of 
Al-combustion in 100% CO2, P=20 at. 
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Fig. 5. Atomic content of the surface layer in the composite particle of combustion product. 

 
 
 

 
 
Fig. 6. A piece of the composite particle (see Fig. 3) in product of Al-combustion in 100% CO2 
under pressure of 40 at (after self-destruction in normal conditions). 
 
Fig. 7. Internal part of the composite particle (see Fig. 3) in product of Al-combustion in 100% 
CO2 under pressure of 40 at (after self-destruction in normal conditions). 
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Fig. 8. A separated piece of the carbon skin of composite particle and its atomic content. 
 
 

 
 

Fig. 9. Samples of exfoliated pieces of the carbon skin of composite particle, 100% CO2, P=20at. 
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ABSTRACT 
 

The use of charcoal briquets for the preparation of meats and other foods in an out�of�
doors setting is an activity that has gained popularity worldwide.  The present investigation was 
concerned with the collection of scientific data on the combustion of briquets during the cooking 
process.  A so�called covered cooking kettle served as the type of grill for this work.  The 
experimental data in this manuscript included measurement of (1) the weight fractions of 
volatiles and ash in the briquets, (2) the total amount of briquets consumed as a function of the 
total combustion duration, and (3) the temperature inside the kettle as a function of time. 

Three brands of briquets were evaluated, all of which performed exceptionally with 
respect to their intended purpose, i.e., the cooking of food.  The weight fractions of volatiles 
were in the range 0.34 to 0.55.  The ash contents covered a range of about 0.26 to 0.34, which 
was an order of magnitude higher than that quoted in the literature for charcoal.  These data will 
serve as input to reaction kinetics correlations in two subsequent manuscripts in this series. 
 
 

INTRODUCTION 
 

The combustion of wood and other fuels for the outdoor preparation of foods is a 
phenomenon that dates back many millennia to the dawn of civilization.  For the major 
percentage of this long period, such activity was a necessity because completely�equipped 
kitchens with a stove, cooking utensils, bowls, and dishes simply did not exist.  In our era we 
have all of these modern conveniences, and so the question arises as to why we prefer to prepare 
some of our foods, at least, out of doors.  The answer is twofold: 

(1) There exists happy conversation and a relaxed atmosphere around the �grill�, and so 
outdoor cooking tends to be more fun. 

(2) Preparing the foods over glowing charcoal or smoldering hardwoods imparts a 
distinctive flavor that cannot be duplicated by conventional indoor cooking. 

The objective of our investigation was to obtain scientific data on the combustion of 
commercially�available charcoal �briquets� that we utilized to prepare foods outdoors. Thus, the 
reader of this report must realize that the main purpose of our experiments was in conjunction 
with the two points stressed above.  In other words, the collection of scientific data was 
secondary to our main purpose.  How this is so and its effect on the data will become clearer in 
later portions of our report. 

For purposes of making a presentation at this Seminar, we have divided our report into 
three parts.  This manuscript comprises Part I, and discusses the history and development of 
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charcoal briquets, the experimental procedures, and the data that we recorded.  Part II, in the next 
manuscript, discusses the chemical reaction kinetics of the combustion and the derivation of 
appropriate mathematical relationships.  Part III, in the final manuscript, attempts to correlate the 
experimental data in terms of these reaction kinetics equations. 

 
BACKGROUND 

 
Early History 

The pyrotechnics community has had a deep interest in the subject of charcoal because it 
is one of three major constituents of �Black Powder�, the other two being sulfur and saltpeter 
(potassium nitrate).  The Blasters� Handbook (1980) provides a brief chronology of the 
development of Black Powder.  The formula was written by Friar Roger Bacon in 1242, which is 
the earliest definitive year on record.  However, two other Thirteenth Century writings include 
(1) that of Abd Allah, who first mentioned saltpeter, and (2) that in the Chinese Annals of the 
Sung Dynasty, which includes a description of �Roman Candles�.  For a number of centuries 
thereafter, Black Powder was the sole general purpose energetic material, serving as an igniter, 
propelling charge, bursting charge, and blasting agent. 

The above discussion implies that charcoal in the modern understanding of the term was 
known in the Thirteenth Century.  Charcoal is produced by the carbonization of wood in the 
absence of air.  Shreve and Brink, Jr. (1977) state that the origin of this technology dates back to 
antiquity.  The ancient Egyptians had a process for distillation of wood, from which they 
recovered not only charcoal but also wood tar and pyroligneous acid, the latter of which served 
as an embalming fluid. 

In this context then, it is not surprising that there are at least two biblical references to 
charcoal (New American Bible, 1971).  Both of these occur in John�s Gospel: the first in Chapter 
18, Verse 18, wherein Peter, servants, and guards were standing around a charcoal fire to warm 
themselves by; and the second in Chapter 21, Verses 8�9, wherein the Disciples of Jesus 
observed a charcoal fire with a fish and some bread laid over it. 

Rose (1981) reviewed the early methods of charcoal manufacture and the role of charcoal 
type on the combustion of Black Powder.  The paper by von Maltitz (2001) discusses the present 
knowledge of Black Powder chemistry.  Both authors quote the work of Violette (1848), who 
showed that higher carbonization temperatures resulted in smaller yields but increased carbon 
contents.  The ignition temperature of the charcoal was directly related to the carbonization 
temperature. 

 

The Effect of Type of Wood 
Wilson (1999) evaluated the role of differing charcoal types on the performance of Black 

Powder lift charges.  He utilized a retort method to prepare the charcoal samples; the major 
parameter in his investigation was the type of wood, including Birch, Buckthorn, Maple, Rose, 
and Willow.  Lift charges formulated from Birch� and Willow�based charcoals exhibited 
superior performance in terms of peak pressure generated by the charge and initial velocity 
imparted to the projectile. 
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This brings us to the subject of outdoor cooking.  Long before the development of 
charcoal, wood was the primary fuel for the outdoor preparation of foods.  Even to this day, 
campers who do not have a supply of charcoal at their site rely on wood.  Betty Crocker’s New 
Outdoor Cookbook (1973) specifies the types of wood that serve best for this purpose.  
Hardwoods such as Ash, fruitwoods, Hickory, Maple, and Oak produce long�burning embers 
and give off an even heat.  Softwoods such as Pine and Spruce are best for kindling; they burn 
away too quickly to produce an evenly�glowing bed. 

 

Charcoal Briquets 
Henry Ford, who pioneered the use of mass�production techniques in the building of the 

automobile that bears his name, gets credit for the invention of charcoal briquets as we know 
them today.  This history is briefly documented on the label of �Kingsford� Charcoal, one of the 
brands that we evaluated in the current investigation.  In the 1920's, hardwood scraps from the 
production of the Model T Ford were accumulating at a very high rate.  Mr.  Ford learned of a 
process for converting these scraps into charcoal briquets, and subsequently built a charcoal plant 
at a site selected by his relative, E.  G.  Kingsford.  Later, Ford Charcoal was renamed 
�Kingsford Charcoal Briquets�. 

Today, a number of charcoal briquets are available in retail stores such as supermarkets 
and home centers.  The processes for manufacturing the briquets are largely proprietary with 
each manufacturer, but in general selected hardwoods such as those mentioned above are 
utilized.  The briquets are formulated for relatively rapid ignition and uniform burning.  Some 
type of polymeric material is included in the formulation to maintain the integrity of each 
briquet, which resembles an oblate spheroid in shape.  The exact dimensions vary with each 
manufacturer, but in general each briquet has a major and minor axis of about 45 mm and 28 
mm, respectively.  Additional data on these dimensions will be provided later in this manuscript. 

 

EXPERIMENTAL DETAILS 
 

Type of Grill Utilized 
The term �grill� refers to the piece of equipment which houses the charcoal and on which 

or in which foods are prepared.  Betty Crocker’s New Outdoor Cookbook (1973) discusses the 
various grills that are available for purchase.  These include Folding Grills, Hibachis, Bucket 
Grills, Braziers, Cooking Wagons, Cooking Kettles, Gas Grills, and Stationary Fireplaces.  These 
vary in size and degree of mobility, and the ultimate selection by the individual chef is dictated 
by the type, frequency, and location of the outdoor cooking activity. 

For this investigation, we utilized the Weber Cooking Kettle, Series No.  6100*.  This 
grill consists of a bowl and lid each fabricated from enameled cast steel, and is designed for what 
is termed �covered cooking�.  This means that the lid is on the bowl at all times during the 
cooking process, except for those brief periods when the food has to be turned over or basted.  
Figure 1 provides an overall photograph of the kettle. 

                                                 
* Weber�Stephen Products Company, Palatine, Illinois   60067   USA. 
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The bowl portion contains the charcoal and the food, and resembles a hemisphere in 
hape; the depth of the bowl is about 300 mm.  The lid, on the other hand, resembles a semi�
blate spheroid with a height of about 145 mm at the center.  With the lid emplaced on the bowl, 
he total internal volume of the kettle is about 0.073 m3. 

Of critical importance to the proper combustion of the charcoal are the inlet dampers in 
he bottom of the bowl, and the outlet vents in the top of the lid.  The former permit continuous 
ntry of fresh air, and the latter allow escape of combustion products and smoke (if it is present).  
hese ports are adjustable, and at full opening the total cross�sectional areas are as follows: 

Inlet dampers:   2350 mm2 

Outlet vents:     1550 mm2 

ome outdoor chefs partially close the dampers to regulate heat intensity; however, in our 
nvestigation we always maintained these at the fully�opened position. 

There are two grates in the Weber kettles, viz., the charcoal grate and the cooking grate, 
hich as the names imply are the grates which respectively hold the charcoal and the food.  The 

harcoal grate is about 120 mm from the bottom of the bowl, and the cooking grate is about 130 
m above the charcoal grate.  The positions of these grates are not adjustable. 

 

ethods of Cooking 
Two distinctly different cooking methods are available, and we have termed these the 

Primary Method� and the �Alternative Method�.  The Primary Method entails cooking of the 
ood directly above the charcoal, and is applicable for the preparation of steaks, chops, and 
oultry parts.  Thus, for this method the briquets are spread across the entire area of the charcoal 
rate, as shown in Figure 2. 

For the Alternative Method, the food is placed directly above a �drip pan� which rests in 
he center of the charcoal grate.  The briquets are piled equally on each side of the drip pan, and 
he food is positioned above the drip pan.  This method is generally utilized for the cooking of 
hole meats such as roasts, chickens, and hams.  Figure 3 provides a photograph of the set�up of 

he kettle for the Alternative Method. 

Figure 1.  Photograph of the 
Assembled Weber Cooking Kettle. 
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Methods of Charcoal Ignition 
The two generally�utilized means for igniting the charcoal are the �electric starter� and 

the �lighter fluid�.  Either of these is applicable to either of the two cooking methods discussed 
previously.  However, our preference was to use the electric starter in conjunction with the 
Primary Method, and the lighter fluid for the Alternative Method. 

The electric starter consists of a 500�W heating element encased in a ceramic�lined 
copper tube, and in the United States requires a 120�V, 60�Hz alternating current power source.  
The charcoal briquets are pyramided under and over the heating element, which we leave in the 
briquets for about 15 min.  We then remove the starter, and restack the briquets until they are 
completely ignited, generally for an additional 15�20 min.  We are then ready to commence the 
cooking and begin our experiment.  Figure 4 provides a photograph of the electric starter in use. 

 

Figure 2. Photograph of the placement of 
the charcoal briquets for the Primary 
Cooking Method. 

Figure 3. Photograph of the placement of 
the charcoal briquets for the Alternative 
Method. 

Figure 4.  Photograph of 
the Electric Starter 
embedded in the Charcoal 
Briquets. 
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When using the lighter fluid, the briquets are assembled into identical piles on either side 
of the drip pan.  The lighter fluid is a petroleum distillate of low to moderate volatility.  We 
generally squirt about 250 ml of fluid from its container directly onto the briquets, which of 
course readily adsorb the fluid.  We then ignite the system with standard matches, and initially 
fire appears and persists for about 10 min.  The briquets then require an additional 15 min for 
complete ignition to be achieved. 

Some manufacturers offer briquets that require only standard matches for ignition, 
without the use of either an electric starter or the lighter fluid.  As an example, Dunham et al.  
(1978) impregnated charcoal briquets with slack wax to obtain the self�igniting feature.  In our 
investigation, however, we did not utilize these type of briquets. 

The briquets are ready for use when a grey ash forms over the entire surface.  In this 
context, it is important to note that the combustion of charcoal briquets occurs in a flameless 
mode best described as a �smoldering�, which Karim Moallemi et al.  (1993) define as a self�
sustaining oxidation of the solid in air.  The combustion thus appears to be a surface 
phenomenon, such that reaction in a �shrinking core� deserves consideration as one of the 
possible kinetic models.  We will discuss this fully in Parts II and III. 

Perry and Green (1984) report the heating value of charcoal to be 28�30 MJ/kg, which is 
in the same range as coal.  Lucio (1982) devised aa method for evaluating the heating value of 
charcoal on the basis of the proximate analysis; the application of this method showed the effect 
of humidity on the combustion. 

 

Procedures 
The following provides a step�by�step discussion of the procedures that we utilized and 

the data that we recorded in order to conduct our experiments.  In all cases, these tests were 
performed in conjunction with the outdoor preparation of food for our subsequent dining 
pleasure. 

(1) A given number of charcoal briquets were counted out, and the total weight of these 
briquets was recorded.  The selection of the number of briquets was in a large way 
dictated by our experience for particular type of food that was to be prepared and the 
cooking method that was to be utilized. 

(2) The time of the start of the ignition process was recorded. 

(3) When the briquets were fully ignited, we spread them uniformly over the charcoal grate 
(if the Primary Method was the cooking mode) ; for the Alternative Method, of course, 
this was not required.  We then emplaced the lid on the kettle and noted the time, which 
has the symbol to.  This marked the beginning of the attempted reaction kinetics 
correlations that will be discussed fully in Parts II and III of this report. 

(4) At this point, we utilized the grill for the preparation of our food. 

(5) During the course of the food preparation and the experiment, we monitored the 
temperature of the air space inside the kettle by means of a Platinum Pt101IR Immersion 
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Probe utilized in conjunction with a Solomat MPM500e Modular Instrument*. 

(6) After the food had been removed from the kettle, we closed the inlet dampers and outlet 
vents, and recorded the time, denoted by the symbol tf.  This marked the conclusion of 
the experiment and the termination of the reaction kinetics correlation.** 

(7) After the kettle had fully cooled down to ambient temperature, the remaining 
uncombusted portions of the briquets were gathered together and weighed. This permitted 
computation of the final weight fraction of charcoal that had been consumed in the 
process, denoted by the symbol xcf. 

(8) At the start of the experiment, climatological data including the ambient temperature Ta, 
the ambient pressure Pa, and the relative humidity were recorded.  The temperature and 
the pressure provided input for the ideal�gas�law calculation of the ambient oxygen 
concentration, which was needed for the reaction kinetics correlations. 

For each brand of charcoal briquets evaluated, two additional tests were conducted, 
independently of those tests which were tied in with the preparation of foods. 

(1) A weighed quantity of briquets was ignited by means of the electric starter.  When 
ignition was complete (after about 30�45 min depending on the brand of briquets), the lid was 
placed on the kettle, and the inlet dampers and outlet vents were shut.  This effectively 
terminated combustion before a significant quantity of ash had formed.  When cool, the 
remaining quantity of briquets was weighed, and the weight fraction of charcoal consumed was 
calculated.  This was the weight fraction at complete ignition, or as we will illustrate later the 
weight fraction of volatile components in the briquets, denoted by the symbol xv. 

(2) A weighed quantity of briquets was ignited as above.  The lid was placed on the 
kettle, but the inlet dampers and outlet vents were deliberately left open.  The briquets were 
allowed to combust completely to the point that only grey ash remained.  The weight of this ash 
was recorded, from which we calculated the fraction of noncombustible ash in the briquets.  This 
weight fraction has the symbol xa. 

These fractions play an important role in the reaction kinetics correlations, as we will 
discuss in Parts II and III of our report. 

 

Brands of Briquets Evaluated 
This investigation concerned itself with the evaluation of three specific brands of 

charcoal briquets, viz.: 

(1) �Kingsford�, manufactured by the Kingsford Manufacturing Company, Oakland, 
California   94612   USA. 

(2) �Lady Lee�, distributed by the Milan Distributing Company, Milan, Illinois   
61264   USA. 
                                                 
* Solomat Instrument Division, Stamford, Connecticut   06090   USA. 
** In some experiments, the dampers and vents were left open for a rather long time after food 
had been removed, in order to obtain extended data for the reaction correlations in Parts II and 
III. 
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(3) �Save�On�Osco�, distributed by the American Procurement and Logistics 
Company, Salt Lake City, Utah   82147   USA.  In the balance of this report, we will refer to this 
brand as �Osco�. 

The �Kingsford� and �Osco� brands are available nationally in the United States, while 
the �Lady Lee� is available in the Chicago, Illinois area. 

The data in this manuscript and in Parts II and III will show that the three brands 
exhibited both similarities and differences in their combustion and reaction kinetics behaviors.  
However, their main purpose was to cook our food, and in this regard all three brands performed 
magnificently.  In retrospect, it would be difficult to decide which one was the best, second best, 
or third best in this regard. 

 

Experimental Conditions 
In our investigation, we conducted totals of 28 experiments involving the Primary 

Method and 11 experiments involving the Alternative Method.  In addition, there were tests to 
determine the volatile and ash contents of the charcoal briquets.  All of these tests were 
conducted intermittently in the period August 2000 through September 2001.  Tables 1a, 1b, and 
1c summarize the appropriate experimental conditions for the three brands. 

 

Table 1a.   Experimental Conditions for “Lady Lee” Charcoal Briquets 
Test Cooking Initial Weight Number of Climatological Data 
No. Method of Briquets (kg) Briquets Temp.  (°C) Pressure (MPa) 

      
PM�1  Primary 3.195 69 27.6 0.10164 
PM�2  2.929 67 26.9 0.10185 
PM�3  1.875 42 26.8 0.10181 
PM�4  3.151 71 30.2 0.10093 
PM�5  1.746 40 25.2 0.10144 
PM�6  2.829 60 13.9 0.10147 
PM�7  3.052 70 7.7 0.10278 
PM�8  3.222 72 18.8 0.10242 
PM�9  3.154 72 �1.9 0.10257 
PM�32  3.226 72 30.5 0.10516 
      
AM�1 Altern. 3.738 86 30.7 0.10110 
AM�2  3.084 70 19.3 0.10526 
AM�3  3.486 80 �0.6 0.10149 
AM�12  2.698 60 29.0 0.10516 

Note:  The individual relative humidities covered a range 31�87%. 
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Table 1b.   Experimental Conditions for “Osco” Charcoal Briquets 
Test Cooking Initial Weight Number of Climatological Data 
No. Method Of Briquets (kg) Briquets Temp.  (°C) Pressure (MPa) 

      
PM�10 Primary 2.319 82 -1.9 0.10186 
PM�11  2.382 84 -1.0 0.10227 
PM�12  2.486 87 3.6 0.10227 
PM�13  2.443 83 1.2 0.10149 
PM�14  2.483 84 9.4 0.10242 
PM�17  2.601 92 14.4 0.10188 
PM�18  2.128 77 19.0 0.10208 
PM�19  2.171 75 32.1 0.10009 
AM�5 Altern. 2.812 99 8.1 0.10112 
AM�6  2.298 80 19.7 0.10222 
AM�7  2.309 80 22.9 0.10090 

Note:  The individual relative humidities covered a range 27�72%. 

 

Table 1c.   Experimental Conditions for “Kingsford” Charcoal Briquets 

Test Cooking Initial Weight Number of Climatological Data 
No. Method Of Briquets (kg) Briquets Temp.  (°C) Pressure (MPa) 

      
PM�22 Primary 1.788 63 34.8 0.10073 
PM�23  1.957 70 21.3 0.10174 
PM�24  2.290 81 31.5 0.10114 
PM�25  2.103 75 27.2 0.10134 
PM�26  2.125 75 33.9 0.10114 
PM�27  2.165 80 24.5 0.10208 
PM�28  1.757 63 33.2 0.10171 
PM�29  2.279 81 27.3 0.10154 
PM�30  2.247 80 25.1 0.10134 
PM�31  2.235 80 32.2 0.10100 
AM�8 Altern. 2.214 80 35.3 0.10124 
AM�9  2.732 100 33.7 0.09749 
AM�10  2.208 80 24.3 0.10181 
AM�11  2.220 80 31.0 0.10137 

Note:  The individual relative humidities covered a range 47�72%. 
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The only variable over which we had control was the number, and hence the weight of 
the briquets.  The primary consideration in making this selection was a �judgment call� 
concerning the type of food that was being prepared, based on our previous experience.  With 
respect to the climatological data, we never utilized the charcoal grill on rainy days.  Since all of 
our grilling involved �covered cooking�, the wind was usually not a factor affecting either our 
cooking or scientific results.  One experiment, however, was conducted on a day wherein the 
wind gusts were as high as 50 km/hr; this did have a pronounced effect on our data, and we will 
highlight this result at the appropriate places in our report. 

 

EXPERIMENTAL RESULTS 

Physical Properties and Ignition Characteristics 
Table 2 summarizes the measured physical properties of the three brands of charcoal 

briquets.  The data on density � measured by means of the water displacement method � show 
that the �Lady Lee� and �Osco� briquets were less dense than water, but that the �Kingsford� 
briquets slightly exceeded the density of water.  These variations in density, along with 
variations in dimensions and surface area, are minor differences and had very little, if any, effect 
on the combustion of the briquets as we utilized them. 

Perry and Green (1984) briefly discuss the properties of wood charcoal.  They state that it 
readily adsorbs moisture, such that the water content can be as much as 10�15 percent by weight.  
McLain (1980) also discusses charcoal adsorptivity, and its ability to readily adsorb sulfur 
dioxide is particularly important to the reactivity of charcoal in Black Powder.  Other gases 
readily adsorbed by charcoal include ammonia, nitrous oxide, acetylene, carbon dioxide, and 
ethylene.  Thus, the ability to adsorb water vapor and other gases accounts for the large fraction 
of volatiles that we report for the briquets in Table 2. 

 

Table 2.   Physical Properties of Charcoal Briquets 
Property �Lady Lee� �Osco� �Kingsford� 

ρc, Density (kg/m3) 956 890 1034 
Number of Briquets 

per kilogram 
23 35 36 

Minor Axis (mm) 30.6 27.9 24.4 
Major Axis (mm) 53.9 46.9 45.9 
External Specific 

Surface Area (m2/kg)
0.149 0.180 0.168 

xv, Weight Fraction 
of Volatiles 

0.4171 0.5485 0.3389 

xa, Weight Fraction 
of Ash 

0.2588 0.2809 0.3379 

Note:   The briquets resembled oblate spheroids in shape. 
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Notice that the fraction of volatiles in the �Osco� brand is significantly higher than for 
the other two brands.  The possible consequence of this will be discussed in the next Subsection. 

The magnitude of the amount of ash in the briquets was really surprising to us, 
considering that Perry and Green specify the ash content in charcoal to be about 2�3 percent.  At 
present, we do not know enough about the manufacture of charcoal briquets to explain their 
relatively high percentage of ash. 

Table 3 summarizes data on the ignition of the briquets by the two principal methods.  
The data show the following trends: 

(1) Ignition by the lighter fluid is appreciably faster than ignition by the electric starter, 
when implemented according to the procedures that we discussed previously. 

(2) Ignition time was noticeably longer for the �Lady Lee� brand when the electric 
starter was used.  This perhaps can be attributed to the lower specific surface area 
of this brand. 

(3) The ambient temperature does not exert a major influence on the time durations, 
as judged by the relatively low magnitude of the standard deviations in 
comparison with the magnitude of the averages. 

 
Table 3.   Time Durations for Complete Ignition of the Charcoal Briquets 

Briquet Electric Starter Method Lighter Fluid Method 
Brand Time (min) Amb. Temp. Range Time (min) Amb. Temp. Range 

     
Lady Lee 46 ± 5 �2 to 31°C 31 ± 1 �1 to 31°C 
Osco 32 ± 6 �1 to 32°C 25 ± 3 8 to 23°C 
Kingsford 33 ± 2 21 to 35°C 22 ± 2 24 to 35°C 

Note:  Each time duration is quoted as the average  ±  the standard deviation. 

 
Initial Kettle Internal Temperature 

In our investigation, this was the internal temperature of the air space above the cooking 
grate after complete ignition had been achieved, and generally 10�15 min after the lid had been 
emplaced on the kettle.  The data for the three brands of briquets are respectively summarized in 
Tables 4a through 4c.  We have reported each temperature as the temperature rise with respect to 
the ambient temperature, in order to subtract the effect of differing ambient temperatures from 
the data. 

Since the combustion of the briquets occurs as a surface phenomenon (as we have 
previously discussed), it seemed reasonable that the initial internal temperature rise would be a 
function of the total available briquet surface area, which was calculated from the briquet 
dimensions and weight, under the assumption that the briquet resembled an oblate in shape.  
However, the data show that no such correlation of temperature with surface area exists. 

(1) The internal temperatures exhibit a rather small overall range in comparison to the range 
in surface areas. 
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(2) Some of the tests involving the Alternative Method actually employed more briquets than 
used for the Primary Method.  Yet the temperatures in the former were lower than for the latter.  
A possible explanation is that the actual available briquette surface area in the Alternative 
Method is less than calculated, because the briquets remain in piles during the food preparation 
and scientific experiment. 

(3) At comparable surface areas, the internal temperatures produced by the �Osco� briquets 
were as much as 75°C higher than for the other two brands.  However, we had previously 
measured a higher fraction of  volatiles for the �Osco� brand.  Conceivably, when these 
components volatilized during the ignition process , a greater internal surface area resulted, 
which in turn enhanced the reactivity in comparison to that of the other two brands.  This 
improved reactivity manifested itself in the form of higher temperatures. 

 

Table 4a.   Initial Kettle Internal Temperature Rise 
achieved by “Lady Lee” Charcoal Briquets 

 
Test Cooking Total Briquet Ti–Ta, Initial Kettle 
No. Method Surface Area (m2) Int.  Temp.  (°C) 

    
PM�1 Primary 0.471 260 
PM�2  0.440 244 
PM�3  0.280 246 
PM�4  0.471 291 
PM�5  0.263 242 
PM�6  0.415 264 
PM�7  0.459 271 
PM�8  0.480 299 
PM�9  0.474 325 
PM�32  0.481 283 
    
AM�1 Altern. 0.563 255 
AM�2  0.462 274 
AM�3  0.524 290 
AM�12  0.402 235 
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Table 4b.   Initial Kettle Internal Temperature Rise 
achieved by “Osco” Charcoal Briquets 

Test Cooking Total Briquet Ti–Ta, Initial Kettle 
No. Method Surface Area (m2) Int.  Temp.  (°C) 

    
PM�10 Primary 0.419 294 
PM�11  0.430 310 
PM�12  0.447 310 
PM�13  0.435 324 
PM�14  0.442 327 
PM�17  0.470 307 
PM�18  0.387 294 
PM�19  0.389 296 
    
AM�5 Altern. 0.507 271 
AM�6  0.413 270 
AM�7  0.414 251 
Note:   The tabulated temperature rises are with respect to the recorded ambient temperature Ta 

at the time of each experiment. 

 
Table 4c.  Initial Kettle Internal Temperature Rise 

achieved by “Kingsford” Charcoal Briquets 
Test Cooking Total Briquet Ti–Ta, Initial Kettle 
No. Method Surface Area (m2) Int.  Temp.  (°C) 

    
PM�22 Primary 0.299 239 
PM�23  0.329 266 
PM�24  0.384 275 
PM�25  0.353 248 
PM�26  0.356 256 
PM�27  0.386 268 
PM�28  0.296 252 
PM�29  0.382 259 
PM�30  0.377 253 
PM�31  0.376 248 
    
AM�8 Altern. 0.374 253 
AM�9  0.463 282 
AM�10  0.373 240 
AM�11  0.374 244 
Note:  The tabulated temperature rises are with respect to the recorded ambient temperature Ta at 

the time of each experiment. 
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Kettle Internal Temperatures at Later Times 
We have previously stressed that the primary purpose of our work was to prepare our 

food.  This necessitated that the lid of the kettle be removed after the initial peak temperature had 
been achieved.  After the food had been placed on the cooking grate, the lid was once again 
positioned on the kettle.  However, as one would expect, these procedures resulted in a rather 
severe temperature drop, and the temperature did not recover to its initial value. 

To illustrate what typically happens, we have plotted the temperature�time histories of 
two experiments in Figure 5. 

We selected these particular tests because (1) they provide a comparison of both cooking 
methods, (2) the amounts of charcoal briquets were about the same, (3) the foods were removed 
at about the same time, and (4) the temperatures were recorded for a considerably longer time 
following removal of the foods.  We see that initially the temperature for Test No.  PM�29 (the 
Primary Method) was higher.  But after about 15 min, and for the duration of the experiment, the 
temperature for Test No.  AM�11 (the Alternative Method) maintained a higher value.  The 
reason for this difference is that the Primary Method involves cooking of the food directly over 
the briquets, and thus the lid must be removed periodically (about every 5 min) so that the food 
can be turned over.  For the Alternative Method, on the other hand, this is not necessary, because 
the food is prepared over a drip pan; consequently, the lid can remain in place during the entire 
cooking process.  The bottom line is that the drop in temperature for this latter method is not as 
severe. 

 
Figure 5. Kettle internal temperature versus time for the two Cooking Methods, utilizing 

�Kingsford� charcoal briquets. 
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Figure 6 depicts the internal temperature histories for two tests involving the Alternative 
Method, wherein significantly different amounts of charcoal briquets were utilized.  Here, we 
again see the initial drop in temperature for both tests.  But for the test employing the larger 
amount of charcoal, the temperature was initially higher and maintained a higher value for the 
entire period.  This observation was in agreement with what one would intuitively expect. 

 

Overall Combustion Performance 
Tables 5a through 5c respectively summarize data on the overall combustion for the three 

brands of briquets in terms of total weight fraction consumed as a function of the total 
combustion duration.  This is the time from the start of the ignition process to the termination of 
the experiment (represented by the closing of the inlet dampers and the outlet vents).  The data 
for the �Lady Lee� and �Osco� brands have been plotted in Figure 7; the correlation of the 
�Kingsford� data essentially agrees with that of the �Lady Lee�. 

 
Figure 6. Comparison of the kettle internal temperature versus time for two different amounts 

of �Kingsford� charcoal briquets, relative to the Alternative Cooking Method. 
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When we began this investigation, we intuitively expected that a curve representing the 
various points would pass through the origin (zero consumption at zero time).  But such is not 
the case.  At the earliest times, before appreciable combustion of the briquets has occurred or ash 
has formed, a disproportionately high weight fraction consumed is apparent.  We have 
designated this point as xv, and attribute this to the volatile components that are driven off during 
the ignition process.  The slope of a curve from the origin to the point xv is steeper than the slope 
of a curve joining xv and passing through the other points at later times.  We have discussed the 

 
Figure 7.  Total weight fraction of the briquets consumed versus total combustion 

duration, for two brands of briquets. 
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role of the volatiles previously and have reported this property in Table 2. 

 
Table 5a.   Combustion Performance of “Lady Lee” Charcoal Briquets 

Test Cooking tf, Total Combustion xcf,   Total Weight 
No. Method Duration (min) Fraction Consumed 

    
PM�5i  45   0.4171* 
    
PM�1 Primary 91 0.5822 
PM�2  110 0.7211 
PM�3  108 0.7723 
PM�4  90 0.6325 
PM�5  132 0.8299 
PM�6  112 0.7593 
PM�7  116 0.7995 
PM�8  87 0.6325 
PM�9  149 0.8437 
PM�32  170 0.8425 
    
AM�1 Altern. 74 0.5449 
AM�2  104 0.6667 
AM�3  183 0.9742 
AM�12  150 0.8095 
* This value is the weight fraction of volatiles xv. 
 

Table 5b.  Combustion Performance of “Osco” Charcoal Briquets 
Test Cooking tf, Total Combustion xcf,   Total Weight 
No. Method Duration (min) Fraction Consumed 

    
PM�10i  35   0.5485* 
    
PM�10 Primary 84 0.7736 
PM�11  96 0.8308 
PM�12  121 0.8648 
PM�13  105     0.9271** 
PM�14  105 0.7845 
PM�17  117 0.8266 
PM�18  90 0.7871 
PM�19  87 0.7038 
    
AM�5 Altern. 165 0.9371 
AM�6  159 0.9360 
AM�7  95 0.8068 
*This value is the weight fraction of volatiles xv. 
**During Test No.  PM�13, the wind gusts were as high as 50 km/hr 
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Table 5c.   Combustion Performance of “Kingsford” Charcoal Briquets 
Test Cooking tf, Total Combustion xcf,   Total Weight 
No. Method Duration (min) Fraction Consumed 

    
PM�20i  34   0.3389* 
    
PM�22 Primary 116 0.8507 
PM�23  95 0.6811 
PM�24  77 0.6362 
PM�25  102 0.6995 
PM�26  130 0.7666 
PM�27  151 0.7778 
PM�28  119 0.7547 
PM�29  170 0.8280 
PM�30  62 0.5145 
PM�31  140 0.7123 
AM�8 Altern. 67 0.6784 
AM�9  134 0.7914 
AM�10  95 0.6880 
AM�11  180 0.8892 
*This value is the weight fraction of volatiles xv. 

 
Thus, the consumption of the charcoal briquets as utilized in outdoor cooking occurs in two 
stages.  The first is the loss of the volatile components in the early time until complete ignition 
has been achieved.  The second stage is the combustion of the briquets following complete 
ignition until the time at which the ports on the kettle are closed; this of course terminates 
combustion. 
 

CONCLUSIONS 
This manuscript serves as Part I of the report on our investigation of the combustion of 

charcoal briquets.  There were two main objectives in this work.  The first was to utilize 
commercially�available charcoal briquets for the preparation of foods in an out�of�doors setting.  
The second was to obtain scientific data on the combustion of these briquets during the cooking 
process. 

The combustion of the briquets occurred in a covered�kettle type of grill having an 
internal volume of about 0.079 m3.  Two modes of cooking were utilized: (1) a Primary Method 
in which the food was directly above the briquets, and (2) an Alternative Method in which the 
food was above a drip pan with the briquets in two piles on either side of the pan.  Experimental 
measurements included the initial weight of the briquets, the final weight of the remaining 
briquets as a function of the total combustion duration, and the temperature of the air space 
inside the kettle.  Our investigation included evaluation of three brands of briquets.  In the 
introductory portions of this manuscript we reviewed the history of charcoal and the 
development of briquets. 
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Our report does not include any data regarding the preparation of food.  Nevertheless, we 
can state the first and foremost conclusion.  All three brands of briquets very adequately satisfied 
the initial objective of our investigation, i.e., all of our foods were properly cooked according to 
our requirements.  It was impossible to decide which brand was premier in this regard. 

With regard to the second objective for the collection of scientific data on the combustion 
of briquets, we made the following observations: 

(1) There was a significant amount of volatile material (its chemical composition was 
unknown) driven off during the ignition process.  The weight fraction of volatiles for the three 
brands covered a range of 0.3389 to 0.5485. 

(2) Separate experiments were conducted to measure the amount of uncombustible ash 
residue that remained when the test was concluded.  Data in the literature suggested that the 
amount of ash would be 2�3 percent by weight.  By way of contrast, however, our measurements 
showed that the ash content was an order of magnitude greater; for the three brands the range 
was about 26 to 34 percent. 

The above data served as support for reaction kinetics correlations which are the subject 
of the subsequent two manuscripts.  In Part II, we will discuss a number of possible models and 
derive appropriate conversion function relationships.  In Part III, the data from this manuscript 
will provide input to these relationships, with the objective of determining the order of the 
reaction or the rate controlling mechanism for the charcoal briquet combustion. 
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BRIQUETS UTILIZED FOR THE OUTDOOR PREPARATION OF FOOD 

II. DERIVATION OF REACTION KINETICS RELATIONSHIPS 
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ABSTRACT 

This manuscript forms the second of a three–part report on the combustion of charcoal 
briquets during their use as a fuel for the cooking of foods.  A covered cooking kettle was an 
assumed semi–batch reactor in which the reaction was the combustion of briquets in a stream of 
fresh air entering through inlet dampers in the bottom of the kettle.  The objective in this manuscript 
was to derive reaction kinetics expressions for various assumed reaction orders, viz., First Order with 
respect to carbon, First Order with respect to oxygen, Type I Second Order, Type II Second Order, 
and Third Order.  Appropriate equations for the consumption of charcoal in a shrinking–core model 
were also derived.  The effect of an uncertainty in the final value of the fraction of charcoal 
consumed was expressed in sensitivity analyses of the above relationships.  Experimental 
measurements on the combustion of the briquets in Part I will serve as input data to these 
relationships in the subsequent manuscript. 

 

INTRODUCTION 
Chemical reaction engineering is a discipline that integrates a number of technical areas – – 

reaction kinetics, thermodynamics, fluid mechanics, heat transfer, and mass transfer – – for purposes 
of designing a chemical reactor.  Typical functions of this reactor may include combination of two or 
more reactants to produce a much–needed product, or chemical modification of a given material so 
that its final properties will be different from those of the starting material.  Numerous other 
examples could be cited. 

The subject of reaction kinetics involves measurement of the rate at which chemical reactions 
proceed, with emphasis on the factors that influence the values that have been found.  Knowledge of 
the rate of a reaction is of fundamental importance to a chemical engineer who is designing a 
chemical reactor. 

Chemical reactions are generally classified as being “homogeneous” or “heterogeneous”.  
The former involves a reaction taking place in only one phase, such as a gaseous fuel–air reaction.  A 
heterogeneous reaction, on the other hand, requires two phases in order to go to completion; a very 
appropriate example for the present subject is the combustion of charcoal in air.  For many chemical 
reactions, catalysts are required to drive the reaction to completion.  Thus the concepts of “catalytic” 
and “noncatalytic” reactions have a very significant bearing on reaction kinetics. 

The subject of “Molecularity” and “Order of the Reaction” are also important factors to be 
considered for the design of a chemical reactor.  The Molecularity refers to the number of molecules 
involved in the reaction.  The Order of the Reaction refers to the powers to which the concentrations 
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of the reactants are raised in the rate expression.  To illustrate, consider the chemical reaction 

A + B  →→→→ Products (1) 

The Molecularity here is 2.  Assume that the rate expression for the disappearance of species 
A is 

– ra  =  k Ca
2 Cb (2) 

where: ra = the rate of disappearance of Species A (mol/min) 

k = the rate constant (m6/mol2•min) 

Ca = the concentration of Species A (mol/m3) 

Cb = the concentration of Species B (mol/m3) 

Here, the reaction is Second Order with respect to A, First Order with respect to B, and Third Order 
overall. 

This investigation was concerned with the combustion of charcoal briquets utilized for the 
preparation of food in an outdoor setting.  For purposes of making a presentation at this Seminar, we 
have divided our report into three parts.  The First Part, in the previous manuscript, discussed the 
history and development of charcoal briquets, the experimental procedures, and the data that we 
recorded.  This manuscript, which comprises the Second Part, discusses the chemical reaction 
kinetics of the combustion and the derivation of appropriate mathematical relationships.  The Third 
Part, in the next manuscript, attempts to correlate the experimental data in terms of these reaction 
kinetics equations. 

 

THE GRILL AS A CHEMICAL REACTOR 

The Part I Manuscript described the grill that we utilized for the preparation of foods and the 
associated experimental measurements.  This grill was a Weber Cooking Kettle, which consists of a 
bowl with inlet dampers and a lid with outlet vents. 

Two cooking methods were utilized, viz., the “Primary Method” and the “Alternative 
Method”.  The difference is the arrangement of the charcoal briquets with respect to the food.  In the 
former method the briquets are directly under the food, while in the latter method the briquets are on 
either side of a drip pan which in turn is under the food.  We mention this difference now, because 
we believe that it made a difference in the combustion characteristics for the briquets.  The Primary 
Method requires that the lid of the grill be removed once every five minutes in order that the food 
can be turned over to prevent charring.  Such removal of the lid, however, is not necessary when the 
Alternative Method is used, except of course to remove the food at the end of the cooking period. 

The procedures elaborated upon in the previous manuscript indicated that the lid was first 
placed on the kettle just as complete ignition of the briquets had occurred.  The amount of charcoal 
consumed at this point was the weight fraction of volatiles, designated by the symbol xv; the time 
was to.  At a specified time later, denoted as tf, after the preparation of the food had been completed, 
we closed the inlet dampers and outlet vents.  When the grill had cooled down, we weighed the 
remains of the briquets and computed the final weight fraction of charcoal consumed, denoted as xcf. 
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Thus, during the period tf–to we assumed that the kettle had become a semi–batch reactor in 
which the chemical reaction was the combustion of a batch of charcoal briquets in a constant stream 
of fresh air entering through the inlet dampers.  The reaction kinetics correlations will be based on 
what occurs in the above time internal, during which the weight fraction of charcoal consumed 
increased from xv to xcf. 

 

REACTION KINETICS CONVERSION EQUATIONS 

In order to correlate the experimental data on the combustion of charcoal briquets in terms of 
reaction kinetics,  it becomes necessary to employ an “Integral Method of Analysis” (Levenspiel, 
1972a).  Here, we test a particular rate equation by integrating and comparing the experimental 
conversion–versus–time data with the predicted curve, which will be a straight line passing through 
the origin.  If the experimental points also conform to a reasonably straight line passing through the 
origin, then we can conclude that the data satisfactorily conform to the given rate equation.  If such is 
not the case, then that rate equation is rejected and an alternative rate equation is analyzed in the 
same manner. 

In our investigation, we considered five reaction kinetics models: 

•  First Order kinetics with respect to carbon, 

•  First Order kinetics with respect to oxygen, 

•  Type I Second Order kinetics, 

•  Type II Second Order kinetics, 

•  Third Order kinetics. 

 

Assumptions 

As we stated previously, a batch of charcoal briquets combusts with a continuous supply of 
fresh air inside our chemical reactor, which is the covered cooking kettle.  The reaction kinetics 
portion of our experiment begins when we place the lid on the kettle, at time to.  At this time, the 
fraction of volatiles xv has been driven out of the briquets.  The Part I manuscript showed that the 
briquets contain a significant fraction of ash, denoted as xa.  Thus, we assume that the only remaining 
portion of the charcoal that is combustible is carbon; the initial concentration of carbon is given by 

Cco  =  ρc (1 – xv – xa) /Mc (3) 

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

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

Mc = the molecular weight of carbon (= 12.011 kg/kmol) 
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The chemical reaction for the combustion of the briquets is assumed to be 

2C + O2  → 2CO (4) 

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

Cao = Payo/RTa (5) 

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

Pa = the ambient Pressure (Pa) 

yo = the mole fraction of oxygen in the air (= 0.2115) 

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

Ta = the ambient temperature (K) 

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

Cc = Cco(1 – xc) (6) 

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

rc = dCc/dt 

rc = – Ccodxc/dt (7) 

 

First Order Kinetics with respect to Carbon 

For this case, the rate equation for the disappearance of carbon is 

–rc = k1Cc (8) 

where: k1 = the first order reaction rate constant (min–1) 

Substitution of Equations (6) and (7) into Equation (8) results in the following differential equation: 

Ccodxc/dt  =  k1Cco(1 – xc) (9) 

Separating variables and integrating yields the conversion relationship, Equation (10): 

( ) ∫∫ =− fcf

v

t

tc

x

x c dtkxdx
0

11/  

( ) ( )[ ] ( )011/1ln ttkxx fcfv −=−−  (10) 

First Order with respect to Oxygen 
Here, the rate equation for the disappearance of carbon is 

–rc  =  k1Cao (11) 
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The differential equation is obtained by substituting Equations (6) and (7) into Equation (11): 

Ccodxc/dt  =  k1Cao (12) 

Separating variables and integrating results in the conversion relationship for this case, Equation 
(13): 

( ) ∫∫ = f

o

cf

v

t

t

x

x caoco dtkdxCC 1/  

(Cco/Cao)(xcf  – xv)   =   k1(tf – to) (13) 

Type I Second Order Kinetics 

In this case, the reaction is Second Order with respect to carbon, and the rate equation is 

–rc = k2Cc
2 (14) 

where: k2 = the Second Order rate constant (m3/kmol·min) 

Again, substituting Equations (6) and (7) into Equation (14) results in the differential equation for 
this case: 

Ccodxc/dt  =  k2Cco
2(1 – xc)2 (15) 

Proceeding as before: 

( ) ( ) ∫∫ =− f

o

cf

v

t

t

x

x ccco dtkxdxC 2
21//1  

(1/Cco)[(xcf – xv)/(1 – xcf)(1 – xv)]   =   k2(tf � to) (16) 

which is the conversion equation for Type I Second Order kinetics. 

Type II Second Order Kinetics 

The reaction here is assumed to be First Order with respect to both carbon and oxygen, and so 
the rate equation is 

–rc = k2CcCao (17) 

We then proceed as in the previous cases: 

Ccodxc/dt  =  k2CaoCco(1 – xc) (18) 

( ) ( ) ∫∫ =− f

o

cf

v

t

t

x

x ccao dtkxdxC 21//1  

(1/Cao)ln[(1 – xv)/(1 – xcf)]   =   k2(tf – to) (19) 

Equation (19) is the conversion expression for Type II Second Order Kinetics. 
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Third Order Kinetics 

In line with the chemical reaction specified previously in Equation (4), we assume here that 
the reaction is Second Order with respect to carbon and First Order with respect to oxygen, and Third 
Order overall.  Accordingly, the rate equation is 

–rc = k3Cco
2Cao (20) 

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

The differential equation for this case is equation (21): 

Ccodxc/dt  =  k3CaoCco
2(1 – xc)2 (21) 

( ) ( ) ∫∫ =− f

o

cf

v

t

t

x

x ccaoco dtkxdxCC 3
21//1  

(1/CcoCao)[(xcf – xv)/(1 – xcf)(1 – xv)]   =   k3(tf  – to) (22) 

Equation (22) is the conversion relationship for the assumed Third Order kinetics. 

 

APPLICATION OF THE SHRINKING CORE MODEL 
We have previously stated that a grey ash covers the surface of the charcoal briquets just after 

they have become fully ignited, and at the end of the experiment there is a significant amount of ash 
residue after the briquets have fully cooled down to ambient temperature.  In observing the briquet 
combustion, the glowing surface gradually moves inward and the ash clings to the briquets in such a 
way that the original size remains rather constant.  If disturbed, of course, the ash will fall off the 
briquet.  But if left alone, the shape of the ash residue resembles that of the original briquet.  This 
observation suggests that a so–called “shrinking–core–model” analysis deserves consideration in our 
investigation.  The following discussion and derivations closely parallel the work of Levenspiel 
(1972b). 

We consider the case wherein diffusion of oxygen through the ash layer is the controlling 
resistance.  Figure 8 provides a schematic drawing of the ash and the shrinking core and of the 
oxygen concentration profile through the ash layer.  Both the oxygen and the boundary of the 
reacting core (the charcoal briquet) move inward.  But the shrinkage of the unreacted core is about 
1000 times slower than the flow rate of the oxygen.  Thus, in considering the concentration gradient 
of the oxygen in the ash layer, for the first part of the analysis we will assume that the unreacted core 
is stationary. 

The rate of reaction of the ambient oxygen at any instant is given by its rate of diffusion to 
the reacting surface: 
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– dna/dt  =  4πr2Qa 

= 4πro
2Qao 

= 4πrc
2Qac (23) 

= constant 

where: the various radii correspond to those shown in Figure 8, 

ro = the original radius of the briquet (m) 

Qa = the flux of oxygen through the ash layer (kmol/m2•min) 

From Frick’s Law for equimolar counterdiffusion, 

Qa = DedCa/dr (24) 

where: De = the effective diffusion coefficient in the ash layer (m2/min) 

We then combine Equations (23) and (24) for any radius r, separate variables, and integrate: 

– dna/dt = 4πDer2dCa/dr (25) 

 
Figure 8.   Schematic Diagram for the Shrinking Core Model, for the Situation where 

Diffusion of Oxygen through the Ash Layer is the Controlling Resistance. 
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( ) ∫∫ =−
02 4//

ao

c

o C ae

r

ra dCDrdrdtdn π  (26) 

– dna/dt[1/rc – 1/ro]  =  4πDeCao (27) 

Karim Moallemi et al.  (1993) showed that the oxygen concentration was almost zero at the surface 
of the core, where the reaction products concentration was a maximum.  Thus, the upper limit in the 
right–hand side of Equation (26) reflects this assumption. 

For the second part of the analysis, we note that the molar rate of reaction of carbon is related 
to the rate of change of core volume by  

dnc/dt  =  CcodVc/dt (28) 

dnc/dt  =  (4/3)πCcodr3/dt (29) 

dnc/dt  =  4πCcor2dr/dt (30) 

From Reaction (4) assumed previously, the molar rate of reaction of oxygen as a function of that of 
carbon is given by 

2dna/dt  =  dnc/dt (31) 

  dna/dt  =  2πCcor2dr/dt (32) 

Substituting Equation (32) into Equation (27) for dna/dt, separating variables, and integrating results 
in the following: 

– 2πCco(1/rc – 1/ro)rc
2drc/dt  =  4πDeCao (33) 

( ) ( ) ∫∫ =−− f

o

cf

o

t

te

r

r coccaoco dtDdrrrrCC 2// 2  (34) 

(Ccoro
2/6Cao)[1 – 3(rcf/ro)2  +  2(rcf/ro)3]  =  2De(tf – to) (35) 

where: rcf  =  the final radius of the remaining charcoal briquets (m) at the time tf. 

Equation (35) is the diffusional conversion expression relating the size of the unreacted core 
as a function of time.  If diffusion of oxygen through the ash is the controlling resistance, a plot of 
the data points for the left–hand side of this equation versus time should conform to a straight line 
passing through the origin. 

The data in the previous manuscript showed that the briquets resemble oblate spheroids in 
shape.  The ro in the above equation will now become the initial minor semiaxis of the spheroid, and 
rcf will be the final minor semiaxis of the core after combustion has ceased.  It is necessary, 
therefore, to relate these semiaxes in terms of the consumption of the charcoal briquets. 

The volume of an oblate spheroid is related to its dimensions by the following formula: 

V = (4/3)πrm
2ro (36) 

V = (4/3)π(rm/ro)2ro
3 (37) 

where: ro    = the initial minor semiaxis of the spheroid (m) 

rm = the initial major semiaxis of the spheroid (m) 
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The initial volume of each briquet in a given experiment is related to the properties and quantity of 
the briquets by 

V = mco/ρcnb (38) 

where: mco = the initial weight of charcoal briquets (kg) 

ρc = the initial briquet density (kg/m3) 

nb = the number of briquets 

Combining Equations (37) and (38) and solving for ro results in  

ro = [3mco/{4π(rm/ro)2ρcnb}]1/3 (39) 

Equation (39) relates the minor semiaxis of the briquet as a function of the experimental parameters. 

The final minor semiaxis of the briquet is related to the experimental parameters by the 
relationship 

(4/3)π(rm/ro)2rcf
3  =  mco(1 – xcf)/ρc(1 – xv)nb 

Solving for rcf we obtain 

rcf = [3mco(1 – xcf)/{4π(rm/ro)2ρc(1 – xv)nb}]1/3 (40) 

Dividing Equation (40) by Equation (39) and simplifying results in a very straightforward expression 
relating the ratio of the final and initial semiaxes as a function of the charcoal consumption: 

rcf/ro = [(1 – xcf)/(1 – xv)]1/3 (41) 

 

SENSITIVITY ANALYSES OF THE KINETIC CONVERSION FUNCTIONS 
The experimental procedures described in the previous manuscript stated that the remains of 

the charcoal briquets were weighed after the ports of the kettle had been closed and the system had 
cooled down.  This formed the basis for computing the final fraction of charcoal consumed, xcf.  
Inherent in this procedure was the assumption that the combustion terminated when we closed the 
ports.  While all of the weights that we recorded were accurate to the nearest 0.001 kg, the value of 
xcf may not have been so accurate, because the charcoal briquets probably continued to combust for a 
brief period, at least, while the system was cooling.  Thus, there exists an uncertainty in the value of  
xcf, and it becomes necessary to determine the effect of this uncertainty on the value of the kinetic 
conversion functions and the diffusional conversion function. 

An uncertainty analysis consists of taking the derivative of a function and dividing this 
derivative by the function itself; this is then followed by appropriate mathematical manipulations.  
The final result is in the form of δf(xcf)/f(xcf) as a function of δxcf/xcf, 

where: f(xcf) = the given conversion function 

δxcf/xcf = the uncertainty in the value of  xcf 

δf(xcf)/f(xcf) = the uncertainty in the value of the conversion function 

The uncertainty equations for the five kinetic models are summarized in Table 6. 
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Table 6.   Sensitivity Analyses of the Various Kinetic Conversion Functions 

Model Uncertainty Equation, ( ) ( ) =cfcf xfxf /δ  

First Order with respect to Carbon ( ) ( ) ( )[ ] cf

cf

cfvcf

cf

x
x

xxx
x δ

−−− 1/1ln1
 (42)

 
First Order with respect to Oxygen 
 

( )[ ] cfcfvcfcf xxxxx // δ−  (43)

Type I Second Order 
( )

( )( ) cf

cf

vcfcf

cfv

x
x

xxx
xx δ
−−

−
1

1
 (44)

Type II Second Order ( ) ( ) ( )[ ] cf

cf

cfvcf

cf

x
x

xxx
x δ

−−− 1/1ln1
 (45)

Third Order 
( )

( )( ) cf

cf

vcfcf

cfv

x
x

xxx
xx δ
−−

−
1

1
 (46)

For the diffusional conversion functions related to the shrinking core model, the uncertainty 
relationships are as follows: 

( )
( )

( )( )
( ) ( ) ( )ocf

ocfocf

ocfocf

ocf

ocf rr
rrrr

rrrr
rrf
rrf

/
/2/31

1//6
/
/

32 δ
δ

+−

−
=  (47) 

( )
( ) ( ) cfcf

cfv

cf
ocf xx

xx
x

rr /
113

/ 3/23/1 δδ
−−

−=  (48) 

 

SUMMARY 
The objective of the effort in this manuscript was to derive expressions that model the 

reaction kinetics of the charcoal briquet combustion in terms of experimentally– measured 
conversions.  For this purpose, we considered the cooking kettle to be a semi–batch reactor in which 
a batch of briquets was combusting in a steady stream of fresh air entering through inlet dampers in 
the bottom of the kettle.  We considered five different reaction kinetics models for several reaction 
orders, as well as a shrinking core model in which diffusion of oxygen through the ash layer was the 
assumed controlling resistance.  Finally, we derived expressions for a sensitivity analysis to assess 
the effect of an uncertainty in the final conversion on the reaction kinetics and diffusional conversion 
functions. 

In the subsequent manuscript, Part III of our report, we will input the experimental data from 
the charcoal briquet combustion into the reaction kinetics and diffusional relationships, in an effort 
to determine the order of the reaction or the rate–controlling mechanism. 
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SELECTED OBSERVATIONS ON THE COMBUSTION OF CHARCOAL BRIQUETS 
UTILIZED FOR THE OUTDOOR PREPARATION OF FOOD 
III.  CORRELATION OF THE REACTION KINETICS DATA 
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ABSTRACT 

 
This manuscript forms the third of a three–part report on the combustion of charcoal briquets 

during their use as a fuel for the preparation of foods.  A covered cooking kettle served as an 
assumed semi–batch reactor in which reaction was the combustion of charcoal briquets in a stream of 
fresh air entering through inlet dampers in the bottom of the kettle.  The experimental values of the 
fraction of charcoal consumed versus time were input into conversion functions represented by five 
reaction kinetics models and a shrinking core model.  A sensitivity analysis was also applied to the 
data in order to assess the effect of an uncertainty in the amount of charcoal consumed on the 
numerical values of the conversion functions.  The correlations suggested that two brands of charcoal 
briquets combusted according to First Order kinetics; this allowed estimates of the kinetic rate 
constants from the slopes of the conversion function–time straight lines.  The manuscript concludes 
with recommendations to modify the experimental procedures with the goal of obtaining more 
credible reaction kinetics data. 

 

INTRODUCTION 

The first manuscript (Part I) in this series described the experimental procedures that we 
utilized in our investigation of the charcoal briquet combustion.  We identified a disproportionately 
high weight fraction of charcoal consumed at the time of complete ignition, and we attributed this to 
the volatile components that were driven off during the ignition process.  Delfosse et al.  (1984) 
observed a similar phenomenon in their investigation of the combustion kinetics of single grains of 
coal, oil shale, heat–resistant polymers, and wood charcoal.  In all cases, they divided the process 
into two stages: fast ignition of the volatiles, followed by incandescence of the remaining chars.  The 
combustion activation energy of the wood charcoal was 29 kJ, which was slightly more than one–
half of the values for the other materials. 

Karim Moallemi et al.  (1993) modeled the smoldering of charcoal samples in a flammability 
test apparatus.  These investigators defined smoldering as a self–sustaining exothermic oxidation of 
the solid in air, which of course was the combustion mode that we observed for our charcoal 
briquets. 

Cumming (1984) described the combustibility of solid fuels in terms of a weighted–mean 
apparent activation energy.  Lucio (1983) evaluated the low heating value of charcoal on the basis of 
the proximate analysis; the application of this method showed the effect of humidity on the heating 
value. 
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In the previous manuscript (Part II), we derived expressions that modeled the reaction 
kinetics of the charcoal briquet combustion in terms of the experimentally–  measured conversions.  
Our covered cooking kettle was assumed to be a semi–batch reactor in which a batch of briquets 
combusted in a steady stream of fresh air entering through inlet dampers in the bottom of the kettle.  
We considered five different orders of reaction, as well as a shrinking core model in which diffusion 
of oxygen through the ash layer was the assumed controlling resistance.  In addition, we considered 
the effect of an uncertainty in the final conversion on the reaction kinetics and diffusional conversion 
functions. 

In the present manuscript, Part III of our report, we have applied the experimental data from 
the charcoal briquet combustion into the reaction kinetics and diffusional relationships, with the 
objective of determining the order of the reaction or the rate controlling mechanism. 

 

RESULTS OF THE INTEGRAL METHOD OF ANALYSIS 

Background Summary 
In the Part II manuscript, we derived a number of reaction kinetics conversion relationships 

based on the so–called “Integral Method of Analysis” (Levenspiel, 1972).  Here, a given rate 
equation is integrated, and the experimental conversion–versus–time data are compared with the 
predicted curve, which will be a straight line passing through the origin.  If the experimental points 
also conform to such a reasonably straight line, then it can be concluded that the data satisfactorily 
conform to the rate equation being tested.  If such is not the case, then that rate equation is rejected 
and an alternative rate equation is tested in the same manner. 

In this investigation, we considered five reaction kinetics models: 

•  First Order kinetics with respect to carbon, 

•  First Order kinetics with respect to oxygen, 

•  Type I Second Order kinetics, 

•  Type II Second Order kinetics, 

•  Third Order kinetics. 

We also derived an integral equation to express the conversion of charcoal in a “shrinking core 
model” wherein diffusion of oxygen through the ash layer was the controlling resistance. 

The previous manuscripts discussed the likelihood that charcoal combustion did not 
immediately cease when the ports of the cooking kettle were closed.  This implied that an uncertainty 
existed in the final value of xcf, which was calculated from the weight of remaining charcoal after the 
kettle had cooled.  This prompted a sensitivity analysis to ascertain the uncertainty of the conversion 
functions as a consequence of the uncertainty in the final weight fraction of charcoal consumed. 
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Data and Correlations 

Tables 7a, 7b, and 7c in the Appendix respectively tabulate the input data to the reaction 
kinetics conversion functions for the three brands of charcoal briquets that we evaluated, viz., “Lady 
Lee”, “Osco”, and “Kingsford”.  Tables 8a through 8e summarize the respective conversion 
functions versus time for the five reaction kinetics models, relative to the “Lady Lee” brand.  Like 
data are also presented in Tables 9a through 9e for the “Osco” brand, and in Tables 10a through 10e 
for the “Kingsford” brand.  The diffusional conversion function versus time is tabulated in Table 11 
for the “Lady Lee” brand, in Table 12 for the “Osco” brand, and in Table 13 for the “Kingsford” 
brand.  The footnote to each of these tables specifies the appropriate conversion function. 

The next step in the procedure was to perform linear regression analyses on the conversion 
function–versus–time data in each of the above tables.  The output in each case was the intercept and 
slope of the least–squares straight line, as well as the correlation coefficient which is defined by: 

r = sσt/σf (49) 

where: r = the correlation coefficient 
s = the slope 
σt = the standard deviation of the time array of data 
σf = the standard deviation of the conversion function array of data 

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

The linear regression analyses are summarized for the three brands of charcoal briquets in 
Tables 14a through 14c.  Each table presents the results of the five reaction kinetics models and the 
diffusional model, for both cooking methods.  We utilized three criteria in selecting the data that 
conformed to the given model: 

•  The value of the correlation coefficient had to exceed 0.98. 
•  The intercept had to statistically pass through the origin. 
•  The uncertainty of the conversion function as a result of uncertainty in the final 

weight fraction consumed xcf had to have an acceptably low value. 

A straight line correlation that passed these criteria would provide a valid test of the given rate 
equation. 

Tables 14a through 14c show that five sets of data met the first two of the above criteria: 

•  “Lady Lee” charcoal briquets, Alternative Cooking Method, First Order kinetics with 
respect to oxygen, 

•  “Osco” charcoal briquets, Alternative Cooking Method, First Order kinetics with 
respect to carbon, 

•  “Osco” charcoal briquets, Alternative Cooking Method, Type II Second Order 
kinetics, 

•  “Osco” charcoal briquets, Alternative Cooking Method, Diffusion of oxygen, 
•  “Kingsford” charcoal briquets, Alternative Cooking Method, First Order kinetics 

with respect to carbon. 
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Table 14a.  Results of the Linear Regression Analyses, 
for the �Lady Lee� Charcoal Briquets 

Kinetic Model Intercept Slope r, Correlation 
Coefficient 

    
Primary Cooking Method: 

1st Order, Carbon 0.045 0.01205 min–1 0.93406 
1st Order, Oxygen 227.7 10.01 min–1 0.90013 
2nd Order, Type I –0.0172 m3 /kmol 0.00177 m3 /kmol·min 0.93985 
2nd Order, Type II 6.6 m3 /kmol 1.326 m3 /kmol·min 0.93655 
Third Order –1.76 m6 /kmol2 0.1957 m6 /kmol2·min 0.94577 
Diffusion –0.00293 m2 0.000319 m2 /min 0.92893 
    

Alternative Cooking Method: 
1st Order, Carbon –0.437 0.01892 min–1 0.89646 
1st Order, Oxygen –18.4 10.10 min–1 0.99954 
2nd Order, Type I –0.2789 m3 /kmol 0.00795 m3 /kmol·min 0.75805 
2nd Order, Type II –44.6 m3 /kmol 2.013 m3 /kmol·min 0.90630 
Third Order –29.33 m6 /kmol2 0.8411 m6 /kmol2·min 0.76154 
Diffusion –0.01306 m2 0.000463 m2 /min 0.88294 

Table 14b.  Results of the Linear Regression Analyses, 
for the �Osco� Charcoal Briquets 

Kinetic Model Intercept Slope r, Correlation 
Coefficient 

    
Primary Cooking Method: 

1st Order, Carbon 0.064 0.01164 min–1 0.82232 
1st Order, Oxygen 44.9 4.51 min–1 0.88636 
2nd Order, Type I –0.0014 m3 /kmol 0.00366 m3 /kmol·min 0.76426 
2nd Order Type II 6.1 m3 /kmol 1.276 m3 /kmol·min 0.85429 
Third Order –0.25 m6 /kmol2 0.3995 m6 /kmol2·min 0.78897 
Diffusion –0.00009 m2 0.0001032 m2 /min 0.77217 
    

Alternative Cooking Method: 
1st Order, Carbon –0.010 0.01468 min–1 0.99942 
1st Order, Oxygen 53.0 3.82 min–1 0.96589 
2nd Order, Type I –0.0959 m3 /kmol 0.00841 m3 /kmol·min 0.97664 
2nd Order, Type II 0.4 m3 /kmol 1.621 m3 /kmol·min 0.99847 
Third Order –10.17 m6 /kmol2 0.9313 m6 /kmol2·min 0.97743 
Diffusion –0.0009 m2 0.000163 m2 /min 0.99252 

Note: The conversion function–versus–time data for Test No. PM–13 were not utilized in these linear 
regression analyses.  During this test, the wind gusts were as high as 50 km/hr. 
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Table 14c.  Results of the Linear regression Analyses, 
for the �Kingsford� Charcoal Briquets 

Kinetic Model Intercept Slope r, Correlation 
Coefficient 

    
Primary Cooking Method: 

1st Order, Carbon 0.123 0.00960 min–1 0.85352 
1st Order, Oxygen 313.5 11.15 min–1 0.86743 
2nd Order, Type I 0.0000 m3 /kmol 0.00110 m3 /kmol·min 0.76537 
2nd Order, Type II 14.8 m3 /kmol 1.123 m3 /kmol·min 0.84071 
Third Order 0.06 m6 /kmol2 0.1282 m6 /kmol2·min 0.75214 
Diffusion –0.00015 m2 0.000178 m2 /min 0.79342 
    

Alternative Cooking Method: 
1st Order, Carbon 0.069 0.01081 min–1 0.98502 
1st Order, Oxygen 315.2 10.72 min–1 0.92418 
2nd Order, Type I –0.023 m3 /kmol 0.00165 m3 /kmol·min 0.95266 
2nd Order, Type II 8.5 m3 /kmol 1.286 m3 /kmol·min 0.98342 
Third Order –2.65 m6 /kmol2 0.1957 m6 /kmol2·min 0.95538 
Diffusion –0.00131 m2 0.000215 m2 /min 0.97973 
 

It is not surprising that the Alternative Method resulted in the better reaction kinetics correlations.  
As stated in Parts I and II of our report, this method involved the use of a drip pan under the food 
rather than charcoal briquets.  Thus, periodic turning of the food was not necessary, so lifting of the 
lid was not required; the cooking kettle conformed more perfectly to the assumed semi–batch reactor. 
 Figure 5 in Part I showed that the drop in temperature inside the kettle is not as severe for the 
Alternative Method. 

Figures 9 through 13 depict plots of the conversion functions versus time for each of the 
above data sets that passed the statistical correlation criteria.  The box in each figure quotes the 
results of the sensitivity analysis for the average value of xcf, by using the appropriate relationship 
provided by Equations (42) through (48) in the Part II manuscript.  This analysis shows that the 
uncertainty in the conversion function of Figure 9, for instance, is 2.26 times the uncertainty in the 
value of xcf.  Thus, if the uncertainty in xcf is 10 percent, the uncertainty in the conversion function is 
22.6 percent.  This to us seems to be reasonable. 

On the other hand, the uncertainty factor of the diffusional model for “Osco” charcoal 
briquets in Figure 12 is 7.50.  This provides a basis for rejecting the diffusion of oxygen through the 
ash layer to be the controlling resistance.  In other words, the uncertainty in the conversion function 
is so large that the values really have no credibility, even though a statistically–valid straight line 
resulted from the regression analysis.  For similar but not as drastic reasons, we also will not attempt 
to formulate any conclusions from the data in Figures 10 and 11. 
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Figure 9.  Graph of the 
Conversion Function for 
first order kinetics (with 
respect to oxygen) versus 
time, for “Lady Lee” 
charcoal briquets, relative 
to the Alternative Cooking 
Method. 

 

 

 

 

 

Figure 10.  Graph of the 
Conversion Function for 
first order kinetics (with 
respect to carbon) versus 
time, for “Osco” charcoal 
briquets, relative to the 
Alternative Cooking 
Method. 

 



 

259

 
Figure 11.  Graph of the Conversion Function for second order kinetics (Type II) versus time, for 

“Osco” charcoal briquets, relative to the Alternative Method. 

 

 
Figure 12.  Graph of the Diffusional Conversion Function versus time, for “Osco” charcoal 

briquets, relative to the Alternative Cooking Method. 
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Figure 13.  Graph of the 
Conversion Function for 
first order kinetics (with 
respect to carbon) versus 
time, for “Kingsford” 
charcoal briquets, relative 
to the Alternative Cooking 
Method. 

 

 

The data in Figures 9 and 13, however, do permit us to draw some tentative conclusions 
concerning the combustion of “Lady Lee” and “Kingsford” charcoal briquets.  The former appears to 
be First Order with respect to oxygen, and the rate constant is 

k1 = 10.10 min–1 

The “Kingsford” briquets exhibit a First Order reaction with respect to carbon, with the rate constant 
given by 

k1 = 0.01081 min–1 

The validity of these values must be considered in light of the various caveats that we have discussed 
in the foregoing paragraphs. 

 

CONCLUSIONS AND RECOMMENDATIONS 
The objective of the effort in this manuscript was to determine the order of the reaction or the 

rate–controlling step for the combustion of charcoal briquets in air.  A covered cooking kettle served 
as a semi–batch reactor in which two modes of charcoal emplacement were utilized; viz., a Primary 
Method in which the food was placed directly over the briquets, and an Alternative Method in which 
the foods were placed over a drip pan with the briquets piled on either side.  Five reaction kinetics 
models were evaluated, as well as a shrinking core model in which diffusion of oxygen through the 
ash layer on the briquets was the assumed rate–controlling step. 

The various conversion functions had been derived in terms of the final fraction of charcoal 
consumed xcf.  Because of a distinct probability that combustion did not immediately cease at the 
assumed termination time of the experiment (when the ports on the kettle were closed), a sensitivity 
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analysis assessed the effect of an uncertainty in the value of xcf on the values of the conversion 
functions. 

A linear regression analysis of the conversion function–versus–time data yielded the least–
squares straight line fit and the correlation coefficient.  By interpreting the results of this analysis 
along with the results of the results of the sensitivity analysis, we ruled out the possibility that 
diffusion of oxygen through the ash layer was the controlling resistance.  Also, a number of reaction 
kinetics models did not apply. 

However, for the “Lady Lee” brand of charcoal briquets, the combustion appeared to be First 
Order with respect to oxygen, and the kinetic rate constant was 10.10 min–1.  The “Kingsford” 
briquets combusted in a First Order mode with respect to carbon, for which the kinetic rate constant 
was 0.01081 min–1. 

There were two severe problems that precluded the obtaining of more valid reaction kinetics 
data.  The first was associated with non–termination of the combustion at the conclusion of the 
experiment when the ports on the kettle were closed.  In future effort, immediate combustion 
termination could be assured by allowing an inert gas such as nitrogen to displace the air in the 
kettle. 

The second problem was associated with the necessity to remove the lid of the kettle, either 
to turn the food over during the cooking process and/or to remove the food when the cooking had 
been completed.  As explained previously, the problem was more severe with the Primary Method 
than with the Alternative Method.  In either case, this action allowed excess air to contact the 
charcoal briquets, such that our assumed reactor became less than ideal.  This undoubtedly had a 
pronounced effect on the reaction kinetics correlations.  The solution to this problem will involve the 
conduct of experiments that will not be tied in with the preparation of foods. 
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Appendix to Part III 
Tables of the Detailed Data for the 

Reaction Kinetics and Diffusional Correlations 
 

Table 7a.   Input Data to the Correlations, for the �Lady Lee� Charcoal Briquets 

Test Cooking Ambient Conditions Cao, Init. Oxygen xcf, Final Weight 
No. Method Temp (K) Press. (Pa) Conc. (kmol/m3) Fraction Consumed 

PM–1 Primary 300.8 101640 0.008596 0.5822 
PM–2  300.1 101850 0.008633 0.7211 
PM–3  300.0 101810 0.008633 0.7723 
PM–4  303.4 100930 0.008463 0.6325 
PM–5  298.4 101440 0.008648 0.8299 
PM–6  287.1 101470 0.008991 0.7593 
PM–7  280.9 102780 0.009307 0.7995 
PM–8  292.0 102420 0.008922 0.6325 
PM–9  271.3 102570 0.009618 0.8437 
PM–32  303.7 105160 0.008808 0.8425 
AM–1 Altern. 303.9 101100 0.008463 0.5449 
AM–2  292.5 105260 0.009154 0.6667 
AM–3  272.6 101490 0.009471 0.9742 
AM–12  302.2 105160 0.008851 0.8095 
Note:   The weight fraction of volatiles, xv = 0.4171. 

     The weight fraction of ash, xa = 0.2588. 
The carbon initial concentration, Cco = 25.81 kmol/m3. 

Table 7b.   Input Data to the Correlations, for the �Osco Charcoal Briquets 

Test Cooking Ambient Conditions Cao, Init. Oxygen xcf, Final Weight 
No. Method Temp (K) Press. (Pa) Conc. (kmol/m3) Fraction Consumed 

PM–10 Primary 275.1 101860 0.009419 0.7736 
PM–11  272.2 102270 0.009557 0.8308 
PM–12  276.8 102270 0.009398 0.8648 
PM–13  274.4 101490 0.009408   0.9271* 
PM–14  282.6 102420 0.009219 0.7845 
PM–17  287.6 101880 0.009011 0.8266 
PM–18  292.2 102080 0.008887 0.7871 
PM–19  305.3 100090 0.008340 0.7038 
AM–5 Altern. 281.3 101120 0.009144 0.9371 
AM–6  292.9 102220 0.008877 0.9360 
AM–7  296.1 100900 0.008668 0.8068 
Note:   The weight fraction of volatiles, xv = 0.5485. 
The weight fraction of ash, xa = 0.2809. 
The carbon initial concentration, Cco = 12.65 kmol/m3. 
*During Test No.  PM–13, the wind gusts were as high as 50 km/hr. 
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Table 7c.   Input Data to the Correlations, for the �Kingsford� Charcoal Briquets 

Test Cooking Ambient Conditions Cao, Init. Oxygen xcf, Final Weight 
No. Method Temp (K) Press. (Pa) Conc. (kmol/m3) Fraction Consumed 

PM–22 Primary 308.0 100730 0.008319 0.8507 
PM–23  294.5 101740 0.008788 0.6811 
PM–24  304.7 101140 0.008443 0.6362 
PM–25  300.4 101340 0.008581 0.6995 
PM–26  307.1 101140 0.008377 0.7666 
PM–27  297.7 102080 0.008723 0.7778 
PM–28  306.4 101710 0.008444 0.7547 
PM–29  300.5 101540 0.008596 0.8280 
PM–30  298.3 101340 0.008642 0.5145 
PM–31  305.4 101000 0.008413 0.7123 
AM–8 Altern. 308.5 101240 0.008348 0.6784 
AM–9  306.9 97490 0.008081 0.7914 
AM–10  297.5 101810 0.008705 0.6880 
AM–11  304.2 101370 0.008477 0.8892 
Note: The weight fraction of volatiles, xv = 0.3389. 
The weight fraction of ash, xa = 0.3379. 
The carbon initial concentration, Cco = 27.81 kmol/m3. 

 
Table 8a.    Summary of the Conversion Function for First Order Kinetics 

(with respect to Carbon) versus Time, for �Lady Lee� Charcoal Briquets 

 Cooking tf–to, Time xcf f(xcf), Conversion 
Test No. Method Interval (min) ____ Function 

PM–5i  0   0.4171* 0 
PM–1 Primary 45 0.5822 0.3330 
PM–2  60 0.7211 0.7372 
PM–3  63 0.7723 0.9400 
PM–4  36 0.6325 0.4613 
PM–5  88 0.8299 1.2316 
PM–6  55 0.7593 0.8845 
PM–7  71 0.7995 1.0672 
PM–8  42 0.6325 0.4613 
PM–9  98 0.8437 1.3162 
PM–32  126 0.8425 1.3086 
AM–1 Altern. 44 0.5449 0.2475 
AM–2  71 0.6667 0.5590 
AM–3  151 0.9742 3.1176 
AM–12  116 0.8095 1.1184 
Conversion Function:     f(xcf)   =   ln[(1 – xv)/(1 – xcf)] 
*This value is the weight fraction of volatiles, xv.  
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Table 8b.   Summary of the Conversion Function for First Order Kinetics 
(with respect to Oxygen) versus Time, for �Lady Lee� Charcoal Briquets 

 Cooking tf–to, Time xcf f(xcf), Conversion 
Test No. Method Interval (min) ____ Function 
PM–5i  0   0.4171* 0 
PM–1 Primary 45 0.5822 495.7 
PM–2  60 0.7211 908.8 
PM–3  63 0.7723 1061.9 
PM–4  36 0.6325 656.9 
PM–5  88 0.8299 1232.0 
PM–6  55 0.7593 982.3 
PM–7  71 0.7995 1060.4 
PM–8  42 0.6325 623.1 
PM–9  98 0.8437 1144.7 
PM–32  126 0.8425 1246.5 
AM–1 Altern. 44 0.5449 398.7 
AM–2  71 0.6667 703.7 
AM–3  151 0.9742 1518.1 
AM–12  116 0.8095 1144.2 

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

Table 8c.   Summary of the Conversion Function for Second Order Kinetics 
(Type I) versus Time, for �Lady Lee� Charcoal Briquets 

 Cooking tf–to, Time xcf f(xcf), Conversion 
Test No. Method Interval (min) ____ Function (m3 /kmol) 
PM–5i  0   0.4171* 0 
PM–1 Primary 45 0.5822 0.0263 
PM–2  60 0.7211 0.0725 
PM–3  63 0.7723 0.1037 
PM–4  36 0.6325 0.0390 
PM–5  88 0.8299 0.1613 
PM–6  55 0.7593 0.0945 
PM–7  71 0.7995 0.1268 
PM–8  42 0.6325 0.0390 
PM–9  98 0.8437 0.1814 
PM–32  126 0.8425 0.1795 
AM–1 Altern. 44 0.5449 0.0187 
AM–2  71 0.6667 0.0498 
AM–3  151 0.9742 1.4353 
AM–12  116 0.8095 0.1369 

Conversion Function:     f(xcf)   =   (1/Cco)[(xcf – xv)/(1 – xcf)(1 – xv)] 
*This value is the weight fraction of volatiles, xv. 
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Table 8d.   Summary of the Conversion Function for Second Order Kinetics 
(Type II) versus Time, for �Lady Lee� Charcoal Briquets 

 Cooking tf–to, Time xcf f(xcf), Conversion 
Test No. Method Interval (min) ____ Function (m3 /kmol) 
PM–5i  0   0.4171* 0 
PM–1 Primary 45 0.5822 38.74 
PM–2  60 0.7211 85.39 
PM–3  63 0.7723 108.88 
PM–4  36 0.6325 54.51 
PM–5  88 0.8299 142.42 
PM–6  55 0.7593 98.37 
PM–7  71 0.7995 114.67 
PM–8  42 0.6325 51.70 
PM–9  98 0.8437 136.85 
PM–32  126 0.8425 148.57 
AM–1 Altern. 44 0.5449 29.25 
AM–2  71 0.6667 61.06 
AM–3  151 0.9742 329.18 
AM–12  116 0.8095 126.35 

Conversion Function:     f(xcf)   =   (1/Cao) ln[(1 – xv)/(1 – xcf)] 

Table 8e.   Summary of the Conversion Function for Third Order Kinetics 
versus Time, for �Lady Lee� Charcoal Briquets 

 Cooking tf–to, Time xcf f(xcf), Conversion 
Test No. Method Interval (min) ____ Function (m6 /kmol2) 
PM–5i  0   0.4171* 0 
PM–1 Primary 45 0.5822 3.06 
PM–2  60 0.7211 8.39 
PM–3  63 0.7723 12.01 
PM–4  36 0.6325 4.60 
PM–5  88 0.8299 18.65 
PM–6  55 0.7593 10.51 
PM–7  71 0.7995 13.62 
PM–8  42 0.6325 4.37 
PM–9  98 0.8437 18.86 
PM–32  126 0.8425 20.38 
AM–1 Altern. 44 0.5449 2.21 
AM–2  71 0.6667 5.44 
AM–3  151 0.9742 151.55 
AM–12  116 0.8095 15.47 

Conversion Function:     f(xcf)   =   (1/CcoCao)[(xcf – xv)/(1 – xcf)(1 – xv)] 
*This value is the weight fraction of volatiles, xv.  
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Table 9a.   Summary of the Conversion Function for First Order Kinetics 
(with respect to Carbon) versus Time, for �Osco� Charcoal Briquets 

 Cooking tf–to, Time xcf f(xcf), Conversion 
Test No. Method Interval (min) ____ Function 
PM–10i  0   0.5485* 0 
PM–10 Primary 45 0.7736 0.6903 
PM–11  55 0.8308 0.9815 
PM–12  81 0.8648 1.2058 
PM–13  68 0.9271    1.8235** 
PM–14  68 0.7845 0.7396 
PM–17  83 0.8266 0.9570 
PM–18  53 0.7871 0.7518 
PM–19  65 0.7038 0.4215 
AM–5 Altern.  137 0.9371 1.9710 
AM–6  131 0.9360 1.9537 
AM–7  60 0.8068 0.8488 

Conversion Function:     f(xcf)   =   ln[(1 – xv)/(1 – xcf)] 

 

Table 9b.   Summary of the Conversion Function for First Order Kinetics 
(with respect to Oxygen) versus time for �Osco� Charcoal Briquets 

 Cooking tf–to, Time xcf f(xcf), Conversion 
Test No. Method Interval (min) ____ Function 
PM–10i  0   0.5485* 0 
PM–10 Primary 45 0.7736 302.2 
PM–11  55 0.8308 373.6 
PM–12  81 0.8648 425.7 
PM–13  68 0.9271    508.9** 
PM–14  68 0.7845 323.8 
PM–17  83 0.8266 390.3 
PM–18  53 0.7871 339.6 
PM–19  65 0.7038 235.5 
AM–5 Altern. 137 0.9371 537.5 
AM–6  131 0.9360 552.1 
AM–7  60 0.8068 376.9 

Conversion Function:     f(xcf)   =   (Cco/Cao)(xcf – xv) 
*This value is the weight fraction of volatiles, xv. 
**During this test, the wind gusts were as high as 50 km/hr. 
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Table 9c.   Summary of the Conversion Function for Second Order Kinetics 
(Type I) versus Time, for �Osco� Charcoal Briquets 

 Cooking tf–to, Time xcf f(xcf), Conversion 
Test No. Method Interval (min) ____ Function (m3 /kmol) 
PM–10i  0   0.5485* 0 
PM–10 Primary 45 0.7736 0.1714 
PM–11  55 0.8308 0.2922 
PM–12  81 0.8648 0.4097 
PM–13  68 0.9271     0.9095** 
PM–14  68 0.7845 0.1918 
PM–17  83 0.8266 0.2809 
PM–18  53 0.7871 0.1963 
PM–19  65 0.7038 0.0918 
AM–5 Altern. 137 0.9371 1.0820 
AM–6  131 0.9360 1.0603 
AM–7  60 0.8068 0.2341 

Conversion Function:     f(xcf)   =   (1/Cco)[(xcf – xv)/(1 – xcf)(1 – xv)] 

 

Table 9d.   Summary of the Conversion Function for Second Order Kinetics 
(Type II) versus Time, for �Osco� Charcoal Briquets 

 Cooking tf–to, Time xcf f(xcf), Conversion 
Test No. Method Interval (min) ____ Function (m3 /kmol) 
PM–10i  0   0.5485* 0 
PM–10 Primary 45 0.7736 73.29 
PM–11  55 0.8308 102.70 
PM–12  81 0.8648 128.31 
PM–13  68 0.9271     193.82** 
PM–14  68 0.7845 80.23 
PM–17  83 0.8266 106.20 
PM–18  53 0.7871 81.46 
PM–19  65 0.7038 50.54 
AM–5 Altern. 137 0.9371 215.55 
AM–6  131 0.9360 220.08 
AM–7  60 0.8068 97.93 

Conversion Function:     f(xcf)   =   (1/Cao) ln[(1 – xv)/(1 – xcf)] 
*This value is the weight fraction of volatiles, xv. 
**During this test, the wind gusts were as high as 50 km/hr. 
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Table 9e.   Summary of the Conversion Function for Third Order Kinetics 
versus Time, for �Osco� Charcoal Briquets 

 Cooking tf–to, Time xcf f(xcf), Conversion 
Test No. Method Interval (min) ____ Function (m6 /kmol2) 
PM–10i  0   0.5485* 0 
PM–10 Primary 45 0.7736 18.49 
PM–11  55 0.8308 30.57 
PM–12  81 0.8648 43.60 
PM–13  68 0.9271     96.67** 
PM–14  68 0.7845 20.80 
PM–17  83 0.8266 31.17 
PM–18  53 0.7871 22.09 
PM–19  65 0.7038 11.01 
AM–5 Altern. 137 0.9371 118.32 
AM–6  131 0.9360 119.45 
AM–7  60 0.8068 27.01 

Conversion Function:     f(xcf)   =   (1/CcoCao)[(xcf – xv)/(1 – xcf)(1 – xv)] 
**During this test, the wind gusts were as high as 50 km/hr. 

 

Table 10a.   Summary of the Conversion Function for First Order Kinetics 
(with respect to Carbon) versus Time, for �Kingsford� Charcoal Briquets 

 Cooking tf–to, Time xcf f(xcf), Conversion 
Test No. Method Interval (min) ____ Function 
PM–20i  0   0.3389* 0 
PM–22 Primary 81 0.8507 1.4879 
PM–23  62 0.6811 0.7290 
PM–24  44 0.6362 0.5973 
PM–25  70 0.6995 0.7885 
PM–26  92 0.7666 1.0412 
PM–27  115 0.7778 1.0903 
PM–28  81 0.7547 0.9906 
PM–29  134 0.8280 1.3464 
PM–30  35 0.5145 0.3087 
PM–31  105 0.7123 0.8320 
AM–8 Altern. 43 0.6784 0.7206 
AM–9  104 0.7914 1.1535 
AM–10  72 0.6880 0.7509 
AM–11  157 0.8892 1.7862 

Conversion Function:     f(xcf)   =   ln[(1 – xv)/(1 – xcf)] 
*This value is the weight fraction of volatiles, xv. 
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Table 10b.   Summary of the Conversion Function for First Order Kinetics 
(with respect to Oxygen) versus Time, for �Kingsford� Charcoal Briquets 

 Cooking tf–to, Time xcf f(xcf), Conversion 
Test No. Method Interval (min) ____ Function 
PM–20i  0   0.3389* 0 
PM–22 Primary 81 0.8507 1710.9 
PM–23  62 0.6811 1082.9 
PM–24  44 0.6362 979.3 
PM–25  70 0.6995 1168.7 
PM–26  92 0.7666 1491.9 
PM–27  115 0.7778 1399.3 
PM–28  81 0.7547 1369.4 
PM–29  134 0.8280 1582.4 
PM–30  35 0.5145 565.1 
PM–31  105 0.7123 1234.3 
AM–8 Altern. 43 0.6784 1131.0 
AM–9  104 0.7914 1557.2 
AM–10  72 0.6880 1115.3 
AM–11  157 0.8892 1805.3 

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

Table 10c.   Summary of the Conversion Function for Second Order Kinetics 
(Type I) versus Time, for �Kingsford� Charcoal Briquets 

 Cooking tf–to, Time xcf f(xcf), Conversion 
Test No. Method Interval (min) ____ Function (m3 /kmol) 
PM–20i  0   0.3389* 0 
PM–22 Primary 81 0.8507 0.1865 
PM–23  62 0.6811 0.0584 
PM–24  44 0.6362 0.0445 
PM–25  70 0.6995 0.0653 
PM–26  92 0.7666 0.0997 
PM–27  115 0.7778 0.1074 
PM–28  81 0.7547 0.0922 
PM–29  134 0.8280 0.1547 
PM–30  35 0.5145 0.0197 
PM–31  105 0.7123 0.0706 
AM–8 Altern. 43 0.6784 0.0574 
AM–9  104 0.7914 0.1180 
AM–10  72 0.6880 0.0609 
AM–11  157 0.8892 0.2701 

Conversion Function:     f(xcf)   =   (1/Cco)[(xcf – xv)/(1 – xcf)(1 – xv)] 
*This value is the weight fraction of volatiles, xv. 
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Table 10d.   Summary of the Conversion Function for Second Order Kinetics 
(Type II) versus Time, for �Kingsford� Charcoal Briquets 

 Cooking tf–to, Time xcf f(xcf), Conversion 
Test No. Method Interval (min) ____ Function (m3 /kmol) 
PM–20i  0   0.3389* 0 
PM–22 Primary 81 0.8507 178.86 
PM–23  62 0.6811 82.96 
PM–24  44 0.6362 70.75 
PM–25  70 0.6995 91.88 
PM–26  92 0.7666 124.29 
PM–27  115 0.7778 124.99 
PM–28  81 0.7547 117.44 
PM–29  134 0.8280 156.63 
PM–30  35 0.5145 35.72 
PM–31  105 0.7123 98.89 
AM–8 Altern. 43 0.6784 86.32 
AM–9  104 0.7914 142.74 
AM–10  72 0.6880 86.26 
AM–11  157 0.8892 210.71 

Conversion Function:     f(xcf)   =   (1/Cao) ln[(1 – xv)/(1 – xcf)] 

Table 10e.   Summary of the Conversion Function for Third Order Kinetics 
versus Time, for �Kingsford� Charcoal Briquets 

 Cooking tf–to, Time xcf f(xcf), Conversion 
Test No. Method Interval (min) ____ Function (m6 /kmol2) 
PM–20i  0   0.3389* 0 
PM–22 Primary 81 0.8507 22.41 
PM–23  62 0.6811 6.64 
PM–24  44 0.6362 5.27 
PM–25  70 0.6995 7.61 
PM–26  92 0.7666 11.90 
PM–27  115 0.7778 12.32 
PM–28  81 0.7547 10.92 
PM–29  134 0.8280 17.99 
PM–30  35 0.5145 2.27 
PM–31  105 0.7123 8.39 
AM–8 Altern. 43 0.6784 6.88 
AM–9  104 0.7914 14.60 
AM–10  72 0.6880 6.99 
AM–11  157 0.8892 31.87 

Conversion Function:     f(xcf)   =   (1/CcoCao)[(xcf – xv)/(1 – xcf)(1 – xv)] 
*This value is the weight fraction of volatiles, xv. 
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Table 11.   Summary of the Diffusional Conversion Function versus Time, 
for �Lady Lee� Charcoal Briquets 

Test Cooking tf–to, Time xcf rcf/ro f(xcf), Conversion 
No. Method Interval (min) ____ ____ Function (m2) 

PM–5i  0   0.4171* 1.0 0 
PM–1 Primary 45 0.5822 0.8949 0.00370 
PM–2  60 0.7211 0.7821 0.01402 
PM–3  63 0.7723 0.7310 0.02081 
PM–4  36 0.6325 0.8575 0.00654 
PM–5  88 0.8299 0.6633 0.03030 
PM–6  55 0.7593 0.7447 0.01887 
PM–7  71 0.7995 0.7007 0.02294 
PM–8  42 0.6325 0.8575 0.00624 
PM–9  98 0.8437 0.6448 0.02991 
PM–32  126 0.8425 0.6465 0.03289 
AM–1 Altern. 44 0.5449 0.9208 0.00209 
AM–2  71 0.6667 0.8300 0.00839 
AM–3  151 0.9742 0.3537 0.07472 
AM–12  116 0.8095 0.6888 0.02636 

 

Table 12.   Summary of the Diffusional Conversion Function versus Time, for �Osco� 
Charcoal Briquets 

Test Cooking tf–to, Time xcf rcf/ro f(xcf), Conversion 
No. Method Interval (min) ____ ____ Function (m2) 

PM–10i  0   0.5485* 1.0 0 
PM–10 Primary 45 0.7736 0.7944 0.00472 
PM–11  55 0.8308 0.7210 0.00809 
PM–12  81 0.8648 0.6690 0.01114 
PM–13  68 0.9271 0.5445     0.01921** 
PM–14  68 0.7845 0.7815 0.00555 
PM–17  83 0.8266 0.7269 0.00824 
PM–18  53 0.7871 0.7783 0.00565 
PM–19  65 0.7038 0.8689 0.00233 
AM–5 Altern. 137 0.9371 0.5184 0.02104 
AM–6  131 0.9360 0.5214 0.02163 
AM–7  60 0.8068 0.7536 0.00723 

Conversion Function:     f(xcf)   =   (Ccoro
2/6Cao)[1 – 3(rcf/ro)2   +   2(rcf/ro)3] 

rcf/ro   =   [(1 – xcf)/(1 – xv)]1/3 
*This value is the weight fraction of volatiles, xv. 
**During this test, the wind gusts were as high as 50 km/hr. 
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Table 13.   Summary of the Diffusional Conversion Function versus Time, 
for �Kingsford� Charcoal Briquets 

Test Cooking tf–to, Time xcf rcf/ro f(xcf), Conversion 
No. Method Interval (min) ____ ____ Function (m2) 

PM–20i  0   0.3389* 1.0 0 
PM–22 Primary 81 0.8507 0.6090 0.02847 
PM–23  62 0.6811 0.7843 0.00941 
PM–24  44 0.6362 0.8195 0.00701 
PM–25  70 0.6995 0.7689 0.01095 
PM–26  92 0.7666 0.7068 0.01720 
PM–27  115 0.7778 0.6953 0.01722 
PM–28  81 0.7547 0.7186 0.01578 
PM–29  134 0.8280 0.6384 0.02405 
PM–30  35 0.5145 0.9022 0.00215 
PM–31  105 0.7123 0.7578 0.01212 
AM–8 Altern. 43 0.6784 0.7865 0.00965 
AM–9  104 0.7914 0.6808 0.02028 
AM–10  72 0.6880 0.7786 0.00987 
AM–11  157 0.8892 0.5513 0.03437 

Conversion Function:     f(xcf)   =   (Ccoro
2/6Cao)[1 – 3(rcf/ro)2   +   2(rcf/ro)3] 

rcf/ro   =   [(1 – xcf)/(1 – xv)]1/3 
*This value is the weight fraction of volatiles, xv. 
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New synthetic route to 
diaminonitropyrazole 

as precursor of energetic materials 
 

Badol Perrine ; Guillard Jérome ; Goujon, Fany ; Poullain, Didier* 
CEA-Le Ripault, B.P. 16, 37260 Monts 

*Email : poullain@ripault.cea.fr 
 
 The interest in1 developing new energetic compounds with enhanced performance and 
sensitivity characteristics has increased during the last 20 years. 
 

Many energetic molecules involving nitroazole function are described. This skeleton is 
intermediate in the preparation of other high explosive compounds such as 4,6 bis(3-amino-5-
nitro-1H-1,2,4-triazole-1-yl)-5-nitropyrimidine2 (DANTNP), 4-nitro-2-(1,2,4-triazole-3-yl)-
1,2,3-triazole3 (MNBT) and 3,5-dinitro-4-amino-pyrazole4 (LLM-116) (scheme 1). Its 
performances are inferior to HMX. 
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Scheme 1 

 
Despite high energetic performance only a few papers are dealing with nitropyrazoles. 
 
The synthetic routes5 are following : 
 - direct nitration at C-3(5) 

- rearrangement of nitropyrimidine as described by Biffin6 et al. for 3-amino-4-
nitropyrazole 

 
The pyrimidines are very sensitive to hydrazine attack and might give hydrazino analogues7 or 
might be converted into inferior ring as pyrazole. From the works of Biffin, we have try to get the 
aminonitropyrazole with a reactive site. Finally, we have evidence of a new reaction mechanism 
permitting to synthesize 3,5-diamino-4-nitropyrazole substituted in position 1.  These compounds 
by their potential reactivities and their thermodynamics properties are interesting precursors for 
new effective and insensitive explosives.  Besides, these works allowed us to study the reactivity 
of N-substituted-hydrazines with nitropyrazoles. Results obtained will be discussed. 
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ABSTRACT 

 
Before embarking upon the synthesis 

or formulation of new energetic materials, 
the chemist needs to estimate the 
performance properties in order to evaluate 
the potential of the approach.  The process 
has two steps: 1) One must estimate the heat 
of formation if the formulation contains one 
or more compounds for which this property 
is unknown. 2) Using the heat of formation 
of individual ingredients as one of the input 
parameters, the performance properties (e.g. 
Isp, temperature of combustion, product 
distribution, velocity of detonation, etc.) are 
calculated using a computer code. 

This paper compares various 
techniques for the estimation of the heat of 
formation of energetic compounds and 
concludes that the method first proposed by 
the A. D. Little Company as a classified 
report and later published in the open 
literature is still the method of choice for 
most energetic materials.(1,2)  The procedure 
is a group additivity technique wherein the 
heat of combustion determined and from this 
value the heat of formation can be found.  It 
is applicable to a wide variety of organic 
compounds in the gaseous, liquid and solid 
states.  This paper extends this method by 
adding values for functional groups of 
potential interest to the energetic materials 
chemist. 

The computer code, which is used to 
calculate performance of propellants and 
pyrotechnics, is called PEP (Propellant 
Evaluation Program) and it is free.(3)  The 

two most widely used codes to calculate 
detonation properties are CHEETAH and 
TIGER.(4,5) The former is available only to 
the government and its contractors.  The 
latter is commercially available but it is 
quite expensive.  To circumvent these 
problems, we have devised a procedure that 
uses the Kamlet equation as a basis to 
calculate the Chapman-Jouget detonation 
pressure.6 This equation states: 

 
PCJ=K ρ2 NM1/2(-∆Hd)1/2  in kbar 

 
Where K= a constant (15.85), ρ= density 
(g/cc), N= moles of gas per gram of 
explosive, M= weight average molecular 
weight of gases, and -∆Hd = enthalpy of 
detonation (cal/gm).  The PEP program can 
be used to estimate the various parameters 
of the Kamlet equation.  Knowing the 
detonation pressure, other detonation 
properties such as detonation velocity are 
easily calculated. 
 After making an empirical 
adjustment, the calculated detonation 
properties appear to be at least as accurate as 
those calculated by the TIGER code.  Both, 
the heat of formation estimation and 
detonation properties estimation, are easily 
set up in spreadsheets.  This paper will show 
examples of these techniques and compare 
results to experimentally measured values. 
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Heat of Formation Estimation 

 
 Various techniques to estimate heat 
of formation of organic compounds have 
been reviewed and critiqued.(7,8)  In these 
reviews, it is recommended that �for highest 
accuracy, the Benson method be selected�.(7, 

9 )However, they note that ��the method 
has too many groups to be easily done on a 
spreadsheet.�  A computer program 
(CHETAH) is needed to most effectively use 
this method.(10)  The Benson method has a 
further disadvantage for the energetic 
materials chemist in that it estimates the heat 
of formation of the substance as an ideal 
gas.  Most energetic material calculations 
require the heat of formation for the liquid 
or solid form of the material under 
consideration.  In these same reviews a 
technique developed by Cardozo was 
recommended �for complex organic 
substances found in the liquid or solid 
phase��(11,12) This is precisely what the 
energetic material chemist needs.  In this 
method an equivalent chain length N is 
defined as: 
 
 N = NC + Σ ∆ Ni 
 
Where NC is the total number of carbon 
atoms in the compound and ∆ Ni are 
corrections for various structures and 
phases.  Once N is known the enthalpy of 
combustion (∆HC) is calculated from 
empirically derived equations and from ∆Hc, 
the enthalpy of formation, ∆Hf, can be 
calculated.  Cardozo derived Ni for a large 
number of groups.  However, only a few 
(e.g. nitrate (ONO2) and nitro (NO2)) were 
of interest to the energetic materials chemist.  
Correspondingly, Handrick had developed a 
method similar to Cardozo that included 
quite a few more groups (e.g. nitramine, 
nitramide, furoxan, furazan, trinitromethyl) 

 common to high-energy organic 
compounds. (1,2) Generations of energetic 
materials chemists had used this method and 
found it quite useful.  Despite this, it is 
interesting to note that it was not mentioned 
at all in recent reviews. (7,8) In this method 
the heat of combustion is given by the 
equation: 
 
1) ∆Hc = ∆ ai + x ∆ bi 
 
Where ai = intercept coefficient for each 
functional type, bi = slope coefficient for 
each functional type, x = atoms of external 
oxygen required for combustion. 
 Both the Cardozo and Handrick 
papers give detailed rules and examples of 
how to apply their methods and these will 
not be repeated in this paper.  It should be 
noted that, despite the fact that both methods 
claim to estimate the enthalpy of combustion 
from which the enthalpy of formation could 
be calculated, there are some significant 
differences between the two methods.  These 
differences are as follows: 
1) The Handrick method assumes, upon 

combustion that hydrogen, H, is 
converted to H2O liquid and 
bromine, Br, and iodine, I, are 
converted to Br2 and I2 respectively. 

2) The Cardozo method assumes that, 
upon combustion, hydrogen, H, is 
converted to H2O gas and bromine, 
Br, and iodine, I, are converted to 
HBr and HI respectively. 
Thus, for a given compound, the 

enthalpy of combustion as calculated by 
each method will not correspond.  It should 
also be noted that the enthalpy of 
combustion as calculated by the Cardozo 
technique will not be the same as those 
reported in the standard data bases, e.g. 
NIST and ICT, but those done by the 
Handrick method will.(13,14) However, the 
enthalpies of formation as calculated from 
the enthalpies of combustion will 
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correspond if the assumptions noted above 
are taken into account. We decided to 
compare these two methods by comparing 
the heats of formation as calculated by each 
method taking into account the above 
assumptions.  This comparison is shown in 
Table 1 for a group of miscellaneous organic 
compounds for which calculations were 
reported in the Cardozo papers.  The results 
indicate that the accuracy of each method is 
nearly identical to one another. 
 With the advent of large 
thermochemical databases that can be 
searched by functional group it is a fairly 
straightforward matter to add values for 
functional groups to those already 
published.(13,14) Our additions to the 
Handrick method are shown in Table 2. 
 In summary, it is concluded that for a 
given compound for which an estimate for 
the heat of formation is needed, 1) The 
Cardozo method has more organic groups 
and this method is most useful for non-
energetic additives to energetic 
formulations. 2) The Handrick method 
yields results that are as accurate and can be 
used if the Cardozo method cannot be 
applied.  This method is most useful for 
energetic materials where the requisite 
functional groups are not included in the 
Cardozo method. 
 

Estimation of Detonation Properties 
 
 The next step in estimating 
performance properties of given compound 
is to input the empirical formula and heat of 
formation into a computer code.  The 
computer code, which is used to calculate 
the performance parameter of propellants 
and pyrotechnics, is called PEP (Propellant 
Evaluation Program) and it is free.(3) In the 
United States, the two most widely used 
codes to calculate detonation properties are 
CHEETAH (not CHETAH) and TIGER.(4,5) 
The former is only available to the 

government and its contractors.(15) The latter 
is commercially available but is quite 
expensive.(16)  

The only method whereby detonation 
pressure (PCJ) can be estimated without a 
computer code is via the Kamlet equation.6 
This equation states that: 
 
2)   Pcj = K ρ0

2 N M ½ (- ∆Hd) ½ 
 
Where K = a constant (15.85), ρo = density 
(g/cc), N = moles gas per gram of explosive, 
M = average molecular weight of gases, ∆Hd 
= heat of detonation (cal/gm) and Pcj = 
detonation pressure (kbar) 
 In order to perform this calculation 
one must know what the products are.  
Kamlet and Jacobs had the following 
hierarchy rules for C, H, O and N 
explosives: 

1) N forms N2 gas 
2) O reacts first with H to form 

H2O 
3) The remaining O reacts with 

C to form CO2. 
4) Any remaining C goes to C(s) 

(soot) 
It was hypothesized that the PEP 

code could be used to estimate the various 
parameters of the Kamlet equation and 
extend it to elements other than C, H, N, and 
O.  We chose 1000 psi as an arbitrary 
operating pressure and used the exit output 
(see Table 3) to calculate N, M, and �∆Hd 
(see Table 4 for a sample calculation).  This 
technique was used to calculate PCJ for a 
variety of explosives at various densities 
whose measured detonation pressure ranged 
from 2.6 Gpa to 39.0 Gpa.17 The results are 
shown in Table 5.  The calculated detonation 
pressure (noted as PKJ) is slightly higher 
than the measured detonation pressures.  
The calculated values were plotted against 
the measured values in Figure 1 and found 
to fit the following equation: 
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3)  PCJ (actual) = 0.004 (PKJ)2 + 0.8447 (PKJ) 
� 0.3227 with a R2=0.998 
 
The corrected detonation pressures (noted as 
Pcorr) are shown in Table 5 and have an 
average absolute error of 4.54% from the 
measured value. 

After this work was completed, 
several interesting references that relate to 
this work were found. Gill and co-workers 
found that the �CJ (Chapman-Jouget) 
detonation pressure is predicted from the 
theoretical specific impulse and density of 
the explosive compositions by using the 
theoretical rocket-performance calculations 
from the Propellant Evaluation Program 
(PEP) computer code.�(18) Their equation is: 

 Pcj=44.4*(Isp*ρ2)-21. 
Where Pcj is in kbar, ρ = density (g/cc), and 
Isp =specific impulse in N*sec/gm   
 References to this interesting and 
useful method could not be found in the 
more significant standard reference texts on 
the subject of explosives. 

They report a R2 =0.984 between Pcj 
calculated and Pcj actual. From data given in 
their paper, we were able to calculate that 
the absolute percent error between Pcj 
calculated and Pcj actual was 6.7%. Thus, the 
method reported in this work is slightly 
more accurate than theirs. It must be 
admitted the Gill method is computationally 
less complicated. However the spreadsheet 
method that we will describe later mitigates 
this problem. 

 Victor published a spreadsheet for 
which heats of explosion and detonation 
could be calculated from PEP code output.  
He further suggested, �This method can be 
used to obtain reasonable parameters for use 
in the Kamlet-Jacobs equation for 
calculating detonation pressure.�(19) No 
evidence could be found that he elaborated 
upon this suggestion.  There were also 
various scattered references in difficult to 
obtain periodicals to �improvements� on the 

Kamlet-Jacobs method.(20-24) How these 
references compare to this work will be left 
to others to judge. 
 Detonation velocity can be 
calculated as a function of detonation 
pressure via two separate techniques.  
Cooper gives the following equation: 25  
 
4)   Dv = [PCJ / [ρo (1 - 0.7125ρo 0.04)]]1/2 
  

Walker and co-workers have 
demonstrated a simple method for 
computation of detonation velocity of 
organic high explosives. 

�The shock velocity of each 
constituent element at the detonation 
pressure is multiplied by the weight fraction 
of that element, and these resultant 
quantities are added.  This sum is then 
multiplied by a correction factor (slightly 
greater than unity) to account for the fact 
that detonation temperatures are typically an 
order of magnitude higher than unreacted 
shock temperatures at a given pressure.  The 
corrected sum is the detonation velocity of 
the explosive.�(26,27) Details of how this 
method is applied are given in the reference 
papers and will not be repeated here.  One of 
the outputs of the PEP code is moles of each 
element.  Thus, it is fairly straightforward to 
calculate the detonation velocity by the 
Walker technique at a given calculated 
detonation pressure.   

We then used the above described 
procedures to calculate detonation pressure 
and detonation velocity for explosives 
whose detonation pressures and detonation 
velocities both have been measured and 
compared calculated results to measured 
values..(17,28) The results are shown in Table 
6 and show an excellent correlation between 
actual and calculated.  The average absolute 
percent error for PCJ is around 4% and 
around 2% for detonation velocity (either 
the Cooper method or Walker method).  
Included in these comparisons are 
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explosives containing the elements C, H, O, 
N, CI, F, Al and K.  As expected, the 
technique is not work for explosives 
considered to be �non-ideal� (e.g. baratol 
and plumbatol).  We further used our 
method to calculate detonation velocity of 
explosives wherein that was the only 
parameter that had been measured (Table 7).  
Again, the results showed excellent 
agreement. 

The detonation pressures calculated 
by this technique have compared to some 
published values calculated by the TIGER 
code).(18,28) This comparison, as shown in 
Table 8, indicates this method to be slightly 
more accurate than TIGER (as it then 
existed!). 

Knowing detonation pressure allows 
other detonation properties to be estimated. 

The detonation energy, E, is given by 
the following equation (31,32) 
5)   E = 0.5*( PCJ /ρCJ) (kJ/g) 

 
Where ρCJ = 1.386 ρO 0.96 

PCJ = Chapman-Jouget detonation pressure, 
ρCJ = Chapman-Jouget density, ρ0 = initial 
material density (g/cc) 
 TNT equivalency is given by the 
following equations: (33) 
 
6)   TNT equivalent = 0.078 (PCJ/ρcj)* 100 

 
7)   TNT equivalent = (E/4.68) * 100 
 
Where E = 0.5 PCJ/ρCJ (see above) and 4.68 
kJ/g is detonation energy of TNT. 
 The Gurney constant, √2E, is given 
by either one of the following: (34,35) 
 
8)   √2E = 0.338 DV Where DV = detonation 
velocity (km/s) 
 
9)   √2E = 233 ρo �0.6 PCJ

1/2 (PCJ in Kbar) 
 

In summary this technique consists 
of the following discrete steps: 

1) Performing a PEP run of the 
material in question at 1000 psi. 

2) Use the PEP output to calculate 
N, M, and -∆Hd 

3) Input these values along with the 
material density into the Kamlet-
Jacob equation. 

4) Use equation 3 to correct the 
Kamlet-Jacob calculation for PCJ. 

5) Use the obtained, corrected, PCJ 
to calculate detonation velocity, 
detonation energy, TNT 
equivalency and Gurney constant 
by the equations shown 
previously. 

The entire process has been semi-
automated by a spreadsheet with three 
embedded macros which, when run in 
sequence, do the following: 

1) Initialize the spreadsheet (Macro 
Initialize) 

2) Import the data from the PEP run 
(Macro Import) 

3) Rearrange the imported data and 
automatically calculate the 
various detonation parameters 
(Macro Calculate) 

As now set up the entire process 
including the PEP run takes about three 
minutes to accomplish.  The spreadsheet is 
available from the author. 

 
Conclusions 

 
This paper has demonstrated that, 

although the Handrick technique is nearly 50 
years old, it is still as good a way as others 
to estimate the heat of formation of organic 
compounds used in energetic formulations. 

We have also shown a way for 
researchers who do have access to either the 
TIGER or CHEETAH codes to estimate 
certain detonation properties. The accuracy 
of the technique appears to be quite 
adequate. 
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Table 1 
Comparison of Cardozo and Handrick Calculation vs Actual for Miscellaneous Organic 

Compounds 
 

Compound state
dHf 

reported 
(kJ/mole)

dHf 
Cardozo 

calc'n 
(kJ/mole)

dHf 
Handrick 

calc'n 
(kJ/mole)

absolute 
value of dHf 
(rpt'd)-dHf 
(Cardozo) 
(kJ/mole)

absolute value 
of dHf (rpt'd)-

dHf 
(Handrick) 
(kJ/mole)

ethane g -83.8 -84.3 -85 0.5 1.2
asparagine s -789 -761 -757 28 32

succinamide s -581 -568 -528 13 53
vinylacetylene g 295 290.4 287 4.6 8

2,4-dinitrophenol s -235 -221 -225 14 10
phthalic acid s -782 -816 -786 34 4

isopentylamine l -210 -177 -197 33 13
anisole l -114 -100 -140 14 26

5-phenylaminotetrazole s 305 307 314 2 9
2,4-dimethyl-3-pentanone l -352.9 -377 -389 24.1 36.1

2,2,3-trimethylbutane l -237 -237 -231 0 6
alpha-naphthol s -122 -115 -131 7 9

5-butyldocosane s -715 -706 -696 9 19

average 14.09 17.41
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Table 2 
New Group Values Handrick Method 

 
 
 
 

Group a value b value 
acyl peroxide (s) 91.6 -0.98 
adamantane (s) -10.36 -0.58 
alkyl peroxide 91.4 -0.61 

alpha amino acid -14.33    0.67 
aryl isocyanates 27.24 -0.91 

bromo (l) -8.64 0.06 
carbonate (l) 11.75 0.4 
cubane (s) 33.35 -1.53 

cyclobutane (l) 143.6 -0.15 
fluorodinitromethyl (l) 18.94 -0.54 

formal (l) 188.2 0.84 
fused benzo (per C2H4 fusion) (s) 28.1 -0.95 

hydroperoxide (s) 70.02 0.45 
iodo (l) 9.1 -0.56 
iodo (s) 15.5 -0.7 

isoxazole (l) 52.41 -0.6 
isoxazole (s) 46.6 -0.28 
oxirane (l) 37.14 -0.54 

peroxy acids 36.84 0.86 
pyridine (l) 18.74 -0.99 
pyridine (s) -4.76 0.35 

pyridine-N-oxide 58.61 -1.6 
triazine 31.75 0.25 
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Table 3

Sample PEP Run for TNT

TNT            Run using June 1988 Version of PEP,
 Case  1 of  1     24 Apr 2002 at  6:39:44.91 pm

  CODE                                                         WEIGHT    D-H  DENS      COMPOSITION
   959 TNT PER ORD HANDBOOK)            100.000    -79  0.05810    7C   5H   3N   6O

THE PROPELLANT DENSITY IS 0.05810 LB/CU-IN OR  1.6082 GM/CC
THE TOTAL PROPELLANT WEIGHT IS  100.0000 GRAMS

NUMBER OF GRAM ATOMS OF EACH ELEMENT PRESENT IN INGREDIENTS

   2.201276 H     3.081786 C     1.320766 N     2.641531 O

CHAMBER RESULTS FOLLOW

 T(K)  T(F)  P(ATM)   P(PSI)   ENTHALPY  ENTROPY       CP/CV     GAS     RT/V
1988. 3119.   68.02       1000.00    -7.90              228.08           1.2770     4.387   15.506

SPECIFIC HEAT (MOLAR) OF GAS AND TOTAL=    8.577    8.348
NUMBER MOLS GAS AND CONDENSED=   4.3869   0.4278

  2.63022 CO         1.07340 H2         0.65435 N2         0.42779 C&
  0.01172 CNH        0.00708 CH4        0.00538 H2O        0.00292 CO2
 8.64E-04 C2H2      3.95E-04 H         2.93E-04 NH3       9.31E-05 C2H4
 6.43E-05 CH3       2.90E-05 CH2O      7.05E-06 CNHO      5.68E-06 CHO

THE MOLECULAR WEIGHT OF THE MIXTURE IS   20.770

EXHAUST RESULTS FOLLOW

 T(K)  T(F)  P(ATM)        P(PSI)    ENTHALPY  ENTROPY   CP/CV     GAS     RT/V
1045. 1421.    1.00           14.70   -  57.91              228.08          1.2760      4.044   0.247

SPECIFIC HEAT (MOLAR) OF GAS AND TOTAL=    8.189    7.716
NUMBER MOLS GAS AND CONDENSED=   4.0437   0.7706

  2.04987 CO         0.97461 H2         0.77064 C&         0.66031 N2
  0.24704 CO2        0.09752 H2O        0.01418 CH4        0.0008 NH3
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Table 4

Sample Calculation of Pcj for TNT

From table 3 we find:

N = mole gas/ gm expl. = 4.40/100 = .0404

M = gm gas / mole gas = 90.68/4.40 = 22.43 (see below for calculation of gm. Gas)

-∆Hd (cal/gm) = -10-3*(∆Hf (TNT)*gmTNT -(∆Hf (C)*gm C +∆Hf (CH4)*gm CH4 +∆Hf (CO)*gm
CO + ∆Hf (H2)*gm H2  + ∆Hf (H2O(g))*gm H2O (g) + ∆Hf (N2)*gm N2)  = 753.8 (see table below)

At density = 1.6 gm/cc

PKJ  = K*ρ2 * N * M1/2*(-∆Hd)1/2 = 15.85*(1.6) 2 * 0.404 * (22.43) ½ * (753.8) ½ = 209.7 kbar =
20.97 Gpa

Pcorr (GPa) = -0.004 * PKJ
2 + 0.8447 * PKJ -0.3227 = 19.14 GPa

substance dHf (cal/gm) Moles (from PEP
run)

gms. (calculated or
from PEP run)

cal. (= gms*dHf)

reactants
TNT -79 100 -7900

products
C (s) 0 0.77 9.25 0
CH4 -1118.42 0.0142 0.23 -253.8
CO -943.45 2.05 57.4 -54150.7
CO2 -2137 0.247 10.9 -23234.5
H2 0 0.9746 1.95 0

H2O -3210.8 .0975 1.75 -5636
N2 0 .66 18.5 0

gms. gas = gm CH4 + gm CO + gm CO2 +  gm H2 +gm N2 = 90.68

cal/gm of product = sum cal. products/100 = -832.75
cal/gm of reactant = sum cal reactants/100 = -79.0
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Table 5
Calibration of Kamlet-Jacobs Calculation from PEP Data to Actual

Material
Dens 
(g/cc

Pact 
(Gpa) Pkj (Gpa)

Pcorr 
(Gpa) %error Pcj

TNT 0.624 2.62 3.22 2.43 7.11
TNT 0.81 4.21 5.44 4.39 4.18
RDX 0.7 4.72 5.45 4.39 6.89
TNT 0.91 5.38 6.86 5.66 5.11
TNT 0.96 5.74 7.63 6.35 10.63
TNT 0.866 5.88 6.21 5.07 13.74

PETN 0.885 6.95 8.53 7.17 3.15
TNT 1.001 7.096 8.30 6.96 1.93

PETN 0.93 7.33 9.42 7.98 8.93
PETN 0.95 8.5 9.83 8.36 1.62
PETN 0.99 8.7 10.63 9.10 4.64
RDX 0.95 9.46 10.05 8.57 9.46
RDX 1.1 11.27 13.48 11.79 4.58
RDX 1.07 11.6 12.75 11.09 4.38
RDX 1.17 13.44 15.24 13.47 0.26

PETN 1.23 13.87 16.47 14.67 5.76
TNT 1.64 21 22.23 20.43 2.72

PETN 1.76 33.5 33.68 32.65 2.53
RDX 1.77 33.8 34.69 33.79 0.02
HMX 1.89 39 39.68 39.49 1.25

Average 4.94
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Table 6 
Detonation Pressure and Detonation Velocity Calculated vs Actual 

 
Material Dens. 

(g/cc) 
Pact 

(GPa) 
Pcalc 
(GPa) 

Det vel. 
Meas. 
(Gpa) 

Det vel 
Cooper 
(km/s) 

Det vel 
Walker 
(km/s) 

%error 
Pcj 

% error DV 
Cooper 

% error DV 
Walker 

Ref 

CHON solids           
BTF 1.86 36 34.4 8.69 8.28 7.96 4.44 4.72 8.40 28 
Comp B 1.72 29.5 28.5 7.92 7.99 7.52 3.39 0.88 5.05 28 
HNAB 1.6 20.5 21.4 7.33 6.99 7.2 4.39 4.64 1.77 28 
LX-10 1.86 37.5 37.1 8.32 8.6 8.6 1.07 3.37 3.37 28 
LX-14 1.83 37 35.7 8.83 8.5 8.53 3.51 3.74 3.40 28 
LX-17 1.9 30 26.8 7.63 7.26 7.84 10.67 4.85 2.75 28 
Octol 1.81 34.2 33.5 8.48 8.28 8.34 2.05 2.36 1.65 28 
PBX 9010 1.78 32.8 32.4 8.37 8.2 8.19 1.22 2.03 2.15 28 
PBX 9011 1.77 32.4 31.6 8.5 8.12 8.32 2.47 4.47 2.12 28 
XTX 8003 1.53 17 19.9 7.3 6.8  17.06 6.85 N/A 28 
Comp B 1.67 27.2 26.7 7.868 7.66 7.85 1.84 2.64 0.23 17 
Comp B 1.671 25.65 26.77 7.69 7.66 7.85 4.37 0.39 2.08 17 
Comp B 1.674 26.7 26.88 7.89 7.67 7.86 0.67 2.79 0.38 17 
Comp B 1.692 26.75 27.54 7.84 7.93 7.91 2.95 1.15 0.89 17 
Comp B 1.7 28.3 27.8 7.85 7.76 7.93 1.77 1.15 1.02 17 
Comp B 1.703 27.2 27.9 7.75 7.77 7.94 2.57 0.26 2.45 17 
Comp B 1.712 29.3 28.3 8.022 7.79 7.97 3.41 2.89 0.65 17 
Comp B 1.729 29.77 28.9 7.98 7.84 8.02 2.92 1.75 0.50 17 
Comp B 1.73 26.3 29 7.95 7.85 8.02 10.27 1.26 0.88 17 
Comp B 1.73 27.5 29 7.886 7.85 8.02 5.45 0.46 1.70 17 
Comp B 1.733 30 29.1 8 7.86 8.03 3.00 1.75 0.37 17 
Cyclotol (75/25) 1.743 31.3 30.8 8.252 8.07 8.14 1.60 2.21 1.36 17 
Cyclotol (75/25) 1.757 32.33 31.4 8.3 8.12 8.18 2.88 2.17 1.45 17 
Cyclotol (75/25) 1.76 31.6 31.5 8.3 8.13 8.19 0.32 2.05 1.33 17 
Cyclotol (77/23) 1.752 31.58 31.3 8.274 8.13 8.18 0.89 1.74 1.14 17 
Cyclotol (77/23) 1.755 31.3 31.5 8.29 8.13 8.19 0.64 1.93 1.21 17 
DATB 1.79 25.7 27.9 7.585 7.59 7.89 8.56 0.07 4.02 17 
HNB 1.973 40 38.2 9.335 8.5 8.05 4.50 8.94 13.77 17 
LX-04-01 1.858 35.13 34.8 8.46 8.33 8.42 0.94 1.54 0.47 17 
LX-04-01 1.867 34.5 35.2 8.48 8.35 8.45 2.03 1.53 0.35 17 
LX-07 1.85 37.73 35.6 8.59 8.44 8.48 5.65 1.75 1.28 17 
LX-10 1.841 37.2 36.2 8.81 8.53 8.53 2.69 3.18 3.18 17 
Octol (77.6/22.4) 1.821 34.18 34.2 8.494 8.39 8.34 0.06 1.22 1.81 17 
Octol (75/25) 1.8 30.65 33.5 8.55 8.28 8.34 9.30 3.16 2.46 17 
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Table 6 (cont) 
 

CHON solids (cont) Dens. 
(g/cc) 

Pact 
(Gpa) 

Pcalc 
(Gpa) 

Det vel. 
Meas. 
(km/s) 

Det vel 
Cooper 
(km/s) 

Det vel 
Walker 
(km/s) 

%error 
Pcj 

% error DV 
Cooper 

% error DV 
Walker 

Ref 

PBX 9404 1.84 37 36.1 8.8 8.53 N/A 2.43 3.07  17 
PBX 9404 1.84 34.7 36.1 8.72 8.53 N/A 4.03 2.18  17 
PBX 9404 1.844 37.2 36.3 8.81 8.54 N/A 2.42 3.06  17 
PBX 9404 1.846 37.5 36.4 8.82 8.55 N/A 2.93 3.06  17 
PBX 9404 1.846 35.6 36.4 8.776 8.55 N/A 2.25 2.58  17 
PBX 9502 1.895 28.9 27 7.706 7.27 7.84 6.57 5.66 1.74 17 
Pentolite (50/50) 1.644 25.2 24.9 7.52 7.45 7.63 1.19 0.93 1.46 17 
Pentolite (50/50) 1.644 25.63 24.9 7.52 7.45 7.63 2.85 0.93 1.46 17 
Pentolite (50/50) 1.66 24.1 25.4 7.448 7.49 7.67 5.39 0.56 2.98 17 
Average error       3.71 2.51 2.25  
Standard deviation       3.25 1.78 2.45  
Liquids           
NM 1.128 13.3 12.3 6.29 6.2 6.74 7.52 1.43 7.15 17 
NM 1.13 12.5 12.3 6.37 6.2 6.74 1.60 2.67 5.81 17 
NM 1.133 13.4 12.5 6.299 6.2 6.75 6.72 1.57 7.16 17 
NM/TNM (81.43/18.57) 1.197 13.8 14.6 6.57 6.56 6.85 5.80 0.15 4.26 17 
NM/TNM (55.47/44.53) 1.31 15.6 17.7 6.88 6.95 6.95 13.46 1.02 1.02 17 
TNM 1.638 15.9 14.8 6.36 5.75 6.28 6.92 9.59 1.26 17 
LX 01 1.24 15.6 15.7 6.8 6.92 6.67 0.64 1.76 1.91 17 
NG 1.6 25.3 25.7 7.7 7.66 7.53 1.58 0.52 2.21 17 
Average error       5.53 2.34 3.85 17 
Standard deviation       3.96 2.83 2.43  
Aluminized   
ALEX –20 1.8 23 25.2 7.53 7.2 7.65 9.57 4.38 1.59 17 
Alex 32 1.88 21.5 23 7.3 6.74 7.4 6.98 7.67 1.37 17 
HBX-1 1.72 22 22.9 7.31 6.99 7.52 4.09 4.38 2.87 17 
AN/ADNT/Al 
(39.2/43.2/17.6) 

1.734 26.3 25.6 7.84 7.28 7.65 2.66 7.14 2.42 17 

An/ADNT/Al/RDX 
(45.1/19.8/10/25) 

1.752 25 29.1 7.74 7.82 8.01 16.40 1.03 3.49 17 

Average error       7.94 4.92 2.35  
Standard deviation       4.85 2.37 0.79  
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Table 6 (cont) 
 

Material Dens. 
(g/cc) 

Pact 
(GPa) 

Pcalc 
(GPa) 

Det vel. 
Meas. 
(km/s) 

Det vel 
Cooper 
(km/s) 

Det vel 
Walker 
(km/s) 

%error 
Pcj 

% error DV 
Cooper 

% error DV 
Walker 

Ref 

CHNO Cl solids   
HMX/AP/PB (57/29/14) 1.67 26 26.9 7.76 7.67 8.05 3.46 1.16 3.74 17 
HMX /AP/PB (69/17/14) 1.67 27.5 25.4 8.05 7.46 7.95 7.64 7.33 1.24 17 
HMX /AP/PB 
(80.3/5.9/13.8) 

1.66 27.5 26.1 8.19 7.6 8.03 5.09 7.20 1.95 17 

Average error       5.40 5.23 2.31  
Standar deviation       1.72 2.88 1.05  
CHNO K Cl solids      
HMX/KP/PB 
(33.4/53.4/13.2) 

1.88 17.25 25.9 6.18 7.15 7.59 50.14 15.70 22.82 17 

HMX/KP/PB (51/35/14) 1.78 22 24.8 7.15 7.18 7.66 12.73 0.42 7.13 17 
HMX/KP/PB 
(52.6/34.7/12.7) 

1.82 25 26.5 7.13 7.34 7.78 6.00 2.95 9.12 17 

HMX/AKP/PE (52/43/5) 1.985 32.5 35.5 7.63 8.17 8.3 9.23 7.08 8.78 17 
HMX/AKP/PE (52/43/5) 1.992 30.5 35.7 7.54 8.14 8.34 17.05 7.96 10.61 17 
HMX/AKP/PE (52/43/5) 1.994 35 35.8 7.76 8.2 8.32 2.29 5.67 7.22 17 
Average error   9.46 4.81 8.57  
Standard deviation   5.74 3.10 1.45 
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Table 7
Comparison Of Detonation Velocity Measured vs Detonation Velocity Calculated

(Data from refs 29 and 30)

Material dens
Dv (meas) 

(km/s)
Dv Cpr 
(km/s)

Dv Wlkr 
(km/s) % error Cpr % error Wlk

dinitrodimethyloxamide 1.48 7.1 6.52 6.94 8.17 2.25
ditrophenoxyethylnitrate 1.58 6.8 6.7 7.28 1.47 7.06

dioxyethylnitramine dinitrate 1.47 7.58 7.3 7.45 3.69 1.72
dipenterythritol hexanitrate 1.6 7.4 7.6 7.7 2.70 4.05

Ethriol trinitrate 1.48 6.44 7.1 7.51 10.25 16.61
ethylenediamine dinitrate 1.53 6.8 7.01 7.62 3.09 12.06

ethyl nitrate 1.1 5.8 5.94 6.66 2.41 14.83
ethyl picrate 1.55 6.5 6.47 7.19 0.46 10.62

hexanitrodiphenyl amine 1.6 7.2 6.86 7.18 4.72 0.28
hexanitrodiphenyl oxide 1.65 7.18 6.97 7.25 2.92 0.97

hydrazine nitrate 1.6 8.7 7.34 7.81 15.63 10.23
mannitol hexanitrate 1.773 8.26 7.87 7.71 4.72 6.66

m-dinitrobenzene 1.47 6.1 5.93 6.89 2.79 12.95
methyl nitrate 1.217 6.3 6.72 6.87 6.67 9.05

nitroglycol (EGDN) 1.48 7.3 7.49 7.37 2.60 0.96
nitroisobutylglcerol trinitrate 1.68 7.6 8.16 7.89 7.37 3.82

polyvinylnitrate 1.5 7 7.28 7.52 4.00 7.43
ammonium picrate 1.6 7.15 6.75 7.38 5.59 3.22
cyanuric triazide 1.02 5.5 5.09 6.02 7.45 9.45

trinitroso-1,3,5-triazine 1.49 7.3 7.2 7.58 1.37 3.84
DDNP 1.5 6.6 5.37 6.46 18.64 2.12

DEGDN 1.38 6.6 6.85 7.23 3.79 9.55
DINGU 1.75 7.5 6.94 7.38 7.47 1.60
TNGU 1.95 9.15 8.42 8.12 7.98 11.26

EDNATOL 1.62 7.3 7.31 7.7 0.14 5.48
TORPEX 1.81 7.6 7.4 7.7 2.63 1.32

TRITONAL 1.77 6.5 6.6 7.2 1.54 10.77
EDNA 1.65 7.57 7.84 8.11 3.57 7.13

PICRATOL 1.62 6.89 6.7 7.34 2.76 6.53
Tetryl 1.71 7.57 7.53 7.68 0.53 1.45

tetryol (70/30) 1.61 7.34 7.04 7.37 4.09 0.41
tetryol (75/25) 1.59 7.38 7.01 7.33 5.01 0.68

Average 4.88 6.14
Standard Deviation 4.08 4.67
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Table 8
Comparison of PEP Method vs TIGER

(see ref 28 for TIGER data)

Material g/cc)
Pcj tiger 
(Gpa)

Pcj PEP 
(GPa)

Pcj actual 
(Gpa) %error T %error P

BTF 1.86 30.9 34.4 36 16.50 4.65
DATB 1.78 25 27.9 25.9 3.60 7.17
HMX 1.89 39.4 39.4 39 1.02 1.02
LX 04 1.865 33 35.2 35 6.06 0.57
LX 10 1.86 36 36.7 37.5 4.17 2.18
NG 1.59 25.1 25.3 25.3 0.80 0.00
NM 1.13 14.4 12.5 12.5 13.19 0.00

PBX 9404 1.84 35.4 36.1 37.5 5.93 3.88
PETN 1.77 33.2 33.1 33.5 0.90 1.21
PETN 1.67 28 29 30 7.14 3.45
PETN 0.99 10 9.1 8.7 13.00 4.40
RDX 1.77 34.8 33.8 33.8 2.87 0.00
TNT 1.63 22.3 20.4 21 5.83 2.94

XTX 9003 1.546 21 19.9 17 19.05 14.57
FEFO 1.59 23.2 25.9 25 7.76 3.47
LX 01 1.31 17.7 18 15.6 11.86 13.33
LX 09 1.837 37.3 36.3 37.7 1.07 3.86

PBX 9407 1.6 30 25.8 28.7 4.33 11.24

average 6.95 4.33
st dev 5.57 4.48
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Figure1 Detonation presssure actual vs Detonation pressure calculated
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Abstract 

 
The present investigation was aimed at demonstrating the pertinent use of a flame arrester 

for the safety in the process industry.  The experimental data provide information on the 
performance of a static flame arrester.  The experiments were conducted in a 3-m long and 28-
mm i.d. tube.  The arrester, itself consists in 2-mm i.d. tubes arranged in a honeycomb type 
structure which is located in the middle of the test tube.  This is aimed at promoting heat losses 
during the passage of the flame.  The experiments were conducted with fuel-rich mixtures of 
methane-ethane-ethylene at initial pressures in the range of 0.1 to 0.5 MPa.  These very rich 
mixtures were more or less diluted in inert, namely CO2 and Ar, in order to match with 
compositions that are currently used in the process industry.  The experimental results show that 
this device is appropriate for flame quenching but detonations were not successfully arrested.  
These unsuccessful operations of the device occurred for flames at a high velocity, namely for 
Re numbers of the order of or greater than 15000. 

 
Introduction 

 
The development of networks of 

pipelines in chemical process facilities as 
well as in other industrial environments has 
raised a major concern in terms of safety.  
Flame arresters are currently installed at 
various points where a flame or even a 
detonation can take place or propagate.  
Most devices are based on the quenching of 
the flame by thermal losses.  Typically, the 
arresting or quenching element in an arrester 
unit is a stainless steel honeycomb type 
structure with triangular cells encased in a 
steel housing.  Some devices involve metal 
foam as a heat sink1.  They can be placed 
“in-line” within a pipe network2 or at the 
“end of line” depending on the 
circumstances.  There are different pipe 
configurations and the efficiency of the 
arrester is linked to the acceleration of the 
flame along the pipe.  There is at present 

little understanding of how flame arresters 
quench (or fail to quench) premixed flame 
fronts propagating through a pipe and 
relatively little fundamental work on flame 
arresters is available in the literature.  
Besides, experiments performed at a 
laboratory scale require an appropriate 
update for application to an industrial 
environment.  Actually, the correct scaling 
of such system depends on numerous 
parameters such as temperature (of 
combustion and at the wall), pressure, 
geometry and size of the equipment, nature 
and physical state of the explosive material, 
gas viscosity, flame speed, mixture 
sensitivity.  A series of other governing 
factors have been proposed, including heat 
transfer from the combustion zone to the 
metal arrester and insufficient fuel arriving 
from head of the flame front to maintain the 
combustion process. 
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Most available data on static flame 
arresters are aimed at sorting the various 
reactants into classes in order to help predict 
the choice of the most appropriate size of the 
quenching facility for a given explosive 
system3,4.  Most data deal with reactants at 
atmospheric pressure.  Moreover, the 
appropriate configuration of an arrester in 
terms of mesh size is often difficult to 
estimate5,6.  In most cases, engineers must 
conduct a series of experiments to meet their 
specific need.  Although it can be easily and 
successfully operated, this type of arrester 
cannot be designed once and for all.  Each 
condition of mixture, pressure, size of the 
facility needs a specific system7.  This 
requires the setting of experiments for each 
type of thermo-physical properties of the 
hazardous material and geometrical 
configuration of the facility that is being 
protected8. Appropriate standards need to be 
elaborated in this field9,10. 

An alternate solution consists in 
dynamic arresters that inject a flame 
suppressant in order to quench the flame 
before it can even transit into a detonation.  
This type of arrester is not very much 
worldwide spread and additional studies are 
still in progress to develop such devices.  
Rapid response time isolation valves are 
most currently used for this purpose.  Their 
opening is triggered by a pyrotechnic 
composition. 

The aim of the present study is to 
provide some experimental data on the 
feasibility of a specific static-type flame 
arrester that was designed in order to quench 
flames derived from methane-ethane-
ethylene.  These data are part of a first series 
of experiments aimed at demonstrating the 
pertinent use of static deflagration or 
detonation arresters in industrial 
configurations.  An experimental facility has 
been designed in order to evaluate the 
efficiency of this specific quenching system.  
The ability of this arrester to quench a 

detonation that might occur through a 
Deflagration to Detonation Transition 
(DDT) process was checked as well. 

In order to match with industrial 
concern, a series of experiments were 
conducted using fuel-rich mixtures that 
include several hydrocarbons more or less 
diluted in Argon and CO2.  Methane was the 
reference hydrocarbon.  However, according 
to its low sensitivity11,12, other more 
sensitive hydrocarbons, namely ethane as 
well as ethylene were added. 

 
Experimental setup 

 
Tube and arrester configuration 
 
A sketch of the facility is provided in 

Figure 1. 

 
Figure 1 – Sketch of the experimental setup 

 
A 3.5-m long and 28-mm-i.d. tube 

was used when the flame is initiated with a 
moderate energy device, i.e., a 150-Joule 
inflammator. 

The quenching system consists in a 
series of narrow tubes, namely 2-mm-i.d., 
put together next to each other (Figure 2).  
Although this aspect was not addressed at 
this time, the arrester can be installed at 
several locations of the tube, i.e., more or 
less downstream of the propagating flame, 
in order to check its ability to quench a 
detonation that might occur after a delayed 
Deflagration to Detonation Transition 
(DDT) process.  The blockage ratio defined 
as the ratio of the section of passage of the 
gases through the tiny holes to the tube 
section, was of the order of 40%13. 
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The flame velocity, if any, is 
measured by means of optical probes that 
operate in the infrared range in order to 
record low emissive signal of flames at a 
low temperature.  Moreover a pressure 
probe was installed at the end section of the 
tube. 

The successful quenching of the 
flame is determined by the loss of pressure 
after the flame has propagated through the 
device, as well as by a significant velocity 
deficit.  The pressure range of the mixtures 
was 0.1 MPa to 0.5 MPa. 

 
 

Figure 2 – Cross section of the arrester 
 
The arrester that has been designed 

turned out to be capable of quenching most 
flames but detonations were not always 
successfully arrested. 

 
Gas mixing equipment 

 
The combustible gases used for the 

tests, i.e., methane, ethane and ethylene, 
were of industrial purity.  The blend 
mixtures were prepared in the tube by partial 
pressure measurements.  All mixtures 
compositions were checked by gas-
chromatograph analysis. 

This first series of data is dealing 
with rich mixtures, i.e., with an equivalence 
ratio ϕ in the range of 2 to 4 for applications 
to safety of chemical processes involving the 

use of a specific CO2/Ar inert combination.  
Moreover, two classes of inert dilution were 
chosen, based on the ratio β of inert to O2 
i.e., (i) a low dilution corresponding to 
β=0.021, and (ii) a one order of magnitude 
greater dilution at β=0.21  Thus, the 
composition of the mixtures is the 
following: 

 
ϕ (0.62 CH4 + 0.34 C2H4 + 0.04 C2H6) + 

2.4[O2 + β(CO2 + Ar)] 
 

Experimental data and discussion 
 

Experimental observations 
 
The experimental data derived from 

the use of this arrester show three different 
behaviors: 

(i) the acceleration of the flame with an 
eventual Deflagration to Detonation 
Transition leading to unsuccessful 
operations, or 

(ii) an appropriate quenching of the 
flame, which was the objective of 
this device, or 

(iii)a spontaneous quenching of the 
flame by thermal dissipation before 
the flame even enters the arrester, 
due to the low temperature of the 
flame. 
 
These different configurations 

provide an indication on the extent of 
applicability of this specific design of 
arrester. 

Regardless the composition and 
pressure of the mixtures, a general 
observation was made concerning the 
velocity of the flames.  The behavior of the 
flame propagation and the actual efficiency 
of the arrester is very much related to the 
velocity over the first section of the tube 
yielding a Reynolds number defined as 
Re=ud/υ, where u, d, υ are the flame speed, 
diameter of the mesh, and viscosity of the 
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products, respectively.  This aspect is more 
extensively discussed in the following part 
of the paper. 

 
Thermochemical properties of the products 

 
Calculations of the combustion as 

well as the detonation properties of these 
mixtures were conducted, using the 
QUATUOR thermochemical code14.  The 
calculated data show that, regardless the 
amount of diluents, for both sets of 
mixtures, the adiabatic temperature of the 
products is in the range of 850 K to 1300 K.  
The upper temperatures, i.e., 1200 K to 1300 
K correspond to the lesser diluted mixtures 
at equivalence ratios between 3 and 4.  In 
other words, higher equivalence ratios 
strongly compensate lesser dilutions.  The 
low combustion temperature of these poorly 
sensitive mixtures may explain the strong 
wall effect which was observed in some 
cases, as discussed in the next sections. 

 
Highly diluted mixtures 

 
This dilution was combined with 

equivalence ratios in the range of 2 to 3.  In 
the upper part of this range, i.e., ϕ close to 3, 
a strong wall effect is observed, as it shows 
in Figure 3.  The quenching occurs at the 
upper value of the pressure, even without the 
arrester.  Therefore, the size of the 
confinement becomes a key point in such 
experiments involving low sensitivity 
reactive systems: flames that propagate in a 
narrow confinement may be quenched quite 
easily, without even the use of an arrester.  
A flame propagation limit is shown.  The 
actual efficiency of the arrester may thus be 
questioned.  This can be attributed in this 
case to a low temperature of the products as 
it has just been expressed.  A different 
behavior would very likely be observed in 
the case of a propagation in a large diameter 
pipe, i.e., at industrial scale. 

At a slightly lesser equivalence ratio, 
a DDT was systematically observed in these 
experimental conditions.  This occurs when 
the initial velocity of the flame is of the 
order of 100 to 200 m/s, yielding Reynolds 
numbers of the order of 19000.  The 
detonation is no longer quenched by the 
arrester.  The appropriate response of the 
arrester to such regime was only obtained at 
a low pressure, i.e., 0.5 bar.  Therefore, the 
actual efficiency of this arrester in this range 
of equivalence ratios and pressures is not 
clearly demonstrated when the flame transits 
into a detonation. 

 

 
Figure 3 – Unsuccessful operations of 

the arrester with mixtures: 
ϕϕϕϕ (0.62 CH4 + 0.34 C2H4 + 0.04 C2H6) +2.4 O2 

+ 0.5 (CO2 + Ar) 
 

Low dilution mixtures 
 
In this specific cases, the phenomena 

that are observed are slightly different from 
the previous case.  The results are presented 
in Figure 4.  Significantly higher 
equivalence ratios are involved in this case, 
in order to match with compositions that are 
currently involved in the process industry. 

For equivalence ratios up to 3, in a 
range of pressures from 1 to 3 bar, the data 
show that a detonation was onset.  In the 
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upper range of equivalence ratio and 
pressure, again, the flame is quenched by 
heat losses at the wall. 

Two propagation limits are observed, 
namely that of a flame and of a detonation.  
The flame region corresponds to a lesser 
Reynolds number of the products in the 
arrester, i.e., of the order of 6000.  In both 
cases, the present arrester was actually 
capable of quenching the products.  The data 
show that a flame could easily be initiated in 
these low diluted mixtures, even at slightly 
higher equivalence ratios than in the more 
diluted mixtures.  The arrester worked 
properly over the whole range of initial 
pressure.  This was more specifically 
observable in the range of the equivalence 
ratio of the order of 3 to 3.5, since a flame or 
a detonation propagation has been observed 
without the arrester. 

At a substantially higher equivalence 
ratio, a quenching was observed even 
without the arrester.  In this upper range of 
equivalence ratio, the wall was again 
playing a prominent role.  These data show 
the capability of this arrester to quench a 
flame in this type of mixture over a wide 
range of equivalence ratio and initial 
pressure. 

The unexpected better efficiency of 
the arrester with these slightly more 
sensitive mixtures needs to be further 
analyzed.  At this point, the actual role of 
CO2 may be questioned. 
 
 
 
 

 
Figure 4 – Successful operations of the 

arrester with mixtures: 
ϕϕϕϕ (0.62 CH4 + 0.34 C2H4 + 0.04 C2H6) +2.4 O2 

+ 0.5 (CO2 + Ar) 
 

Summary and conclusion 
 
The efficiency of a specific arrester 

was evaluated on the basis of flames 
propagating in fuel-rich methane-based 
mixtures more or less diluted by an inert, 
namely a combination of equal proportions 
of CO2 and Ar.  The initial pressure was 
ranging from 0.1 MPa to 0.05 MPa. 

Although the quenching of the 
flames did occur under certain 
circumstances, this arrester was not always 
capable to quench a detonation after a DDT 
has occurred.  This process was more 
especially observed when the initial velocity 
of the flame was of the order of 100 to 200 
m/s, yielding a Re number greater than 
15000.  The arrester was appropriate in the 
case of flame at a lower velocity that would 
not yield a detonation.  For high equivalence 
ratios, i.e., a low temperature of the 
products, the flame was quenched by heat 
losses at the wall. Experiments performed at 
a larger scale would presumably avoid this 
strong wall effect.  The more energetic 
behavior of the mixtures involving a low 
inert dilution was compensated by higher 
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equivalence ratios, thus yielding comparable 
data. 

The role of flame speed, position of 
the arrester requires further experiments in 
order to address the quantitative aspect of 
the process.  The actual role of CO2, which 
is considered as an inert in the process 
industry should also be more extensively 
discussed.  It may likely play a significant 
role in the present experiments that strongly 
involve kinetics.  Furthermore, the heat 
fluxes at the surface of the quenching unit 
strongly affects the kinetics of the 
process5,15.  This aspect needs to be more 
thoroughly investigated in the future. 
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ABSTRACT 
 

Experimental tests have been undertaken to determine safe levels of laser exposure on 
bare high explosive (HE) samples and on common metals used in intimate contact with HE.  
Laser light is often focused on bare HE and upon metals in contact with HE during alignment 
procedures and experimental metrology experiments.  This paper looks at effects caused by 
focusing laser beams at high energy densities directly onto the surface of various bare HE 
samples.  Laser energy densities (fluence) exceeding 19 kilowatts/cm2 using a 5-milliwatt, 670 
nm, cw laser diode were generated by focusing the laser down to a spot size diameter of 4 
microns.  Upon careful inspection, no laser damage was observed in any of the HE samples 
illuminated at this fluence level. Direct laser exposure of metals directly contacting HE surfaces 
was also tested. Laser energy densities (fluence) varying from 188 Watts/cm2 to 12.7 KW/cm2 
were generated using an 11-Watt, 532 nm frequency-doubled Nd:YAG cw laser with focal spot 
size diameters as small as 100 microns.  These measurements look at the temperature rise of the 
surface of the metal in contact with HE when laser energy is incident on the opposite side of the 
metal.  The temperature rise was experimentally measured as a function of incident laser power, 
spot size, metal composition and metal thickness.  Numerical simulations were also performed to 
solve the two-dimensional heat flow problem for this experimental geometry.  In order to 
simplify the numerical simulation to allow representation of a large number of physical cases, 
the equations used in the simulation are expressed in terms of dimensionless variables.  The 
normalized numerical solutions are then compared to the various experimental configurations 
utilized.  Calculations and experiment agree well over the range measured.  Safety guidelines for 
alignment laser illumination upon bare HE are outlined. 

                                                 
* This work was performed under the auspices of the U. S. Department of Energy by the University of California 
Lawrence Livermore National Laboratory under contract No. W-7405-Eng-48. 
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INTRODUCTION 
In the High Explosives Application 

Facility (HEAF) at the Livermore National 
Laboratory (LLNL), laser beams are 
routinely focused onto HE samples.  There 
has been some concern expressed that 
exposing HE to focused beams of low power 
and high power lasers for optical alignment 
and non-contact profilometry might initiate 
reactions that progress to deflagration and/or 
detonation.  The question is how much laser 
intensity does it take?  What are the limits of 
safely exposing HE to laser light?  Three 
cases were explored experimentally to try to 
answer these questions. In addition, 
numerical calculations were performed to 
provide some guidance in determining 
safety limits for manned operations where 
laser beams illuminate HE samples. 

Case 1) High power cw laser 
illumination on metal-cased explosives 

The alignment laser sometimes consists 
of a high-power laser that will be used in an 
experiment during detonation but is operated 
at a much-reduced power for alignment 
purposes.  The most common modes of 
operation with these lasers are when the 
laser beam impinges upon an explosive 
encased in a metal shell.  Safety questions 
arise, however, when multiple-laser spots 
are focused onto the experiment 
simultaneously and when the laser spot size 
becomes very small, on the order of 100 
microns or less.  

Calculations can be made to estimate the 
maximum laser power that will initiate a 
reaction.  While calculations should play a 
significant part in determining the safe level 
of operation, they need to be verified by 
experiment before they are relied upon for 
safety purposes.  Only after a set of 
calculations has been experimentally 
verified should one consider using similar 

calculations to estimate power levels in a 
new experimental configuration. This is 
prudent only if a strict set of calculational 
parameters pertaining to the new 
configuration is used in conjunction with 
experimentally verified safety 
considerations.  

Case 2) High power cw laser illumination 
on bare explosives 

High power lasers used in detonation 
diagnostic experiments, are frequently 
reduced in power and aimed onto bare HE as 
part of the pre-alignment process.  Many of 
the lasers operated in the alignment mode 
are of low enough power so as not to be of 
concern to experimenters during manned 
operation.  However, concern arises when a 
high-power laser is being utilized in an 
attenuated mode for alignment purposes.  It 
is important to consider the maximum 
credible power that could reach the sample 
in a worst case failure mode of the laser or 
the attenuation mechanism. 

Case 3) Low power cw laser illumination 
on bare explosives 

Low power lasers are focused onto HE 
samples during optical alignment procedures 
prior to some HE experiments.  Although 
total power is low, the fluence can be in the 
tens of thousands of Watts/cm2!  It is 
important to determine the maximum 
credible fluence that could reach the sample 
during the alignment process.   

Non-contact surface profilometry 
measurements of HE samples are routinely 
performed prior to experimental testing.  
These operations involve focusing low 
power laser beams onto exposed HE 
surfaces.  Again, with extremely tight focus, 
the fluence can be in the kilo-Watts/cm2.  
Measurements were taken to verify that no 
damage or heating to HE will result with 
normal operation of laser profilometers.   



 

 797

 
EXPERIMENT #1 -- High power laser on 
encased high explosives 

When the HE is encased in suitably thick 
metal layer, the only credible way for the 
CW alignment laser to create a problem is 
by heating the metal to a temperature that 
could cause a reaction to begin in the HE. 
The most thermally sensitive of the common 
explosives used at LLNL is PETN, which 
does not show significant exothermic 
reaction below a temperature of 150° C.  It 
is possible to establish a set of safe, practical 
exposure guidelines by determining what 
laser and experimental parameters will 
produce temperatures of this order on the 
surface of the metal in contact with the HE. 

In simulating temperature rise from laser 
exposure, it is not necessary to utilize actual 
HE as long as a material that simulates its 
thermal conductivity is placed upon the back 
surface of the metal under laser illumination.  
These experiments explore the temperature 
rise of the surface of a metal plate opposite 
the laser irradiation as a function of incident 
laser power, laser spot size diameter, type of 
metal in contact with the HE, and the 
thickness of the metal.  The experimental 
arrangement is shown in Figure 1.  A 7.62 x 
7.62 cm square of metal is clamped to an 
aluminum holder that serves as a heat sink 
for the sample.  The distance from the 
irradiated spot to the holder is 3.5 cm.  A 1.0 
cm thick piece of Styrofoam is epoxied to 
the back of the metal to simulate the worst-
case thermal conductivity of typical 
explosives.  A type K thermocouple junction 
is placed on the back surface of the metal, 
under the Styrofoam, directly behind the 
position of the irradiated spot on the 
opposite surface of the metal.  A small dab 
of vacuum grease is placed on the 
thermocouple junction- metal interface to 

aid in the thermal contact.  The junction 
itself is 1.0 mm in diameter. 

First, very low laser power is used to 
align the beam spot upon the target metal.  
Next, the sample holder was removed and a 
Coherent Beamcode analyzer was put in its 
place to measure the spot size.  This is 
repeated for various sample positions along 
the optical rail and the rail position is 
subsequently marked for various spot sizes.  
The beam diameters are measured at full 
width, 10% maximum. The Beamcode 
detector was then removed, permitting the 
beam to be collected by a Coherent 210 
power meter and the laser power adjusted to 
the desired level.  The laser was shuttered 
and the sample holder put back into place.  
The shutter is then opened and temperature 
readings are taken for the defined duration 
of time. 

The laser used in these experiments is a 
Spectra Physics Millennia X, 532 nm 
frequency doubled Nd:YAG CW laser.  The 
laser is capable of an output of 11 Watts, 
which translates to about 8.6 Watts 
maximum on the samples after accounting 
for losses in turning mirrors and lenses. 

The strategy of this method is to map the 
parameter space in a way that could identify 
important dependencies without measuring 
every possible experimental permutation. 
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Figure 1 

Experimental arrangement for measuring laser-induced temperature changes in metal plates. 
 

 

ANALYSIS � High power laser on 
encased high explosives 

This analysis considers the simplest 
simulation that accurately matches the 
experimental results requiring a numerical 
solution to the two-dimensional heat-flow 
problem through a thin metal plate. 

It is assumed that the metal is a thin 
plate of uniform thickness, clamped as a 
circular disk at the periphery, and 
illuminated on one side, at the center, by a 
laser beam with a flat top circular 
illumination profile.  For these calculations, 
it is assumed that there is no heat flow from 
the surface of the plate (except for the heat 

flow into the plate from the laser beam).  
The temperature is assumed to be fixed at 
the radius of the circular clamp into an 
infinite heat sink. 

 The heat flow equation may be obtained 
from: 

H = −k ∇ T                           (1) 

where H is the heat flow, k is the thermal 
conductivity, and T is the temperature.  The 
conservation of energy implies ∇ �H = du/dt 
where u is the specific internal energy.  
Further, du/dt = CdT/dt where C is the 
specific heat of the material at temperature 
T. The result of these equations with Eq. 1 is  
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2∇ T =
C
k

∂T
∂t

                 (2) 

 

When thermal equilibrium is reached, T 
obeys Laplace�s equation: ∇ 2T = 0. 

 In order to allow a single numerical 
simulation to represent a large number of 
physical cases, the equations to be simulated 
should be expressed in terms of 
dimensionless variables.  We choose the 
thickness of the plate, taken to be w, as the 
unit of length.  The normalized coordinate 
perpendicular to the flat surface of the plate 
will be z, which is actual length divided by 
w.  The normalized radial coordinate is r, so 
that 0 ≤ r ≤ R/w, where R is the radius at 
which the plate is clamped with the circular 
clamp.  Then Eq. 2 becomes 

 

1
r
 
  
 
  

∂
∂r

r ∂T
∂t

 
 
 

 
 
 +

∂2T
∂z2 = 0

,          (3) 

 

where symmetry in the rotation about z and 
thermal equilibrium are assumed.   

 If the laser beam has a total power P and 
effective radius rl, the power density in the 
beam is P/πrl

2. At constant power density, 
Eqn. 1 shows the normal derivative (on the 
z=0 side of the disk with respect to the 
dimensionless coordinate z) at the place of 
laser incidence is  

 

∂T
∂z

= 1− ρ( ) PW

πr1
2k

 
 
  

 
                   (4) 

 

where ρ is the reflection coefficient for the 
laser beam at the metal surface.  To allow a 

simple value of one for the normal 
derivative boundary condition for numerical 
simulation we replace the actual temperature 
T by F� with  

 

T = 1 − ρ( ) PW

πr1
2k

 
 
  

 
 F /            (5) 

 

Now the fully normalized equation is Eq. 3 
with T replaced by F� and with boundary 

conditions 
∂F
∂r

= −1 on z = 0,  0≤ r ≤ rl/w. 

 Numerical simulation shows that the 
radial flow of heat becomes uniform 
throughout the radial cross section of the 
metal disk before r = 10 for cases having 
rl/w < 8.  Thus it is sufficient, for disks 
having R/w > 10 to carry out numerical 
simulation only to r = 10 and use an analytic 
solution for r > 10.  For r > 10 one has no 
variation in z so the problem becomes one-
dimensional with analytic solution 

 

F /= −k ln
rw

R
 
 

 
 + F 0/ ,                   (6) 

 

where F0� is the normalized ambient 
temperature at the clamped radius R of the 
plate.  This results in boundary condition for 
the simulation of   

F /= −k ln
10
R

 
 

 
 + F ′ 0   at r = 10.     

 Next, note that conservation of energy in 
the steady state heat flow requires that the 
total heat flux in equals total heat flux out.  
Thus since normalized heat flux density out 
can be expressed at r = 10 as -∂F�/ ∂r = k/r = 
k/10 and normalized heat flux density in has 
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been taken as one, the requirement becomes 
2π10k/10 =  π(rl/w)2 or k = (1/2) (rl/w)2. 

 Finally, we replace F� by F = F� � F�|r=10 
so that the equation to be solved numerically 
and its boundary conditions are 
 

1
r
 
 
 
 

∂
∂r

r ∂F
∂t

 
 

 
 

+ ∂ 2F
∂z2 = 0 (7)

∂F
∂r

= −1,z = 0, 0 ≤ r ≤ r1

w
F = 0, 0 ≤ z ≤ 1, r = 10

and ∂F
∂n

= 0 for all other surfaces.

 

Thus the problem has been reduced to a two-
dimensional, one parameter (rl/w) study (as 
long as the parameter R/w is sufficiently 
large). 

 The relationship of normalized to 
unnormalized values is 
 

T = 1− ρ( ) Pw

πr1
2k( )
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+ T0  

(8) 

 

SIMULATION RESULTS AND 
COMPARISON WITH EXPERIMENT 

Numerical simulations were run for rl/w 
values 0.05, 0.1, 0.2, 1, 2, and 4.  
Calculations were carried out using 
Student’s QuickField1.  Calculations for F 
vs. r for the values of r1/w are shown in Fig. 
2 for temperatures on the face of the plate 
opposite the point of the incident laser beam 
(the side that would contact the HE). 
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Figure 2 
Calculated values of F vs. r for various 

values of rl/w. 
 

 To check how well these predictions 
agree with experiment, we first take the case 
of 0.254 mm thick Cu and a laser beam 
radius of 0.25 mm with powers ranging from 
1 to 8 W.  We assume that the thermocouple 
probe measures the average temperature 
under the area of contact with the metal.  
From Fig. 3 we can get an average value of 
F to use in this calculation.  Using this value 
of F and Eq. 8 with a value of .46 for the 
reflectivity of Cu, we get the results shown 
in Fig. 4. 

We note that there is reasonably good 
agreement but the data and experiment do 
differ by about 10%.  In fact, if we used a 
10% change in the value of reflectivity, 0.51 
instead of 0.46, then the data would agree 
very well. 



 

 801

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 2 4 6 8 10

TC probe averaging effect

F

r

APPROXIMATE SIZE OF TC PROBE

Figure 3 
Relative size of the TC probe in relation to 

the temperature drop off for rl =1. 
 

We suspect this is the explanation for the 
disagreement since the reflectivity of Cu 
changes very rapidly in spectral region. 
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Figure 4 

Calculated and experimental curves for the 
temperature of a .254 mm thick Cu sample 

irradiated with a .25 mm radius beam. 

Likewise, the calculated value of 
temperature vs. power is plotted along with 
the data of stainless steel we get reasonable, 
but not exact agreement (Fig. 5). Again an 
adjustment in the value of the reflectivity 
from .56 to .52 would make both the data 
and calculations agree.   
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Figure 5   

T vs. P for stainless steel compared with the 
calculated values using two different values 

of the reflectivity. 
 

It should be noted that at higher power 
levels than 2 W with stainless steel that 
other mechanisms of heat removal start to 
become significant and the calculations are 
no longer valid.  Radiation and convection 
will both play a part by cooling the front 
surface of the sample.  Figure 6 shows a 
calculation of the front and back surfaces of 
a metal and one can see that the temperature 
on the front side is about a factor of 4 
greater than the backside.  This temperature 
difference varies with spot size but for the 
cases we tested the variation was no greater 
than a factor of 4. Since radiation goes as 
σ T4 where σ  is the Stefan-Boltzmann 
constant, the front side of the plate will 
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radiate at a rate of approximately 256 times 
that of the back.  This effect lowers the 
temperature measured on the backside with 
respect to the simulated value.  For the 
purpose of this study; however, such high 
powers are only of academic interest since 
one would almost never expect to see CW 
alignment powers at this level. 

The variation of the temperature on the 
backside of the metal with respect to the 
laser spot size is also of interest from a 
safety standpoint.  To investigate this, 
stainless steel was once again used since the 
temperature rise is greatest, and thus easier 
to measure.  Holding the power constant, the 
spot size was varied from .1 mm diameter to 
.822 mm diameter.  This is a power density 
variation from 188 W/cm2 to 12,700 W/cm2.   
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Figure 6 

Calculation of the front side and backside 
temperature vs. r for rl/w = 0. 2. 
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Figure 7 

Temperature vs. spot diameter on the 
backside of a .254 mm thick stainless steel 

plate.  Solid lines are the calculated values. 
 

Figure 7 shows the experimental results 
compared with calculation.  The peak 
temperature on the back side of the plate 
opposite the point of incidence of the laser 
beam decreases as the beam radius increases 
while the total power in the beam remains 
constant. This dependence is somewhat 
weak and, for sufficiently small beam radii, 
the temperature levels off and does not 
increase further.   

Another parameter of importance is the 
thickness of the metal.  Experimentally we 
chose Al for this study because of the 
availability of thin, uniform samples of 
material.  Figure 8 shows a plot of the 
temperature on the backside of the Al vs. the 
thickness of the Al for both experimental 
data and the numerical simulation. 
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Figure 8 

The temperature on the backside of Al as a 
function of the Al thickness. 

 

The data were taken with a constant 
laser power of 4 W and a spot size of .1 mm 
diameter.   

The agreement is rather good with the 
greatest departures occurring with the thin 
samples.  The lower measured values of the 
two thinnest samples may arise because of 
the experimental arrangement. 

In order to support such thin films of Al 
in the experimental configuration it was 
necessary to put a thin glass slide (.15mm 
thick) over the  �laser entrance� side of the 
Al.  Although the glass slide has poor 
thermal conductivity compared to the Al, it 
is six to twelve times as thick and, therefore, 
can cause a non-trivial effect in the 
temperature measurement. 

 

DISCUSSION – High power laser on 
encased explosives 

The numerical solution for temperature 
in a thin plate heated by a laser beam shows 
no surprises.  The temperature rise on the 

side opposite the laser beam incidence only 
varies weakly with the size of the input laser 
beam.  The dependence of the temperature 
on input laser power varies linearly and 
agrees well with the data.  The temperature 
rise is fairly sensitive to values used for the 
reflectivity of the metal.  Experiment and 
simulations also agree well for the 
temperature rise on the opposite side of the 
plate to laser incidence as a function of the 
metal thickness. 

We have chosen a conservative approach 
for the amount of laser light permitted on 
explosive assemblies during manned 
operations.  The data for encased explosives 
allow us to set some limits based upon 
safety margins deemed acceptable.  For a 
50û C maximum temperature allowed for the 
explosive during laser irradiation ( ~30û C 
above ambient), and for a .25 mm thick 
sample of the metals the following input 
laser power levels can be determined: 

 

Cu 4.0 W 

Al 5.0 W 

Ta 0.7 W 

SS 0.23 W 

Table 1 
 

Note that these levels have an additional 
factor-of-two safety margin to account for 
the temperature distribution within the 
thermocouple junction area.  The 50û C limit 
is a temperature rise factor of about 4 below 
the temperature at which PETN, the most 
thermally sensitive of the common 
explosives we used, shows some sign of 
reaction. 

As a further safety margin, let�s assume 
that we have a blackened area of the metal 
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that will cause a total absorption of the laser 
energy.   

Using the values of the reflectivity in Fig. 
92,3,4 we can adjust the safety margins 
downward for a totally absorbing material: 
 

Cu 1.32 W 

Al 0.35 W 

Ta 0.34 W 

SS 0.10 W 

Table 2 
 

Most alignment intensities at LLNL are 
no more than 5 mW.  There is occasion, 
however, when we desire to put multiple 
alignment beams on the explosive assembly.  
Assume we have 20 beams, each with a 
power of 5 mW, all concentrated onto a .2 
mm diameter footprint.  This worse case 
scenario then would have a total power of .1 
W on the metal.  This is the value for 
stainless steel that would cause a 50û C 
temperature on the metal in the case of a 
totally absorbing area.  Even though this 
scenario is unlikely, we have determined 
that this is an unacceptable safety margin.  If 
we limited the number of simultaneous 
beams to 5 this would buy us another factor 
of 4 in safety.  Combined with the fact that 
the original temperature rise is a factor of 4 
or more below the most thermally sensitive 
explosive we deal with, we now in reality 
have a factor of 16 safety margin for a worse 
case scenario. 
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Figure 9. 

Reflectivity of some common metals2,3,4. 
 

Even though the majority of the data 
taken are at 532 nm, Fig. 9 shows that in the 
case of the four metals considered, the 
curves are relatively flat or improve toward 
longer wavelengths in the range of 500 to 
800 nm.  This information, combined with 
the fact we have already taken a worst-case 
scenario where all of the laser energy is 
absorbed, there is no reason that any laser in 
this range could not safely be used under the 
above restrictions. 

 
EXPERIMENT #2 – High power laser on 
bare high explosives. 

In order to establish safe operating limits 
for experiments which involve manned 
operation (usually meaning alignment) of 
CW laser light on HE, we performed a series 
of tests on 8 common types of HEs.  With 
the exception of the pure HMX sample that 
was irradiated at 514 nm, all samples were 
irradiated with the 532 nm, Spectra Physics 
Millennia X laser.  Spot size diameters used 
in the experiment were measured with a 
Coherent BeamCode analyzer and for most 
experiments were 1 mm. The diameters 
given are for full width, 10% maximum.  
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The HE sample was placed in a 2 gm HE 
containment chamber and the power level 
inside was measured before each experiment 
by a Coherent 210 power meter. 

In all experiments, the sample was 
inspected under a microscope both before 
and after irradiation.  The criteria for 
damage / no damage was this visual 
inspection.  The samples were held in a 
plastic sleeve that was inserted in a Delrin 
holder.  The Delrin holder was placed in a 
stainless steel holder inside the chamber.  
Heat flow had to go through several 
millimeters of plastic/Delrin to reach the 
metal heat sink, so the HE was fairly well 
thermally isolated. The sample size was .25 
inches in diameter by 2 mm thick with the 
exception of the PETN, which was .3 inches 
in diameter by .3 inches thick.  The PETN 
was also measured in an aluminum holder. 

Table 3 below summarizes the power 
levels where damage, if any, was observed 
for the various samples.  All samples were 
irradiated for 20 minutes with one exception 
we will discuss later. 

Several comments are in order.  The 
�pure white� samples were very difficult to 
damage.  We believe this is due to the very 
high albedo (~80%) and the high 
transmission and scattering of the laser light 
inside the sample. A dramatic example of 
this is in the LX-14 sample (94.5% HMX + 
4.5% Estane binder).  When we irradiated 
the white area of the sample we observed no 
damage at 800 mW.  However, when the 
laser light was focused onto the blue prill 
dye areas that same amount of incident 
power burned a hole completely through the 
sample!  Laser power had to be dropped to 
340 mW on the dyed areas before the 
damage threshold was reached. 

 

HIGH EXPLOSIVE  DAMAGE POWER SPOT SIZE COMMENT 

PETN No damage at 800 mW 1 mm, 0.5 mm Density = 1.55 gm/cc 

HMX No damage at 654 mW 0.3 mm 514 mW laser 

LX-16 800mW 1 mm, 0.5 mm 1 mm no damage, 0.5 mm 
showed damage 

LX-14 340 mW (+0, -50 mW) 1 mm Damage level for blue 
prill dye region 

TNT 340 mW (+0, -50 mW) 1 mm  

LX-17 230 mW (+0, -50 mW) 1 mm  

LX-15 110 mW (+0, -30 mW) 1 mm  

PBX-9407   70 mW (+0, -25 mW) 1 mm  

Table 3 
Laser power levels that caused damage to high explosive samples 
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In the LX-16 sample (PETN + 4% FPC 
461 binder) no damage was observed at 800 
mW with a 1 mm spot size but at 0.5 mm 
spot size, a small area on the surface looked 
�glassy� with tiny fracture lines radiating 
outward.  We believe the surface was melted 
and upon removing the beam, the area under 
went rapid cooling and thus stress fractures 
were formed.  It is interesting that pure 
PETN did not show damage at these levels 
whereas the LX-16 did.   

Our guess is that this must be due to the 
binder in the LX-16.  Also note that 800 
mW at a 1 mm spot size corresponds to 100  
W/cm2 and 400  W/cm2 for the .5 mm spot 
size.  

The LX-17 sample, (92.5% TATB + 
7.5% Kel-F binder), in Figure 10 below and 
LX-15 sample (95% HNS + 5% Kel-F 
binder) show the formation of crystals 
around the damage sites.  This suggests that 
vaporization occurred at the damage sites 
and the crystals then re-condensed.  

 

Figure 10 
Laser irradiation of LX-17, 800 mW, 1 mm 

spot size for 20 minutes. 
 

This also suggests that it is very difficult 
to initiate these materials with laser light.  
To emphasize this point we took a LX-15 
sample and put approximately 1.05 W on a 
0.172 mm spot on the sample.  This is 5 
kW/cm2.  We were attempting to initiate the 
sample in this experiment.   

After nine minutes, the LX-15 sample 
showed a large, cone shaped crater with a 1 
cm column of ash snaking from the surface.  
It did not detonate.  If the sample had been 
confined, however, detonation might have 
occurred.   

DISCUSSION -- High power laser on 
bare high explosives 

We believe the data here shows that for 
the samples measured and the wavelengths 
of laser light used, that a level of 7 mW 
focused in a 1 mm spot size would be a safe 
limit to place on manned operation.  The 
worst case measured was PBX-9407 (94% 
RDX + 6% Exon 461 binder), which 
showed no damage at all at 40 mW and only 
very slight damage at 75 mW.  The 7 mW 
level would be a factor of 7 to 10 below 
these numbers. 

 
EXPERIMENT #3 – Low power laser on 
bare high explosives. 
At LLNL, low power alignment lasers are 
used to align higher power femtosecond 
laser beams onto exposed HE samples.  The 
low power alignment beams are themselves 
tightly focused onto the HE samples, due to 
the optical system the beams pass through. 
This can result in small spot sizes and 
extremely high laser power densities.  

 



 

 807

 

 

EXPLOSIVE NAME HE BASE COMPOSITION COMMENT 

Ultrafine TATB TATB No observable damage 

Single crystal HMX HMX (pure) No observable damage 

LX-04 HMX No observable damage 

LX-14 HMX No observable damage 

LX-15 HNS No observable damage 

LX-16 PETN No observable damage 

LX-17 TATB No observable damage 

Comp-B RDX/TNT No observable damage 

TNT TNT No observable damage 

PETN PETN No observable damage 

LX-20 HMX No observable damage 

PBX-9407 RDX No observable damage 

PBX-9501 HMX No observable damage 

Table 3 
2.4 mW laser power and 19kW/cm2 laser fluence damage effects on 13 HE samples. 

 
 

Furthermore, HE samples are routinely 
inspected with a non contact laser 
profilometer, which focuses a low power 
laser beam to extremely small spot sizes (2 
to 10 microns).  

In order to establish safe operating limits 
for experiments that involve manned 
operation while aligning low power laser 
light on bare HE, we performed a series of 
tests on 13 common high explosives used in 
the HEAF at LLNL.  All samples were 
irradiated with a 670 nm, 2.4 milliwatt fiber-
coupled diode laser.  The focal spot size 
imaged upon the HE surface was measured 

afterwards using a standard knife-edge 
technique.  Beam diameter of the focal spot 
was determined to be 4 microns - for total 
knife translation from full power to zero 
power.  Laser power was measured using the 
Coherent LabMaster Ultra optical power 
meter.  Samples were enclosed in a 2-gram 
capacity HE containment tank prior to 
exposure to laser light.  A remote translator 
positioned the exposed HE surface at the 
focal point determined using a small 
imaging camera to view the retro-reflected 
speckle pattern. 

A 4 micron diameter spot was focused 
upon the surface of the HE samples using 
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the 670 nm diode laser and a 4.5 mm 
aspheric lens,.  The average power density 
was calculated to be about 19 kW/cm2 at the 
focal waist of the beam.  Each individual HE 
sample was exposed to this power density 
(fluence) for a 5-minute duration.  
Following exposure, each sample was 
inspected using a 27x stereo microscope.  
Microscopy images (before and after 
exposure) were recorded and compared.  No 
damage or visible effects were observed on 
the sample surfaces after laser exposure.   

An average laser power density of 19 
kWatts/cm2 with total power of 2.4 mW 
caused no damage, discoloration, or any 
other discernable changes to the surface of 
the high explosives listed in the above table.  
This demonstrates that Class I or Class II 
laser beams (630-670 nm) can safely be 
focused on the listed high explosives above 
if the power density is below 19 kWatts/cm2 
and the total power is less than 2.4 mW.  It 
is reasonable to conclude that for alignment 
laser beams in the 670 nm wavelength 
region, 2 kW/cm2 would provide a safety 
margin of 10 times below the fluence level 
tested above and could be considered to be a 
safe level for laser illumination on bare HE. 

A non-contact laser profilometer, a laser 
confocal displacement meter made by 
Optimet Corp. is used at LLNL to measure 
HE sample surfaces. This device uses a 1 
mW CW diode laser at 670 nm and creates a 
spot size diameter of 8 microns, providing a 
power density of about 2 kWatts/cm2.  The 
power density of the optical profilometer is 
an order of magnitude less than was 
generated in this last direct HE exposure 
experiment.  

These experiments suggest that the main 
source of laser heating of explosives is total 
laser power; with spot size a second-order 
effect.   

 

 
SAFETY GUIDELINES –- 
 

1) High power laser beams on metals in 
contact with HE. 

The idea here is to prevent an excessive 
temperature rise on the surface in contact 
with the HE in order to avoid a reaction.  
The simulations in Experiment #1 give good 
agreement and an understanding of what is 
going on, but should only be used as a rough 
guide in determining safety issues.  One 
should not attempt to use these simulations 
outside of the limits of the assumption set 
forth in the definitions of the terms.  If 
simulations are to be used to predict a new 
material behavior, the reflectivity and 
thermal conductivity of the material must be 
well defined or the results may vary 
considerably.  In the interest of safety, it 
should always be assumed that all of the 
laser light is absorbed when making 
calculations to get an upper limit of 
temperature rise.  

 

2) High power laser beams on exposed 
HE. 

In Experiment #2 it has been shown that 
with 514 nm and 532 nm lasers, the 
threshold of damage begins around 70 mW 
with 1 mm and 0.5 mm spot sizes.  
However, some of these explosives, 
especially those with dyed prills or dark 
colored binders show strong absorption in 
the darker areas of the sample.  Irradiation 
of LX-14 showed a dramatic difference in 
sensitivity at 532 nm between the white and 
dyed areas, presumably due to the difference 
in absorption at that wavelength. Absorption 
measurements with 1064 nm laser light, 
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however, shows very little difference 
between the white and dyed prill areas6.  If 
data had been taken at 1064 nm we would 
have no knowledge whether the dyed areas 
are more sensitive than the white areas of 
the sample.  The data summarized in Table 1 
sets the safety limits for illuminating HE 
samples with 532 nm and 514 nm beams.   

When setting up experiments, one 
must do careful planning so that these 
optical power limits, even in the worst-
case, are never exceeded.  It is also very 
important to specify the wavelength when 
using these limits. 
 
3) Low power laser beams on bare HE. 

Since no damage was observed at 19 
kW/cm2, with 2.4 mW total power, we 
conclude it is safe to use a 1 mW laser 
focused to an 8 micron beam diameter or 
larger (2 kW/cm2 is a factor of about 10 
times lower than our test value of 19 
kW/cm). 

Laser Parameter Spec Units 

Laser Power 2.4 milliwatts 

Spot Size Diameter 4 microns 

Fluence  19 kW/cm2 

Exposure time 5 minutes 

Laser wavelength 670 nm 

Table 5 
Laser illumination parameters that 

caused no reaction to all HE samples in 
Experiment 3. 

Standard HE safety practice dictates that 
alignment lasers should be set to the lowest 
power necessary to do the job.  Neutral 
density filters should be permanently affixed 
to alignment lasers to reduce laser beam 

power to well below the guideline levels for 
additional safety. 

We hope this information will be of use 
in updating existing documents which 
address the safe levels of laser light allowed 
on bare HE and HE components. Again, 
always specify the wavelength. 
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Abstract: 
The shelf life of a rocket motor igniter 

based on boron and potassium nitrate was 
investigated. Chemical and thermal 
analysis was used to find a possible aging 
reaction for this redox system. It was not 
possible to verify aging reactions of this 
redox system already published in 
literature. A new aging reaction was 
postulated and verified by chemical 
experiments. The time, which was 
necessary for an accelerated aging at a 
temperature of 60°C to simulate a storage 
time at 10°C of 7.5 and 15 years 
respectively could be calculated by using a 
kinetic model. 
18 igniters were artificially aged and then 
fired. The performance parameters of these 
artificial aged igniters were determined. 
The measured data of all tested igniters 
were in the range of the specifications. 
According to the model used the 
investigation showed that in the case of 
constant storage conditions it is possible to 
use these rocket motor igniters without any 
problem for another 15 years. 
 

1.  Introduction 
Six decades ago three serious 

explosion events in ammunition caverns 
happened in Switzerland. As a 
consequence of these events an 
ammunition surveillance organisation was 
established. The task of this group was to 
check all aspects concerning the technical 
state of ammunition, which means 
function, performance, storage safety, 
handling and transportation safety. These 
aspects were checked with experiments on 
ammunition and on its components. 
Today the Ammunition Surveillance has 
the following duties: 
 
•  Establishment of surveillance concepts 

and programs 
•  Assessment of the technical state of 

stored ammunition 
•  Information about ammunition 

malfunctions (Dud Information Centre) 
•  Proposals for revision or disposal of 

ammunition 
•  Life time prediction for missile 

systems 
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Due to current defence budget reductions 
several Swiss weapon systems have to stay 
in service for a time period longer than 
planned. One of these weapon systems is a 
ground to air missile, which came into 
service in 1984. All missiles are stored in 
underground facilities. Over all seasons 
these caverns show a stable temperature as 
well as a stable rate of humidity. For 
ammunition surveillance reasons, 
additional components of the missile, 
containing explosives, are stored at the 
same locations and under the same 
conditions as the missiles.  
The ammunition surveillance program for 
this weapon system foresees live firings of 
missiles as well as test firings of 
components containing explosives. These 
two test procedures provide information 
about the actual state of the missiles and its 
components. But no information can be 
extracted about the shelf life assessment for 
the functioning of the missiles. Therefore 
one component was defined to be the most 
important for the missile. Due to the fact 
that the weapon system will not be 
successful in the case of a failed rocket 
motor igniter, it was decided to consider 
this item as the key component with regard 
to the functionality of the system.  
During the last 16 years igniters of this 
missile system were tested as a single 
component every second year. This testing 
produced data concerning the influence of 
aging on performance, ignition delay as 
well as burning time. 
Based on a contract between the Swiss 
Defence Procurement Agency and the 
Dutch Prins Maurits Laboratory of TNO a 
research program in the field of shelf life 
prediction was started. The goal of this co-
operation was to declare if the investigated 
rocket motor igniter is still usable for 
another 15 years. 
 
 

2.  Description of the Igniter 
The rocket motor igniter consists of a 

metal cylinder with some holes in it. The 
pyrotechnic composition is ignited by an 
electric bridgewire. 
The pyrotechnic composition of the 
investigated igniter consists of 30% (w/w) 
boron and 70% (w/w) potassium nitrat. 
 
3. Boron / potassium nitrate based 

igniter compositions 
3.1 Ingredients 
In order to study the influence of aging on 
the burning properties, it is important to 
know the properties of boron / potassium 
nitrate based igniter compositions before 
aging.  
According to Lai [1], the most common 
formulation of such igniter compositions 
consists of 24% (w/w) boron, 70% (w/w) 
potassium nitrate and 6% (w/w) binder. 
Systems without a binder will be very 
sensitive to moisture thus they will age 
very rapidly.  
The used boron is amorphous. Its particle 
size is 1.5 microns maximum. Two 
different qualities can be used. The 
properties of both qualities are 
summarized in table 1.The reason for the 
large amount of magnesium in quality II 
is, that boron is prepared by reducing 
boric oxide by magnesium. The use of 
quality I boron instead of quality II boron 
will increase the expected lifetime of 
boron / potassium nitrate compositions, 
because magnesium is much more 
sensitive to aging than boron [1]. 
Boron starts to oxidise with the oxygen 
available in air at 465°C (TG/DTA, 6 
K/min) while potassium nitrate will start 
to decompose in air at 400°C (TG/DTA at 
6 K/min) [4]. At 129°C potassium nitrate 
has a transition point and at 320°C is the 
melting point. 
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3.2 Burning properties of boron /  
potassium nitrate compositions 
Boron and potassium nitrate will react 

with each other after ignition. This reaction 
generates heat and some reaction products. 
The reactions that take place during 
burning of such compositions are not 
completely clear. Different reaction 
schemes are published in literature [1,4]. 
 
4 B + 2 KNO3 → 2 B2O3 + N2 + 2 K   

[ref. 4]        (1) 

2 B + 2 KNO3 → B2O3 + K2O + 2 NO  
[ref. 1]        (2) 

The stochiometric composition of reaction 
(1) contains 17.6% (w/w) boron [4]. The 
equimolar composition of reaction (2) 
contains 9.7% (w/w) boron. The largest 
heat of reaction (7400J/g) measured by 
combustion calorimetry is obtained for a 
composition containing 20% of boron [4]. 
A change (increase or decrease) of the 
amount of boron causes a decrease in the 
heat of reaction. The calculated heat 
generated according to reaction (1) is 6129 
J/g. However, in the calorimetric bomb, the 
amount of heat produced appeared to be 
approximately 7531 J/g [4]. According to 
the authors this is probably caused by the 
fact that borates are formed. For the 
investigated igniter composition a heat of 
reaction of 7334 J/g was measured. 
 
3.3 Reactions due to aging (literature) 

In 1998, Lai published a paper in which 
the aging of boron / potassium nitrate was 
studied [1]. His main conclusion was that 
these mixtures are extremely stable when 
kept dry. Only in the early phase some 
degradation can occur due to the reaction of 
magnesium, present as unwanted additive, 
with atmospheric humidity. When exposed 
to high humidity, the performance can 
decrease due to the formation of potassium 
nitrate agglomerates. In his paper Lai tested 
11 year old pellets and 2 year old pellets. 

An increase in burning time from 8 ms to 
9.5 ms was observed. He claimed that this 
difference was within the rang of the data 
of the new pellet lots that were tested in 
the past 30 years. From these results Lai 
concluded that these igniter compositions 
have an infinite lifetime. However, until 
the year 2000, the results of the periodic 
inspections of the igniter system in 
Switzerland show that the burning 
behaviour of the igniter composition 
changes during aging. That means that the 
igniter composition which was 
investigated does not have an infinite 
lifetime. The fact that aging can occur 
was demonstrated by Stupp [2]. Therefore 
it was decided to use his paper in which 
he discussed the stability of igniter 
composition based on boron and 
potassium nitrate [2]. This is the only 
paper in which an aging mechanism is 
proposed.  According to this paper the 
following six reactions can take place 
during aging of boron / potassium nitrate 
composition 
 

2 B + 3 NO2 → B2O3 + 3 NO     (3) 

3 NO + 1.5 O2 → 3 NO2        (4) 

2 B + 1.5 O2 → B2O3     Overall reaction  
(3) + (4) (5) 

B2O3 + H2O → 2 HBO2   (meta boric 
acid)        (6) 

2 HBO2 + 2 H2O → 2 H3BO3  
(ortho boric acid)      (7) 

HBO2 + KNO3 → HNO3 + KBO2  
(endothermic reaction)    (8) 

6 HNO3 + 4 B → 2 B2O3 + 3 NO + 3 NO2  

    + 3 H2O         (9) 

In order to start the reactions described 
above, only a limited amount of moisture, 
oxygen and nitrogen dioxide has to be 
present. 
 



 

 446

3.4 Influence of boric oxide on the 
burning behaviour 
Boric oxide will be formed during 

aging [5]. From literature it is known that 
boric oxide causes a decrease in burning 
rate and efficiency [6,7]. From the 
theoretical point of view it is expected that 
the burning rate of boron particles that are 
covered with a layer of boron oxide 
decreases linearly with the thickness of the 
oxide layer [7]. 
The decrease in burning rate is caused by 
the fact that this oxide layer has to be 
removed before the boron can react with 
the potassium nitrate. In order to achieve 
the "cleaning of the boron surface", boron 
has to react with boron oxide. The products 
formed, BO, BO2 and B2O2 can quite easily 
leave the surface. However, the reaction of 
boron with boron oxide is rather slow, so it 
takes quite a long time before the complete 
surface is cleaned.  
 
3.5 Published aging mechanism for  

boron / potassium nitrate  
The equations mentioned by Stupp (3 to 

9) [2] were used to derive an aging 
mechanism. From these equations it can be 
derived that a mixture of boron / potassium 
nitrate can react under ambient conditions 
if only a small amount of moisture, oxygen 
and nitrogen dioxide is present at the 
beginning [2]. 
First off all reactions 3, 4, 5, 6 and 7 will 
take place relatively fast, because these 
reactions are involving a solid and a gas or 
moisture. 
After these reactions took place, the 
reaction obviously stops due to a lack of 
oxygen, moisture and nitrogen dioxide.  
Reactions (8) and (9) will be very slow 
because they are involving two solids and 
reaction (8) is an endothermic reaction, 
which makes this reaction even slower. 
However, once reaction (9) really starts, 
then reaction (3) can take place, because 

nitrogen dioxide will be formed in 
reaction (9). Reaction (6) will also 
resume. Reaction (4) will not resume 
because no more oxygen is present. 
Reaction (6) will occur instead of reaction 
(7). So, after a certain period of time, 
reactions (3), (6), (8) and (9) will occur. 

2 B + 3 NO2 → B2O3 + 3 NO (3) 

3 B2O3 + 3 H2O → 6 HBO2  
(meta boric acid) (6) 

6 HBO2 + 6 KNO3 → 6 HNO3 + 6 KBO2 
 (8) 

6 HNO3 + 4 B → 2 B2O3 + 3 NO + 3 NO2 
+ 3 H2O (9) 

6 B + 6 KNO3 → 6 NO + 6 KBO2 

(overall reaction) (10) 

This reaction scheme shows that boron 
and potassium nitrate could react with 
each other under ambient conditions. 
However Stupp did not perform aging 
experiments long enough (only 4 days at 
70 °C) to confirm this (derived) aging 
model [3]. 
 
4. Techniques for the verification 
4.1 Heat flow calorimetry 
Aging reactions are most commonly 
measured using heat flow calorimetry 
(HFC). With this technique, the heat flow 
of a composition can be measured during 
a certain time at different temperatures. In 
principle it is also possible to vary the 
relative humidity of the sample cell, this 
was not used in this study. In order to 
understand the measured heat flow at a 
specific temperature, it should be known 
which reactions take place at that specific 
temperature. If these reactions are known 
as well as the generated heat, the reaction 
rate can be calculated. 
When heat flow calorimetry is used to 
determine the aging behaviour of boron / 
potassium nitrate compositions, it is 
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important that the aging time is long 
enough in order to determine tmr, the time 
that the large second peak will be observed. 
It is assumed that once tmr is reached, the 
lifetime of the igniter will be very limited.  
Definition of tmr: 
tmr is the time until the main reaction of 
aging starts. 
A similar effect, the occurrence of a large 
peak after a certain period of time is also 
observed for the aging of MTV 
(Magnesium, Teflon, Viton) compositions 
[10]. It is assumed that the lifetime of 
boron / potassium nitrate composition is 
expired once tmr is reached because the 
heat flow will increase dramatically (see 
Figure 3). Of course this assumption has to 
be verified. 
 
4.2 DSC and TG/DTA 

Although HFC experiments are 
essential for setting up an aging model, the 
interpretation of the obtained results can be 
very difficult. In principle the mechanism 
has to be known in order to make an 
interpretation of the results, although quite 
often the HFC experiments are performed 
in order to clear up the mechanism! 
In order to determine the mechanism it is 
useful to perform also DSC or TG/DTA 
experiments. Using different heating rates, 
part of the mechanism can be clarified. One 
should keep in mind however that reactions 
that take place at relatively high 
temperatures (as measured with DSC or TG 
/ DTA), might not occur at low 
temperatures. 
For different heating rates tmr and Tmr can 
be determined. These results can be 
extrapolated to a heating rate of 0°C /min. 
tmr and Tmr under isothermal conditions 
will be obtained. By assuming different 
acceleration factors, tmr can be calculated 
as a function of temperature.  
 

4.3 Determination of thickness of the 
boric oxide layer 
As already mentioned, the burning 

rate of boron particles decreases linearly 
as a function of the thickness of the oxide 
layer. So this parameter gives an 
indication about the burning properties of 
the aged boron / potassium nitrate 
composition.  
However it is not possible to measure the 
thickness of the oxide layer directly by 
means of SEM (scanning electron 
microscope). The amount of boric acid 
and boric oxide can be determined by 
dissolving the composition in water and 
then by measuring the amount of acid and 
oxide by titration. The total amount of 
boron, boron oxide and boric acid can be 
determined by dissolving the igniter 
composition in a mixture of HNO3 / HCl. 
All the boron derivatives will be 
converted into ortho boric acid or meta 
boric acid. This amount can again be 
determined by means of titration.  
The thickness of the layer can be 
calculated as a function of conversion if 
two assumptions are made. First, the 
densities of all the formed boron derivates 
are the same and equal the density of 
boric oxide. Second, a completely covered 
oxide layer will be formed (100 % of the 
theoretical density of boric oxide). 
Although the initial particle size of boron 
is not known, it is assumed according to 
[1] that the initial particle size is 1.5µm. 
For this case, Figure 4 shows the 
calculated influence of conversion of 
boron on the thickness of the oxide layer. 
 
From the results of the periodic 
inspections by Swiss Ammunition 
Surveillance, it was already observed that 
the burning rate decreases during storage. 
This might be an indication that a small 
boric oxide layer is formed. The influence 
of temperature on the reaction rates was 
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determined, so that it should be possible to 
perform accelerated aging tests according 
to the defined storage time of 15 years. 
Several kinds of experiments were 
performed in order to determine the so-
called accelerating factor F. However the 
experiments show that heat flow 
calorimetry as well as TGA/DTA 
experiments and titration (in order to 
determine the thickness of the boric oxide 
layer) did not lead to an aging model that 
could be used for the accelerated aging.  
 
5. Possible Aging Reaction 
5.1 Modelling the reaction of boron with 

nitric acid 
The reaction of boron with nitric acid 

is reaction (9) of the proposed aging 
mechanism. In this aging mechanism it is 
assumed that reaction (8) and (9) will be 
very slow and will therefore determine the 
aging rate of boron / potassium nitrate 
igniter mixtures. These reactions are 
presented below. 

HBO2 + KNO3 → HNO3 + KBO2        (8) 

6 HNO3 + 4 B → 2 B2O3 + 3 NO + 3 NO2 
+3 H2O           (9) 
Within this method it was chosen to 
determine the temperature dependency of 
reaction (9). In principle, this is possible by 
adding boron to a nitric acid solution and to 
determine the reaction rate of this reaction 
at different temperatures and different 
concentrations of nitric acid.  
When boron is added to a nitric acid 
solution the following reactions will occur.  

6 HNO3 + 4 B → 2 B2O3 + 3 NO +3 NO2  
+ 3 H2O         (9) 

2 B2O3 + 6 H2O → 4 H3BO3          (6 + 7) 

6 HNO3 + 4 B + 3 H2O → 4 H3BO3 +  

      3 NO + 3 NO2      (6,7, 9) (11) 

So, boron will be converted into boric 
acid and brown nitrous gases will be 
formed. 
 
5.2 Determination of activation energy  

For the reaction of two different 
concentrations of nitric acid with boron 
(equation 11), the activation energy was 
determined. In principle, the activation 
energy should be independent on the 
HNO3 concentration. The concentrations 
chosen are 20 % and 30 %. A higher 
concentration of nitric acid causes a too 
vigorous reaction in a very short period of 
time at room temperature.  A 
concentration much less than 20 % makes 
it very difficult to determine the time at 
which the reaction really starts, because 
nearly no brown NO2 is observed. 
In general, at a certain temperature, the 
following equation can be used to express 
the concentration dependency of nitric 
acid on the reaction rate. 

r = k * [HNO3]n 

r : reaction rate  
k : rate constant 
[HNO3] : concentration of nitric acid 

[mass percentage] 
n : order of reaction 
 
log (r) = log (k) + n log [HNO3] 

In general, the temperature dependence of 
k, the rate constant can be determined 
using the equation below. 
 
k = A * exp [-Eact / RT] 

k : rate constant 
A : pre-exponential factor 
R :  gas constant 
T : temperature 
Eact :  activation energy 
ln (k) = ln (A) – Eact/RT 
 



 

 449

Figure 5 shows the time to reaction onset at 
different temperatures for the two different 
concentrations. 
The calculated activation energy for the 
two different concentrations, using the 
Arrhenius equation, as well as the average 
activation energy is shown in table 3. 
Considering that the two lines are parallel it 
seems that the activation energy is 
independent of the concentration of nitric 
acid.  
The period for accelerated aging will 
correspond to 7.5 years and 15 years of 
aging under storage condition. The reason 
to age for two different periods of time is 
that the results of the periodic inspections, 
15 years might be too long. Another reason 
is the fact that the used activation energy is 
the activation energy of a reaction that is 
part of a proposed reaction mechanism that 
could neither be verified nor falsified. 
Table 4 shows the accelerated aging 
periods. 
 
6. Results 

Nine rocket motor igniters were 
artificially aged at a temperature of 60°C 
for 12.3 days (equivalent to 7.5 years at 
10°C) and another nine rocket motor 
igniters were artificially aged at 60° for 
24.5 days (equivalent to 15 years at 10°C).   
The artificially aged igniters were fired 
with the same procedure as it is determined 
in the  ammunition surveillance program 
for the periodical igniter checks (3 igniters 
at –32°C, 3 igniters at +21°C and 3 igniters 
at +52°C). The measured parameters were 
compared with the test results of the last 15 
years as well as with the data fixed in the 
specifications. 
The total age of the artificially aged igniters 
will be 23.5 years and 31 years 
respectively, consisting of 16 years storage 
at 10°C and an artificial aging of 7.5 years 
and 15 years respectively. 
 

6.1 Time to ignition 
The measured times to ignition of all 

artificially aged igniters are within the 
specifications. The measured data are in a 
very small range (Appendix, figure 6). 
The largest time to ignition of the igniters 
cooled down to a test temperature of –
32°C is slightly increased for the igniters 
artificially aged to 7.5 years as well as to 
15 years. The results show that the 
expected aging reaction did not occur. 
 
6.2 Pressure 

The measured pressure of all 
artificially aged igniters is in the same 
range as the values measured during the 
ammunition surveillance testing 
(Appendix, figure 7). All values are 
within the specifications. The pressure 
maximum of the igniters tested at a 
temperature of +52°C and treated to an 
artificially aging of 15 years reaches the 
upper limit of the specified range. 
The results show that the expected aging 
reaction did not occur. 
 
5.3 Burning time  
The measured burning times of all 
artificially aged igniters are within the 
specifications. The burning times of the 
igniters tested at a temperature of +21°C 
and treated to an artificially aging of 7.5 
years show a larger deviation compared 
with the values of the other artificially 
aged igniters (Appendix, figure 8). The 
results show that the expected aging 
reaction did not occur. 
  
6. Summary / Conclusion 

The shelf life assessment of artificially 
aged rocket motor igniters of a ground to 
air missile was investigated. The 
pyrotechnic composition used in this 
igniter consists of boron and potassium 
nitrate. The investigation shows that 
published aging mechanism of such 
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igniter compositions can not be used 
without further investigations. The 
activation energy of the mentioned 
pyrotechnic redox system was determined. 
Based on this data and using the Arrhenius 
equation the time for an artificial aging of 
the igniters at a temperature of 60°C was 
calculated to simulate an aging at 10°C for 
7.5  years and 15 years respectively  
After the artificially aging of 18 igniters the 
performance data were measured and 
compared with already available values of 
the ammunition surveillance program as 
well as with basic values mentioned in the 
specifications. The results show that neither 
an artificial aging of 7.5 years nor one of 15 
years has a significant influence on the 
performance of the igniter composition. 
The conclusion of the investigation is that 
the rocket motor igniter of this ground to 
air missile will ignite the rocket motor 
without any problem during the next 15 
years. 
However this statement is only valid in the 
case that the storage temperature in the 
underground caverns will not exceed 10°C 
and the housings of the igniter are still 
tight. 
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8. Appendix 
 
Table 1: Properties of the two boron types 

 
Table 2: Properties of potassium nitrate [3] 
Formula Molecular 

Weight 
Cristal 
Modification 
[°C] 

Melting Point 
[°C] 

Decomposition 
Temperature 
[°C] 

KNO3 101.1 129 334 400 
 
Table 3: Calculated activation energy for different concentration 
30 % HNO3 [kJ / mol] 20 % HNO3 [kJ / mol] Average [kJ / mol] 
80.8 88.3 84.6 

 
Table 4: Accelerated aging periods (Eact = 84.6 kJ / mole) 
Aging under storage ( 10 º C) vs. Accelerated aging ( 60 º C) 
Aging period ( 10 º C) 
Aging period ( 60 º C) 

7.5 years 
12.3 days 

15 years 
24.5 days 

 

Properties 
 

Quality I Quality II 

Appearance 
% Boron 
Volatile substances 
pH (1:20 dilution) 
Water-soluble boron 
Insoluble substances in H2O 
Specific surface (BET) 
 
Impurities                                         
Mg 
F 
O 
N 
C 
Fe 
Mn 

Brown powder 
95-97 % 
≤ 0.5 % 
≥2.0 
≤ 0.3 % 
≤ 1.0 % 
8-12 m2/g 
 
≤ 0.7 % 
≤ 0.5 % 
≤ 2.0 % 
≤ 0.4 % 
≤ 0.7 % 
≤ 0.2 % 
≤ 0.1 % 

Brown powder 
90-92 % 
≤ 0.5 % 
≥2.0 
≤ 0.5 % 
≤ 1.0 % 
> 12 m2/g 
 
≤ 6.0 % 
≤ 0.1 % 
≤ 3.0 % 
≤ 0.3 % 
≤ 0.5 % 
≤ 0.2 % 
≤ 0.1 % 



 

 452

 

 

Figure 1:   Rocket motor igniter 
 
 
 
 

Figure 2:   Pyrotechnic composition of the 
igniter. It consists of  boron and potassium 
nitrate one part as granules, the other part as 
pellets 
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Figure 3:   Expected heat flow according to the proposed aging mechanism 
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Figure 4:   Dimensions as a function of boron conversion. 
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Figure 5:   Determination of the activation energy for two different concentrations of  nitric  

       acid 
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Figure 6: The last six values in the graph are the times to ignition of artificially aged igniters 
     measured at different temperatures (-32; +21°C; +52°C) 
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Figure 7:   The last six valus in the graph are the values of the max. pressure of artificial aged  

       igniters measured at different temperatures (-32°C; +21°C; +52°C) 
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Figure 8:   The last six values in the graph showthe burning time of artificially aged igniters  
       measured at different temperatures (-32°C; +21°C; +52°C) 
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ABSTRACT 
The pyrotechnic performance of the silicon-caesium nitrate system has been characterised by 
exothermicity measurements, using combustion calorimetry, and burning rate determinations. 
The results have been supplemented by differential scanning calorimetry, under ignition 
conditions, time to ignition measurements and evolved gas analysis using mass spectrometry. 
 
INTRODUCTION 

The combustion of pyrotechnic 
compositions can produce radiation in 
specific regions of the electromagnetic 
spectrum.  Most are designed to emit in the 
visible region and are used for signalling, 
area illumination and as tracers. Fast 
burning compositions which emit infrared 
radiation are often used for the protection of 
aircraft, helicopters, ships and armoured 
vehicles. 

Slow burning compositions that have 
little or no visible light output but emit in 
the infrared [1, 2] have training applications 
on drones to trigger the fuse on the missile 
system at a suitable miss distance. These 
compositions have also been reported [3] as 
enhancing the performance of night vision 
optics. 

This paper discusses the results of 
exothermicity and burning rate studies on 
silicon-caesium nitrate compositions 
containing from 10% to 90% by mass of 
silicon. In addition, high temperature 
differential scanning calorimetry (DSC) 

under ignition conditions and time to 
ignition studies has been carried out. 

Simultaneous thermogravimetry-mass 
spectrometry (TG-MS) has been used to 
investigate the behaviour of caesium nitrate 
and its reaction with low levels of silicon. 
Mass spectrometry has also been employed 
to characterise the gaseous products of 
ignition. 

 
EXPERIMENTAL 
Compositions 

The silicon used (OCI) was to 
specification DEF STAN 68-113 with a mean 
particle size of 1.8µm, as measured by a 
Fisher sub-sieve sizer. The caesium nitrate 
(Fluka) was of 99% purity. The compositions 
were prepared by mixing the components 
(previously dried at 85°C and then sieved) in 
a Turbula mixer for thirty minutes.  

 
Simultaneous TG-DTA Studies 

The reactivity of the silicon to aerial 
oxidation was studied by simultaneous TG-
DTA using a Stanton Redcroft STA1500 
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unit. 40mg samples were heated in ceramic 
crucibles in air at 10°C min-1. 
Exothermicity Measurements 

Exothermicity measurements were 
performed in a Parr Model 1425 semi-micro 
combustion calorimeter in an argon 
atmosphere. The samples were contained in 
quartz crucibles and ignited using a hot wire.  

 
Burning Rate Determinations 

The burning rate determinations were 
carried out on samples in cardboard tubes 
12mm in diameter. A sample mass of 12g 
was consolidated in four 3g increments at 
6.7kN. Prior to the consolidation of the forth 
increment, 0.5g of a silicon-potassium 
nitrate priming composition was added. The 
compositions were ignited using an 
electrical igniter and the burning times were 
determined using a stopwatch. 

 
DSC Studies Under Ignition Conditions 

DSC measurements were made under 
ignition conditions using the heat flux DSC 
apparatus described previously [4]. The 
experiments were performed by heating 
50mg samples, in 2cm long quartz crucibles, 
in an argon atmosphere at 50°C min-1. The 
samples were compressed under a 1kg dead 
load before testing. Two inconel crucibles 
containing titanium powder were placed on 
the lid of the DSC head to remove any 
oxygen impurities in the gas stream. The 
ignition reaction was detected using an 
integral photocell-detector (PCD) system. 

 
Time to Ignition Measurements 

Time to ignition studies were carried 
out using the apparatus described previously 
[4]. The furnace, pre-heated to 900ºC, was 
lowered over a 20mg sample in a 2cm long 
quartz crucible. The experiments were 
performed in argon; oxygen impurities were 
removed using titanium powder as described 

above. The ignition was detected using an 
integral photo-detector system. 
Evolved Gas Analysis Studies 

Simultaneous thermogravimetry-mass 
spectrometry experiments were performed 
using a Du Pont 951 thermobalance linked 
to a VG Gas Analysis Gaslab 300 
quadrupole mass spectrometer using a 
molecular leak interface. The measurements 
were made using 5mg samples in ceramic 
crucibles, heating at 10°C min-1 in an argon 
atmosphere. 

Preliminary measurements were made 
on the gaseous products of ignition, using an 
infrared heating apparatus previously 
developed for time to ignition studies [5]. 
The unit was linked to the mass 
spectrometer described above by means of a 
heated capillary, and ignition experiments 
were carried out on 5mg samples in an argon 
atmosphere.  

 
RESULTS AND DISCUSSION 
Studies on the Components 

A simultaneous TG-DTA curve 
obtained for silicon, in an atmosphere of air, 
is shown in Figure 1. The onset of the mass 
gain did not start until above 800°C, thus 
demonstrating the resistance of silicon to 
aerial oxidation. The fusion of unreacted 
silicon was shown by the endothermic peak 
in the region of 1405°C, by which stage a 
mass gain of some 20% was measured. 

TG-evolved gas analysis curves for 
caesium nitrate are shown in Figure 2. The 
TG curve indicated that the nitrate was 
stable up to about 550°C, when the onset of 
mass loss was observed. The mass 
spectrometer showed that the main products 
of decomposition were O2 and NO. The 
overall mass loss of nearly 100% indicated 
that volatilisation of the caesium nitrate and 
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/or its decomposition products had taken 
place. 

 
Exothermicity Measurements 

Preliminary experiments showed that 
for compositions containing up to 40% 
silicon, the measured exothermicities were 
very dependent on the experimental 
conditions. Thus, forming samples into 
pellets resulted in a significant increase in 
the measured heat output compared with 
powder samples.  

In order to achieve reliable ignition of 
the 10% silicon composition, it was 
necessary to use an elevated pressure of 
inert gas in the combustion vessel. 
Measurements in argon in the range 1-3MPa 
on compositions containing 10-40% silicon, 
in the form of 300mg pellets, showed that 
the exothermicity values increased with 
increasing pressure. This increase was 
particularly marked for the compositions 
containing 20% and 30% silicon. For 
compositions containing more than 40% 
silicon, the results were not influenced by 
the form of the sample or the pressure of the 
inert gas in the bomb. 

The results of measurements carried out 
on 300mg pellets of the complete range of 
compositions under 3.0MPa of argon 
(1.0MPa for 50-70% silicon) are given in 
Table 1 and are plotted in Figure 3. The 
measurements show that the maximum 
exothermicity was given by the composition 
containing 20% silicon. In addition, results 
are also included in Table 1 for 
measurements made at 0.1MPa of argon, to 
enable a comparison to be made with the 
burning rate studies. 

Pressure measurements, were made in 
conjunction with the combustion calorimetry 
experiments, in 0.1MPa of argon on 
compositions containing from 40-70% 
silicon. These showed that a small amount 
of gas was released on combustion. This 
decreased in an approximately linear 

manner, with increasing silicon content, 
from 35cm3g-1 at the 40% silicon level to 18 
cm3g-1 at the 70% silicon level. 
 

Table 1. Exothermicity Data for Silicon-
Caesium Nitrate Compositions in Argon 

Exothermicity / kJg-1 Si / % 
0.1MPa 3.0MPa 

10 - 2.43 ± 0.00 
20 2.35 ± 0.06 3.23 ± 0.03 
30 2.36 ± 0.05 3.10 ± 0.05 
40 2.40 ± 0.02 2.66 ± 0.08 
50 2.15 2.13* 
60 1.90 1.93* 
70 1.54 1.57* 

* measurements at 1.0MPa 
 

The solid combustion products were 
found to rapidly pick up moisture on 
exposure to air. Therefore residues for 
preliminary x-ray diffraction studies were 
prepared by combustion of compositions 
containing from 30-70% silicon in 0.1MPa 
of argon. The combustion vessel was opened 
under argon in a dry box and after 
homogenisation by lightly grinding, the 
residues were placed in airtight XRD cells. 

 The measurements showed that Si3N4 
was formed in addition to SiO2. The 
presence of caesium metal was detected in 
residues from compositions containing 40% 
and above of silicon. Excess silicon was 
observed when the compositions contained 
50% or more of silicon. In the case of the 
70% silicon composition, SiO was found to 
be formed rather than SiO2. 

With the lower silicon content 
compositions a significant amount of fine 
white material was deposited on the wall of 
the bomb. DSC studies on the residue from 
the partially ignited 10% silicon 
composition showed that unreacted caesium 
nitrate was present. 
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It is therefore possible that the increase 
in exothermicity, obtained by forming the 
samples into pellets and also by increasing 
the pressure in the combustion bomb, is due 
to a reduction in the amount of volatilisation 
of caesium nitrate (and its decomposition 
products) during the combustion of these 
slow burning compositions. 

 
Burning Rate Studies 

Burning rate measurements were 
obtained for compositions containing 10-75% 
silicon and the results are shown in Table 2 . 
 

Table 2. Burning Rate Data for Silicon-
Caesium Nitrate Compositions 

Silicon Burning rate 
/ % / mms-1 

10 1.02 
20 2.2 ± 0.0 
30 3.8 
40 5.6 ± 0.3 
45 6.8 ± 0.1 
50 8.0 ± 0.3 
55 8.7 
60 9.5 ± 1.1 
65 9.9 ± 0.11 
70 9.9 ± 0.4 
75 8.1 ± 0.5 

 
The measurements are plotted in Figure 4 

and show that the burning rate increased in an 
approximately linear manner with increasing 
silicon content and reached a maximum in the 
region of 65% silicon.  

The ratio of the burning rate to the 
corresponding exothermicity value 
measured at 0.1MPa is plotted as a function 
of silicon content in Figure 5. The ratio 
shows a second order increase with 
increasing silicon content over the range 
20% to 70% silicon. 

A limited number of burning rate 
measurements were carried out on 
compositions prepared using silicon with an 
average particle size of 3µm (Berkshire Ores 
& Chemicals Ltd) and the results are also 
plotted in Figure 4. 

Increasing the particle size of the silicon 
more than halved the burning rate, although 
the maximum rate of burning appears to be at 
a similar silicon level. 

 
DSC Studies Under Ignition Conditions 

DSC experiments were carried out in 
duplicate on the complete range and also on 
caesium nitrate. The compositions 
containing from 10-70% silicon all gave a 
large single stage ignition reaction, which 
was preceded by endothermic peaks at 
180°C and 440°C, due to the solid-solid 
transition and fusion of caesium nitrate, 
respectively. A typical DSC trace for the 
30% silicon composition is shown in Figure 
6. The 80% silicon composition failed to 
ignite under these conditions and gave an 
exothermic peak at 596±4°C.  

The ignition temperatures, which 
showed good reproducibility, are 
summarised in Table 3 and are plotted in 
Figure 7. 

The marked influence of the silicon 
content on the ignition temperature is shown 
in the overall reduction of 175°C, when the 
silicon content was increased from 10% to 
60%. The mass loss observed on ignition 
was in the region of 20% to 25% for 
compositions containing 10% to 30% 
silicon. The loss decreased on increasing the 
silicon content above the 30% level and had 
reduced to between 5-10% for the 
compositions containing 50% to 70% 
silicon. The latter losses reflect the small 
amounts of gas measured in the combustion 
calorimetry experiments on samples in the 
40-70% silicon range. 
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Table 3. Ignition Temperatures Measured 
by DSC for a Range of Silicon-Caesium 

Nitrate Compositions  
(Sample mass, 50mg; heating rate, 

50°C min-1; atmosphere, argon) 

Silicon / % Ignition Temperature / °C  

10 853 ± 0 
20 795 ± 1 
30 766 ± 0 
40 724 ± 1  
50 693 ± 3 
60 677 ± 2 
70 689 ± 1  

 
Time to Ignition Measurements 

Time to ignition studies were carried 
out on the complete range of silicon-caesium 
nitrate compositions. The times to ignition 
are given in Table 4 and are plotted in 
Figure 8.  

The results showed good reproducibility 
and the times to ignition revealed a marked 
decrease with increasing silicon content, 
reducing from 63s for 10% silicon 
composition to 30s for the 60% silicon 
composition. 

The ignition temperatures measured 
using the time to ignition apparatus were 
similar to those determined in the DSC 
measurements under ignition conditions, 
over the range 10% to 50% silicon. For 
compositions containing over 50% silicon, 
the values for ignition temperatures in the 
time to ignition experiments dropped below 
those from the DSC experiments. The 
difference was over 40°C at the 70% silicon 
level. The heating rate for this composition 
was about 750°C min-1 in the time to 
ignition measurements, compared with 50°C 
min-1 for the DSC studies. 

 
 
 

Table 4. Times to Ignition for a Range of 
Silicon-Caesium Nitrate Compositions 

(Sample mass, 20mg; temperature, 900°C; 
atmosphere, argon) 

Silicon / % Time to Ignition / s 

10 62.5 ± 0.8 
20 50.3 ± 0.6 
30 46.9 ± 0.5 
40 37.0 ± 0.8 
50 33.1 ± 1.0 
60 29.6 ± 1.4 
70 29.0 ± 2.1 

 
Evolved Gas Analysis Measurements 

The TG-MS curves for caesium nitrate 
in the presence of 10% silicon are shown in 
Figure 9. It can be seen that the evolution of 
NO becomes rapid above 700°C and that 
this is not accompanied by a corresponding 
increase in the rate of evolution of oxygen, 
but rather by the production of nitrogen. It 
would therefore appear that the silicon is 
reacting with both the oxygen and NO and 
that it is the latter reaction, which is 
producing nitrogen. 

Increasing the silicon level to 30%, 
resulted in an ignition reaction at 630°C, 
where the main products were N2 and NO 
(Figure 10). This result, where ignition was 
given for a 5mg sample, together with 
preliminary DSC studies, indicates that it 
may be difficult to study the complete range 
of compositions under non-ignition 
conditions. 

Preliminary analysis of the gaseous 
products of ignition, using the infrared 
heating-mass spectrometry system, showed 
that at the lower silicon levels, the principal 
gases evolved were NO, O2 and N2. The 
amounts of the first two gases decreased 
with increasing silicon content and at the 
50% silicon level, nitrogen was the main 
product. 
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CONCLUSIONS 
The exothermicity values for the lower 

silicon content compositions were found to 
be markedly dependent on the experimental 
conditions. The values increased with 
increasing pressure of the ambient inert gas 
or when the samples were pressed into 
pellets. These effects may be related to the 
loss of caesium nitrate (or its decomposition 
products) by volatilisation during the 
combustion process. The maximum 
exothermicity value determined for the 
system of 3.23±0.03kJ g-1 was given by the 
composition containing 20% silicon, as a 
pellet, in 3MPa of argon.  

Pressure measurements on compositions 
containing 40% silicon and above showed 
that a small amount of gas was released 
during the combustion process. This 
decreased in an approximately linear 
manner, with increasing silicon content, 
from 35cm3g-1 at the 40% silicon level to 18 
cm3 g-1 at the 70% silicon level. 

Mass spectrometry measurements on 
samples ignited in an infrared heating 
apparatus showed that at the lower silicon 
level compositions, the principal gases 
evolved were NO, O2 and N2. The amounts 
of the first two gases decreased with 
increasing silicon content and at the 50% 
silicon level, nitrogen was the main product. 

X-ray diffraction showed that Si3N4 was 
formed in addition to SiO2. The presence of 
caesium metal was detected in residues from 
compositions containing 40% and above of 
silicon. Excess silicon was observed when 
the compositions contained 50% or more of 
silicon. In the case of the 70% silicon 
composition, SiO was observed to be 
formed rather than SiO2. 

 
The silicon-caesium nitrate system was 

found to burn over a wide composition 
range and the rate increased in an 
approximately linear rate with increasing 
silicon content reaching a maximum value 

of 9.9mm s-1 in the region of 65% silicon. 
The ratio of the burning rate to the 
corresponding exothermicity value showed a 
second order increase with increasing silicon 
content over the range 20% to 70% silicon. 

DSC studies showed an overall 
reduction in the ignition temperature of 
175°C when the silicon content was 
increased from 10% to 60%. A similar trend 
was shown under the faster heating 
conditions of the time to ignition 
experiments where the time to ignition had 
halved on increasing the silicon content 
from 10% to 60%. 

Further work is in progress to 
investigate the reaction mechanism under 
non-ignition conditions. 
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FIGURE 1.   TG-DTA CURVES FOR SILICON 

(Sample mass, 40mg; heating rate, 10°C min-1; atmosphere, air) 
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FIGURE 2.   TG-MS CURVES FOR CAESIUM NITRATE 

(Sample mass, 5mg; heating rate, 10°C min-1; atmosphere, argon) 
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FIGURE 3.   PLOT OF EXOTHERMICITY AGAINST SILICON CONTENT 

FOR THE Si-CsNO3 SYSTEM  
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FIGURE 4.   PLOT OF BURNING RATE AGAINST SILICON CONTENT 

FOR THE Si-CsNO3 SYSTEM 
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FIGURE 5.   PLOT OF RATIO OF BURNING RATE:EXOTHERMICITY  

AGAINST SILICON CONTENT FOR THE Si-CsNO3 SYSTEM 
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FIGURE 6.   DSC CURVE FOR A 30% Si-70% CsNO3 COMPOSITION 

(Sample mass, 50mg; heating rate, 50°C min-1; atmosphere, argon) 
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FIGURE 7.   PLOT OF DSC IGNITION TEMPERATURE AGAINST SILICON 

CONTENT FOR A RANGE OF Si-CsNO3 COMPOSITIONS 
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FIGURE 8.   PLOT OF TIME TO IGNITION AGAINST SILICON CONTENT 

FOR A RANGE OF Si-CsNO3 COMPOSITIONS 
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FIGURE 9.   TG-MS CURVES FOR A 10% Si-90% CsNO3 COMPOSITION 

(Sample mass, 5mg; heating rate, 10°C min-1; atmosphere, argon) 
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FIGURE 10.   TG-MS CURVES FOR A 30% Si-70% CsNO3 COMPOSITION 

(Sample mass, 5mg; heating rate, 10°C min-1; atmosphere, argon) 
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INTRODUCTION 
 

The M119 whistling simulator is 
a booby trap simulator that is triggered 
by a trip wire.  It is used during training 
maneuvers and gives off a whistling 
sound that lasts 4-5 seconds and 
simulates the sound of an incoming 
round.  The current design uses a match 
and scratcher assembly and quickmatch 
to light the whistle. 
 

In this program the M119 was 
redesigned.  Based on accelerated test 
results (Bixon, 2000) failure 
mechanisms were identified for some of 
the components.  One of these failure 
mechanisms was associated with the 
matchhead and scratcher assembly.  
Sometimes the head of the match would 
fall off and the whistle failed to light.  In 
this study tests were run to replace the 
matchhead and scratcher assembly with 
an M3A1 friction type igniter.  The 
accelerated testing program also showed 
the vulnerability of the simulator to 
moisture degradation.  Consequently, an 
effort was made to reduce the 
hygroscopicity of the simulator by 
eliminating the cardboard body.  A new 
body was designed to hold the M3A1 
igniter assembly and to eliminate the 
cardboard.  Both Aluminum and plastic 
prototypes were fabricated. 
 

Apparatus was set up to 
characterize the whistle frequency and 

output to assure that the new designs did 
not affect the acoustic signature of the 
simulator.  Experiments were conducted 
to evaluate the new and old designs.  
The whistling sound of the simulator 
was monitored using digital recording 
equipment and an oscilloscope.  Also, a 
VCR was used to record each 
experimental sequence. 
 
 
EXPERIMENTAL 
 
Laboratory Setup 
 

The standard M119 simulators 
and the new prototypes were functioned 
in the Picatinny pyrotechnic tunnel.  The 
M119 simulators were mounted on a lab 
stand and functioned at a level of about 4 
feet off the ground.  A forty foot length 
of rope was wound around a pulley and 
used to trigger the simulators.  The end 
of the rope was tied to the string, which 
functioned the igniter assembly. 
 
Data Recording 
 

Various recording devices were 
used to record the results and facilitate 
the data collection during the test.  These 
included a high speed VCR to record a 
video.  In order to record a .wav file for 
the prototypes and the standard M119 
simulators, a radio shack unidirectional 
dynamic microphone was used.  The line 
level signal from the dynamic 
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microphone was put through the 
amplifier section of a JVC cassette 
recorder. This was done to raise the 
signal to a level suitable for recording 
into the Windows 98 sound recorder in a 
Pentium computer.  In order to record 
the level of the sound being emitted 
from the M119 and also to record its 
output on a digital oscilloscope, a sound 
level meter was used.  The sound level 

meter features a calibrated microphone, 
which can convert the sound pressure 
into a prescribed voltage.  This allows 
for calculation of the intensity of the 
sound at the source based on the output 
voltage of the microphone when 
measured using an oscilloscope.  The 
models and types of equipment used are 
given in Table I.

 
 
Table I: Equipment used for data collection 
 
Equipment  Description and Purpose Model Number and 

manufacturer 
   
Unidirectional Dynamic 
Microphone 

Used to record .wav file Radio Shack Model 
Number 33-3009 

Amplifier in Cassette 
Recorder 

Used to amplify 
Unidirectional Dynamic 
Microphone Before Going 
into Sound Recorder in PC 

JVC Model Number CD 
1920 Stereo Cassette 
Recorder 

High Speed VCR Records a visual and sound 
recording of the event 

Panasonic AG-1960 SVHS 
HiFi MTS System 

Sound Level Meter Calibrated Microphone used 
to feed signal into 
Oscilloscope 

GenRad Incorporated 1982 
Precision Sound Level 
Meter & Analyzer 

Digital Recorder Used to record output of 
Cassette Amplifier 

Microsoft Sound Recorder 

Digital Frequency Analyzer Used to analyze frequency 
content of .wav files 

Cool Edit Pro by 
Syntrillium Software 

Digital Oscilloscope Used to record signal from 
Calibrated Microphone 

Nicolet Integra Model 20  

Sound Level Calibrator Used to generate 1000Hz 
and 2000 Hz tones for 
verification of frequency 
determination using Cool 
Edit Pro Software 

GenRad Incorporated Type 
1562-A Sound-Level 
Calibrator 

Pentium Computer Used to run Cool Edit Pro 
and record .wav files 

Alpha Quest 166 MHz 
Pentium PC 

 
OLD DESIGN M119 
 

The M119 whistling simulator is 
part of a family of pyrotechnic devices 

that includes the M117 Booby Trap 
Flash Simulator, M118 Illumination 
Simulator and the M119 Whistle 
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Simulator.  A cutaway view of the old 
design is shown in Figure 1.  
 

There are some dimensional 
differences between the M117, M118 
and M119, however, their constructions 
are all basically the same with the main 
difference being the pyrotechnic charge 
used in each one. 
 
 
 
 
 
 
 
 

DESIGN CHANGES 
 

The design changes made to the 
M119 simulator caused a change in the 
exterior shape and dimensions.  The old 
design shown in Figure 1 was basically a 
cylinder with end caps.  The new design 
features two cylinders of different 
diameters.  Also the flame came out the 
bottom of the old M119.  The flame 
comes out the top in the new design.  An 
in line design and an off center design 
were both successfully developed.  
These designs are shown in Figure 2. 
 

 
 
 

 

Figure 1.  Old Design M117 (Same as M119 except for the pyrotechnic charge) 
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Figure 2:  New In line and Off Center Designs for the M119 

 
 
The larger (upper) cylinder 

houses the whistle tube, quickmatch and 
spacer.  The spacer is used to keep the 
whistle tube to one side in the upper 
housing.  The figure shows the long 
quick match design where the ends of 
the quickmatch contact the surfaces of 
the energetic compositions used in the 
M3A1 igniter and the whistle tube .  The 
quickmatch is represented by the dotted 
line shown in Figure 2.  The energetic 
composition of the whistle tube is shown  
by the cross hatched area denoted 
whistle composition. 

 
The narrow (lower) cylinder 

houses the M3A1 igniter assembly, the 
pull cord and the safety device with the 
safety clip.  The safety clip snaps on to 
the outside of the lower housing and has 
a pin as part of its construction.  The pin 
goes through the eyelet of the M3A1 
igniter and keeps it immobilized.  The 
item cannot be functioned without 
removing the safety clip from the outside 

housing first.  The lower cylinder that 
houses the M3A1 igniter cup features a 
shelf inside the housing to support the 
M3A1 igniter cup.  A metal jagged 
igniter wire goes through the 
composition.  A picture of the M3A1 
igniter assembly is shown in Figure 3.  

 
When the string is pulled, the 

friction lights the igniter composition 
and a flame shoots out of the M3A1. The 
flame of the M3A1 igniter reaches about 
one foot in length.  It lights the 
quickmatch, which then lights the 
whistle. 
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Figure 4.  Wave File for a Standard 
M119 

 
The wave file is useful for 

indicating the duration of the wave, the 

Figure 3.  M3A1 Igniter 
Assembly 
759

E FILES FOR 
RACTERIZATION OF THE 
STLE 

 
The data recording equipment 

ded for recording of wave files and 
oscope traces.  The typical wave 

and methodology for 
cterization of the frequency are 
nted in this section.  A wave file for 
dard M119 is shown in Figure 4.  

frequency characterization, as well as 
analyzing design changes.  The wave file 
is shown in Cool Edit Pro, which 
provides a time scale at the bottom of the 
wave.  The whistle sound lasts for about 
4.8 seconds for this particular sample. 
Within a few tenths of a second the 
whistle composition starts burning and 
the fundamental frequency is reached. 

Cool Edit Pro also allows for 
frequency analysis.  The amplitude in db 
versus frequency plot is shown in Figure 
5.  The frequency distribution in Figure 
5 has three distinct peaks.  The first peak 
is called the fundamental and the second 
and third peaks are called the first and 
second overtones, respectively.  The 
accuracy of the frequency analysis 
algorithm in Cool Edit Pro was verified 
using the sound level calibrator at test 
frequencies of 1000 and 2000 Hz. 

The frequencies of the first and 
second overtones are generally integral 
multipliers of the frequency of the 
fundamental.  This can be derived from 
the equation for the resonant frequency 
of an open organ pipe.  For that situation 
the frequencies are given by the 



equations (1) through (5) below (Tipler, 
1987). 

 

the wave speed, λ  is the wavelength, L  
is the effective length of the tube and 
n is an integer. 

The frequency of the sound 
emitted inversely varies with the 
change in tube length above the 
pressed composition  (Maxwell, 
1952).  As the composition burns, 
the tube length above the pressed 
composition gets longer.  The 
frequencies produced by the whistle 
as a function of time are shown in 
Table II.  Note how the frequencies 
in Table II decrease with time. 
 
 
 
 
 
 

Figure 5.  Amplitude of the whistle as a 
function of frequency at 1.5 seconds 
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1fnf n ×=   (1) 

where 
 

...,4,3,2,1=n  
  

λ×= fv   (2) 
 

Ln =÷× 2λ   (3) 
 

1fnf n ×=   (4) 
 

〉×〈÷= Lvf 21  (5) 
 

In Equations (1) through (5), the 
symbol nf  represents each of the main 
frequencies that are produced by the 
whistle.  The frequency 1f  is the 
fundamental frequency, 2f  is the first 
overtone, 3f  is the second overtone, v is 

 
 
 
 
 
Table II:  Frequencies of the 
predominant tones in the whistle as a 
function of time 
 

 
 
 
RESULTS 
 

The experimental sequences 
generally consisted of firing some 
standard M119 simulators and then 
evaluating the prototype designs to 

Time in 
seconds

Fundamental First 
Overtone 

Second 
Overtone 

    
1.00 3288 6466 9684 
1.50 3071 6074 9141 
2.00 2917 5782 8703 
2.50 2789 5578 8323 
3.00 2701 5315 8002 
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prove out the feasibility of the ignition 
source and to evaluate the reliability of 
the new designs using small sample 
sizes.  A number of plastic and 
aluminum prototypes were constructed 
and the whistle sounds were recorded 
using an oscilloscope, windows sound 
recorder and a VCR recorder.   

 
Three lengths of quickmatch 

were tried in developing designs.  All 
three lengths went through the hole in 
the whistle tube and rested on the 
whistle composition.  The short 
quickmatches extended about one half 
inch outside of the whistle tube.  The 
medium quickmatches extended from 
the hole in the whistle tube halfway to 
the M3A1 igniter composition, and the 
long quickmatches touched the M3A1 
igniter composition.  

 
In the plastic prototypes there 

were duds with the short quickmatch 
design.  That is the M3A1 flame failed 
to ignite the quickmatch and the whistles 
did not go off.  Due to the narrow 
dimension of the housing, the flame was 
blocked off by the whistle tube and did 
not reach the quickmatch.  Scorch marks 
were evident on the back of the whistle 
tube. 

 
When the aluminum prototypes 

were developed, dimensional changes 
were made to the diameter of the upper 
chamber.  The upper chamber that 
houses the whistle tube was constructed 
with a larger inside diameter.   Since the 
side of the whistle tube is in contact with  
the sidewall of the upper chamber, the 
increased diameter moved the center line 
of the M3A1 igniter assembly further 
away from the back of the whistle tube.  
This alleviated some of the blocking 
effect of the M3A1 igniter flame by the 

whistle tube body.  Also, an off-center 
design was tried to provide a larger 
clearance for the M3A1 igniter flame so 
it could light the quickmatch. 

 
Testing of the aluminum 

prototypes revealed no duds.  The two 
types of Aluminum prototypes are 
shown in Figure 6.  The final design that 
was used was with the long quick match 
in order to increase the reliability.  The 
center (inline) design was chosen 
because of the ease of fabrication.  The 
new design also features a safety clip 
that must be removed prior to activating 
the simulator. 

 

 
 
 
 
 
 
 
 
 
 
 

Figure 6.  The Two Aluminum Prototypes 
are pictured in this figure.  The one on the 
left is the off center design and the right is 
the center design. 
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FUTURE WORK 
 
 The second phase of the project 
consists of development of a one-piece 
construction plastic body.  The body is 
made of an extruded Nylon 6 plastic and 
is molded around the M3A1 igniter 
during the manufacturing process.  The 
whistle tube and quickmatch will be 
hand loaded in a small batch and a thin 
Nylon 6 cap will be used to seal off the 
end.   
 

The whistle needs to be further 
characterized in terms of the loudness in 
decibels and the frequency of the whistle 
as a function of time.  It should be 
demonstrated that the new designs do 
not change either the loudness or the 
tone of the whistle. 
 
 The reliability of the new and old 
designs as a function of temperature and 
humidity will be characterized.  The 
resistance to moisture and thermal 
degradation will be evaluated using 
accelerated aging experiments. 
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Energetic Materials Characterisation: Design of 

Pyrotechnic Devices and Explosives Calorimetric Studies 
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Abstract 

Many thermal studies involving 
energetic materials are carried out in fixed 
geometry and these processes are usually 
governed by an energy balance between heat 
liberated from reaction and that dissipated 
by conduction away from the reaction zone. 
Many combustion and thermal explosion 
problems applications are defined by similar 
mathematical equations, albeit with different 
initial and boundary conditions. 

Flexible finite element software 
employing a high level language input and 
with adaptive meshing refinement is now 
readily available. This coupled with modern 
PC’s have made simulations of thermal 
reaction processes both straightforward and 
requiring little time or testing unlike the 
more challenging large finite element codes 
of the last 20 years usually requiring main-
frame computers and individual pre-and 
post-processors. 

This paper will cover two disparate 
applications – 
 
(i) Pyrotechnic delays. 

Pyrotechnic delays can loosely be 
categorised into those in which the effects of 
gas flow can be ignored and those in which 
gas flow influences the delay time. Heat loss 
takes place primarily by radiation and 
convection from the container walls and by 
the release of hot gas in open systems. 
Metallic confinement acts as a heat sink but 
also as a conduit for improved thermal 
conduction to the unreacted pyrotechnic. 

This study involves comprehensive 
models to simulate both types of pyrotechnic 

and will illustrate sensitivities to different 
design parameters. 

 
(ii) Calorimetric Studies. 

A simulation of an Accelerating Rate 
Calorimetry (ARC) is described as part of a 
study of onset reactions in ammonium 
nitrate decomposition. The ARC involves 
comparatively small samples (few grams) 
and has a phi factor in excess of 2: near 
adiabaticity is obtained via temperature 
measurement and heaters governed by 
electronic feedback. The determination of 
the onset of exothermic reaction in 
ammonium nitrate presents a challenge to 
the thermal analyst. 

Ammonium nitrate chemistry involves a 
reversible endothermic reaction, several 
irreversible dissociations and phase changes. 
The results from the experimental study 
were simulated using physical and chemical 
property data from the open literature. 

These two applications illustrate the use 
of this type of software in both teaching, 
research and design applications involving 
thermal processes in energetic materials. 
 
Introduction 

This paper is concerned with the 
simulation of reactions in solid-state media 
in which, with the exception of the perimeter 
of the device, energy transfer is largely 
governed by heat conduction. The specific 
simulations reported here involve a 
deflagration in a pyrotechnic delay column 
and thermal explosion in reactive media. 
These two systems involve the time 
dependent solution of energy and mass 
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conservation relations with chemical 
reaction.  

A number of approaches have been used 
to simulate thermal explosion and 
deflagration ranging from analytic 
mathematical descriptions [1], large finite 
element codes [2] and bespoke software [3, 
4]. The advent of fast personal computers 
and mathematical software [5] utilizing high 
level languages offers an alternative more 
flexible modelling tool for both teaching and 
engineering design. 
 
Mathematical Models 

The time dependent studies illustrated 
here have been carried out in cylindrical 
coordinates for exemplification purposes. 
The equations solved consist of: 

(i) energy conservation  
(ii) mass conservation  

and, where required, 
(iii) momentum conservation  
(iv) equation of state (ideal gas) 
(v) thermal feedback (ARC) 

subject to initial and boundary conditions 
discussed in each study. Variables include 
local temperatures, pressures, extent of 
reaction and gas velocities. Details of the 
equations are given later for each 
application. 
 
Simulation Software 

Ideally, these applications require 
software that is flexible and easy to use. It 
should be available for common operating 
systems platforms with graphical output and 
compatibility to other graphics packages. 
The solutions of the comparatively simple 
models here often have to be extended to 
complex geometries and mixed boundary 
conditions. Solvers employ finite element or 
difference procedures, which require the 
setting up of a mesh. Use of adaptive mesh 
rezoning in problems whose reaction zone is 
small compared with the total geometry is 
preferred as this enables more accurate 

simulations in a finite computer memory. 
Ideally the software should employ a high 
level programming language enabling the 
description of a simulation in conventional 
mathematical notation.  

FlexPDE [5] (PDE Solutions Inc) offers 
all the above features in a standalone 
computer program and has been used in all 
the simulations described in this paper. The 
software has been previously used by the 
present authors in a number of applications 
related to this paper and for which analytic 
solutions were available [1]: agreement has 
always been good. 
 
Applications to Pyrotechnic Delays 

A cylindrical delay element in an 
aluminium casing has been simulated. 
Longitudinal and axial conduction are 
included as well as radiative and convective  
heat  losses on the outer surface of the 
casing. The initiation of the pyrotechnic was 
introduced by means of a heat pulse. A 
similar system has been comprehensively 
studied elsewhere [3]. 

Data on the pyrotechnic were taken from 
an Sb/KMnO4 study [6] and key parameters 
are included in Table 1. This system has 
been modelled as a solid phase reaction, 
though allowance for air in the porous 
pyrotechnic has been included in a constant 
gas density process with no gas flow. The 
delay element comprised an open cylinder 
22mm long and of internal and external 
diameters 3.4 and 6.4mm respectively. The 
pyrotechnic was assumed to be at 80% of its 
maximum density. 

Reaction was assumed to take place at 
temperatures in excess of a defined ignition 
temperature. For the purposes of this study, 
physical properties were assumed 
temperature invariant 
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TABLE I : Pyrotechnic Properties 
 

Heat of reaction 9.106  J/kg 
Reaction order 2/3 
Activation energy 20700 J/mol 
Arrhenius factor 9.25 s-1  
Ignition temperature 506 K 
Heat capacity 540 /kg-1K-1 
Thermal 
conductivity 

0.3 Wm-1K-1 

Reactant Density 2300 kgm-3 
Product density 2070 kgm-3 

 
FlexPDE (v3.01e, PDESolutions Inc) [5] 

was used to solve the following equations 
 

2 ( ) [( ( ))

((1 ) ( )) ] (1)

p

g

s p p

g s p p

dkT q C
dt

dTC
dt

λ ρ λ ρ ρ

η ρ λ ρ ρ

∇ − = − −

+ − − −    

 

where , , , , , , and pk T C Qλ ρ η       denote 
thermal conductivity, fraction of pyrotechnic 
unreacted, specific heat (gas or pyrotechnic), 
density, temperature, solid fraction and heat 
of reaction respectively: subscripts 

,  and s g p refer to reactant pyrotechnic, 
reaction products and air.  
 

( / )n E RTd k e
dt
λ λ −=                                  (2) 

 
where ,   and En a  denote reaction order, 
Arrhenius factor and activation energy: no 
reaction is allowed below a preset ignition 
temperature. Equation (1) is simplified for 
the unreactive aluminium casing as Equation 
(2) is not required. 

The initial conditions are ambient 
temperature and no reaction with a heat 
pulse into the front end of the pyrotechnic 
starting at zero time given by a heat flux 
term of the form 2

1 1 2where  and te ββ β β−  are 
set at 106 and 10 respectively. The boundary 
conditions for the whole assembly consist of 
standard radiative/ natural convective heat 

loss terms for aluminium in cylindrical 
geometry. An example program listing is 
included in Appendix 1. 

Deflagration velocities were determined 
by tracking the location of the maximum 
temperature history in the central core of the 
pyrotechnic. These data were fitted to a 
cubic in distance to allow for an accelerating 
wave due to preheating of unreacted 
pyrotechnic. A typical result is given in 
Figure 1 for the case of a reduced (50%) 
reaction rate. Some slight acceleration is 
observed as a departure from a linear 
distance-time plot. 
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Figure 1 Maximum axial temperature 
history 

Figure 2 illustrates the sensitivities of the 
burn rate to fractional changes in activation 
energy, casing thickness, pyrotechnic 
conductivity and Arrhenius factor. 
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Figure 2 Sensitivities of Deflagration 
velocity 
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As would be anticipated, the deflagration 
rate is dependent on activation energy and to 
a lesser extent on Arrhenius pre-exponential 
factor and pyrotechnic conductivity. As the 
activation energy is increased the reaction 
slows down and ultimately there is 
insufficient stimulus 
to initiate combustion from the fixed energy 
pulse used in these studies. 

The pyrotechnic deflagration study was 
extended to examine the effects of gas flow, 
both radial and axial, assuming Darcy’s law 
e.g. 

 and P Pu w
z y

ξ ξ∂ ∂= − = −
∂ ∂

                (3) 

where , ,  and P r zξ  denote pressure, Darcy 
constant, radial and axial coordinates 
respectively. 

In addition to Equations (1) and (2) the 
following three relations are required to 
describe gas flow with pyrotechnic burning: 

2

2
Pu

RT z
ξρ ∂= −

∂
                   (4) 

2

2
Pw

RT r
ξρ ∂= −

∂
                  (5) 

2 2
2 2

2

( )

2 0

y P y PT P
r r z z

RT V
t
ρ

ξ

∂ ∂ ∂ ∂∇ − −
∂ ∂ ∂ ∂

∂− =
∂

 (6) 

The initial and boundary conditions used 
were similar to the study with the gas 
stationary prior to reaction. The cylinder 
was taken as open at the initiation end and 
closed at the far end for the duration of the 
simulation. 

Increased convective heating from 
internal gas flow increases the deflagration 
velocity: the motion of the wave is 
illustrated in Figure 3, by monitoring the 
progress of the maximum temperature 
during the pyrotechnic combustion. The 
velocities, taken from a cubic fit to the plots 
in Figure 3, are 2.58 and 2.89 mm/s without 
and with gas flow. 
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Figure 3 – Effect of gas flow on 
deflagration wave  

 
The resultant pressure profile in the 

pyrotechnic delay after 5 seconds is 
illustrated in Figure 4. The radial pressure 
gradient is small with the pressure a 
maximum at the reaction front with gas 
vented through the initiation end of the 
delay. 
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Figure 4  3_D pressure profile in 
pyrotechnic after  5 seconds 
 
Applications in Calorimetric Studies - 
Onset Temperatures for pure Ammonium 
Nitrate – Modelling Study 

A joint experimental/ modelling study 
was undertaken to assess the thermal 
stability of Ammonium Nitrate (AN).  The 
aim of the modelling study was to interpret 
the different thermal tests, Accelerating Rate 
Calorimetry (ARC) and Adiabatic Dewar 
Calorimetry in order to be able to predict the 
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effects of scale and boundary conditions on 
observable onset of exothermic reaction. For 
the purposes of this paper, exemplifying the 
use of modelling software, the case of pure 
AN in an ARC will be discussed only. 

Pure AN is a strong oxidizer with a 
complex set of decomposition and chemical 
dissociation pathways [7]. AN overheating 
can result in a thermal explosion or an 
explosive deflagration (when at high 
pressure). In extreme circumstances a 
detonation can ensue. 

Onset temperatures for pure AN will be 
dependent on a number of factors, many of 
which will depend on the instrument and 
method used: 

(i) local pressure 
(ii) boundary conditions at wall – 

dissipative terms 
(iii) phi factor (total thermal 

mass/sample thermal mass) 
(iv) artefacts – phase changes, cold 

zones, unrepresentative samples 
 
Description of Model 

A number of studies [8-10] have been 
undertaken to simulate exothermic chemical 
reactions in calorimeters. These have 
incorporated a variety of chemical reaction 
types in a computer model using a high-
level language. Some published work [9,10] 
has included the effect of sample vessel 
walls. However, no models in the open 
literature have been found to date that 
include complex geometry, different 
boundary conditions and phase changes. 

The mathematical model is similar to 
that used to discussed earlier for the porous 
pyrotechnic with the exceptions of no gas 
voidage, different geometries and boundary 
conditions. The ARC simulation was carried 
out in an axi-symmetric geometry. A 
thermal feedback was introduced to simulate 
the oven control, following the measured 
sample temperature.  The equations used for 
the ARC simulation are included below. 

( ) 0 (7)c p
da dTdiv k gradT Q C
dt dt

ρ+ − =      

/ (8)actE RT
r

da k ae
dt

−= −                                         

 

( ) (9)c
ref c

dT C T T
dt

= −                                 

where , , , ,. , ,c p r actk T C k a Eρ are defined as 
thermal conductivity, temperature, density, 
specific heat, reaction rate constant, extent 
of reaction  and activation energy 
respectively. The thermal feedback for the 
oven control is approximately described by a 
derivative control between the oven 
temperature, cT , and a reference 
temperature, refT . As with the pyrotechnic 
study standard radiative and convective loss 
terms were included at the boundary. 
 
(i) Accelerating Rate Calorimetry. 

A number of authors have discussed this 
technique in detail [e.g. 11]. In essence, the 
test is designed to look at a few grams of 
sample, under pseudo-adiabatic conditions. 
This is achieved by controlling the 
temperature of an external “oven” using 
thermocouples and heaters such that the 
external temperature always matches that of 
the spherical sample bomb. It has the 
convenience of a relatively small sample 
size but drawbacks include the 
comparatively small sample size/ large phi 
factor and the large capital cost of the 
equipment 

The ARC works on the basis that the 
surrounding oven temperature will follow 
the temperature recorded by the 
thermocouple attached to the bomb vessel. 
Inevitably there will be a small lag between 
detection and oven response. The actual 
instrument uses a proportional-integral-
differential control algorithm to ensure that 
the oven temperature tracks the sample 
temperature, at heating rates as high as 10°C 
min-1. The exact algorithm is of a 
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proprietary nature. However, for the 
purposes of the present study, only the initial 
stages of reaction are of importance, where 
heating rates are below 0.1°C min-1. As a 
result, a much simpler feedback algorithm 
has been used.  
 
(ii) Model Chemistry 

As described in the introduction, a 
single-reaction model was employed: 
NH4NO3(l) = N2O(g) + 2H2O(g) (1) 
The chemistry of AN decomposition is  
complex and a full simulation, including all 
potential chemical reactions and phase 
transitions would be well beyond the scope 
of this study. Instead, it was hoped that by 
using a single reaction of the appropriate 
nature, it would be possible to elucidate the 
main effects of the experimental techniques 
on the measured onset temperatures. 

Parameters for AN have been taken from 
the literature [8] and are included in Table 2. 
Gas phase reactions and catalysis (by change 
in pH for instance) have been ignored. 
 
Table 2 Physical and Chemical Property 
Data 
 

Material Ammonium 
Nitrate (l) 

Heat capacity/ 
J K-1 kg 

2352 

Density/ 
kg m-3 

1420 

Thermal 
Conductivity/ 
W m-1 K-1 

0.24 

Reaction Rate 
s-1 

1011e(-18000/T) 

T (K) 
Heat of 
Reaction J kg-1 

0.7076.106 

 
(iii)Simulation Results 
 
Figure 5 gives an example of a simulation of 
an ARC experiment with 3 g of AN. 

Temperature rise vs. time is plotted for an 
initial temperature of 200°C. The different 
curves in Figure 6 refer to different parts of 
the ARC bomb. 
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Figure 5  Temperature increase vs. time. 
3 g AN. Initial temperature 200 °C.  
 
Figure 5 illustrates a number of interesting 
points: 
(i) Firstly, the initial rate of increase of the 
sample thermocouple temperature is 
approximately 0.02 °C min-1. The 
experimentally measured onset temperature 
for AN in the ARC, defined by a rate of self-
heating of 0.02 °C min-1, is close to 200 °C 
[12]. The measured and simulated initial 
heating rates are thus very close, using the 
literature rate constants . 
(ii) Temperature gradients are small and 
thermocouple attached to the base of the 
spherical bomb is ca reliably determine the 
temperature in the bomb. 

The values of external heat transfer and 
thermal feedback coefficients were varied, 
in order to assess the effect of these model 
variables on the results. It was found that 
varying heat transfer coefficient by a factor 
of 100 from 0.1 to 10 changed the initial rate 
of self-heating by only 10 %, demonstrating 
that the actual value of the heat transfer 
coefficient is not very important, at least 
during the initial stages of the reaction.  

An effective phi-factor was estimated by 
setting the heat capacity of stainless steel 
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and temperature gradients at the surface of 
the bomb to zero. Equating the phi-factor to 
the ratio of initial self-heating rates gives 
φ = 2.9. A simple calculation of the phi-
factor based on the masses of the bomb, 
thermocouple clip and Swagelok fitting 
gives φ = 3.25, so the simulation suggests 
that the Swagelok fitting does not fully 
contribute to the dynamic phi-factor.  

Repeating the simulation with 1 g of 
AN, with and without heat losses to the 
ARC bomb gave φ = 6.4. If the phi-factor 
scaled simply with mass, a value of φ = 8.7 
would be expected. This result demonstrates 
that the effective phi-factor for ARC 
experiments can be a complex function of 
the masses of both the sample and the bomb. 
 
Conclusions 

Using a flexible Windows based partial 
differential equation solver it has been 
possible to simulate a variety of condensed 
phase combustion and explosion problems 
in a very short time. The models can be 
readily extended to 3_D geometries. The 
approach has immediate applications to both 
teaching and condensed phase combustion 
research. 
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Appendix 1 
 

TITLE 
"Axisymmetric Pyrotechnic" 
COORDINATES 
ycylinder('R','Z') 
SELECT 
thermal_colors on 
VARIABLES 
temp(range=300,2500) 
{aa is fraction unreacted} 
aa(range=0,1) 
DEFINITIONS 
length = 0.022  {length, m) 
radCase = 0.0032 {Outside radius, m} 
radPyro = 0.0017 {Pyro. core radius, m} 
Ts = 300  {Ambient temperature, K} 
SB = 5.67e-8 {Stefan-Boltzmann constant, 
W m-2 K4} 
rho {density, kg m-3} 
k  {thermal conductivity, W m-1 K-1} 
cp {heat capacity, J kg-1 K-1} 
lambda  {used to differentiate between pyro 
and case} 
beta {used to turn reaction on/off based 
on temp vs TIgn} 
{Case} 
rhoCase = 2707 {density - Al, kg m-3} 
kCase = 204  {thermal conductivity - Al, 
W m-1 K-1} 
cpCase = 896   {heat capacity - Al,   
J kg-1 K-1} 
emCase = 0.15   {emissivity of Al} 
{Pyrotechnic Composition} 
kPSR = 0.300 {thermal conductivity - 
porous solid, W m-1 K-1} 
cpPSR = 540 {heat capacity - porous solid, 
J kg-1 K-1} 
rhoPSR = 2300{density - porous solid, 
kg m-3} 
rhoPSP = 2070 {density - products,  
kg m-3} 
cpG = 950 {heat capacity - Gas/Air,  
J kg-1 K-1} 
rhoG = 1.28 {density - Air, kg m-3} 
eta = 0.8 {volume fraction of solid} 

Q = 9e6*(rhoPSR - rhoPSP) {exothermicity, 
J m-3} 
Areact = 9.25*rhoPSR/(rhoPSR-rhoPSP) 
{pre-exponential coefficient} 
Ereact = 19000/8.31441  {Activation 
energy/R, K} 
Order = 2/3  {Order of reaction} 
TIgn = 506 {Ignition temperature, K} 
h = 2.095 {heat transfer coefficient, W 
m-1 K-1} 
 {Ignition flux constants}     
t1=0.3 
fluxDur = 10 {controls duration} 
fluxAmp = 1e6  {controls amplitude} 
INITIAL VALUE 
temp = Ts 
aa = 1 
EQUATIONS 
div(k*grad(temp)) + 
Areact*beta*min(1,max(0,aa))^Order*exp(-
Ereact/temp)*lambda*Q = ((rho-lambda* 
((1-min(1,max(0,aa)))*(rhoPSR-
rhoPSP)))*cp+beta*((1-min(1,max(0,aa))) 
*(rhoPSR-rhoPSP) + (1-eta)*rhoG)*cpG)* 
dt(temp) 
dt(aa)= -beta*Areact*min(1,max(0,aa)) 
^Order*exp(-Ereact/temp) 
BOUNDARIES 
region 1 {Outer Cylinder - Steel} 
k = kCase 
cp = cpCase 
rho = rhoCase 
lambda = 0 
beta = 0 
natural(temp) = fluxAmp*(exp(-fluxDur*t))  
natural(aa) = 0 
start(0,0) 
line to (radPyro,0) 
natural(temp)= -emCase*sb*((temp^4)-
Ts^4)-h*(temp-Ts+1)^1.25 
line to (radCase,0) 
line to  (radCase,length) to (0,length) 
natural(temp) = 0 
line to finish 
region 2 {Pyrotechnic} 
k = kPSR 
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cp = cpPSR 
rho = rhoPSR   
lambda = 1 
beta = if temp >= TIgn then 1 else 0 
start(0,0) 
line to (0,length) to (radPyro,length) to 
(radPyro,0) to finish 
TIME 0 to 8.5 by 0.5 
PLOTS 
For t=0 by 1 to 8 
Surface (temp) 
Contour (temp) as "Device temperature" 
Report GlobalMax(temp) 
Surface(min(1,max(aa,0))) 
Contour (min(1,max(aa,0))) as "Mass 
remaining" 
Elevation(temp) from (0,0) to (0,length)  
range (300,2300) as "Temperature - Central 
axis" 
history(temp) at (0,0) (0,length*.1) 
(0,length*.2) (0,length*.3) (0,length*.4) 
(0,length*.5)  
(0,length*.6) (0,length*.7) (0,length*.8) 
(0,length*.9) (0,length) range (300,2300) as 
"Core temperature History" 
For t = 0 by 0.1 to 8 
table(globalmax_y(temp)) 
history(globalmax_y(temp)) 
END 
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Abstract 
 

Defence R&D Canada – Valcartier (DRDC 
Valcartier) formerly DREV, investigated the 
feasibility of using liquid pyrophoric technology 
to augment sub-scale aerial target IR signature.  
This analytical study aimed at assessing, for this 
particular application, the potential of using the 
technology developed at DRDC Valcartier for 
the Canadian pyrophoric IR decoy flares.  To 
conduct this study, DRDC Valcartier teamed 
with the National Research Council of Canada 
(NRC) to benefit from its expertise in analytical 
evaluation of pyrophoric liquid combustion. 

 
The first phase of the study aimed at 

establishing the targeted performances (in terms 
of source size, intensity, duration, etc.) of a 
liquid pyrophoric signature enhancement system 
(LiPSES).  The second phase consisted of 
elaborating and assessing the feasibility of 
various LiPSES concepts based on the technical 
constraints and performance objectives.  The 
typical functioning parameters, flow rate as well 
as the mass of pyrophoric fuel required for 
specific functioning durations were also 
established from known nozzle geometry and 
the targeted plume IR signature. 
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1.  Introduction 
 

Current available IR augmentation 
techniques have several undesirable 
characteristics to them.  Pyrotechnic materials 
such as flares have variable burn times and 
require special explosive handling precautions.   
Electrical resistance augmenters may require 
unacceptably large amounts of electrical power 
from the aerial target drone.  Propane and other 
fuel burners can have problems with quenching 
the flame at high augmentation levels and some 
have developed a reputation for unreliability. 
 

Realism of the target signature is also an 
issue with augmentation sources.  The closer 
that a training target simulates a real aircraft, the 
more valid the target becomes in a test and 
evaluation environment. 
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DRDC Valcartier was tasked with creating 
an IR augmentation system, which would 
produce a constant source, with a repeatable 
intensity level, have a reliable system of 
operation, require no retrofitting of existing 
target drones to be useable and would provide a 
more realistic augmented target than current 
available methods. 

 
Liquid pyrophoric fuel technology was 

chosen, as a potential candidate for aerial target 
signature augmentation, because of its emission 
characteristics (producing a long extended 
source with IR emission close to that of 
hydrocarbon fuel).  
 
 
2.  Targeted System Performances 
 

The first phase of the study aimed at 
analyzing the requirements, evaluating the 
technical constraints and establishing the 
targeted performances (in terms of source size, 
intensity, duration, etc.) of a LiPSES. 
 
2.1  Basic Requirements and Technical 
       Constraints 
 

The basic requirements established for the 
signature augmentation system are: 

1. The system shall allow to mimic as 
much as possible a typical fighter 
aircraft; 

2. The system shall be controllable (i.e., be 
turned ON or OFF on demand) and 
appropriate for typical 1-hour mission; 

3. The system shall fit the BQM-74 
“Chuckar” aerial target but also be 
adaptable to other aerial target types 
such as the BQM-34 “Firebee” and the 
MQM-107 “Streaker”; and 

4. The system shall allow scaling the 
generated plume to the target size. 

 
The technical constraints group all given 

parameters or elements of interest on which the 
designer has little control but that may affect the 
LiPSES performances.  The main technical 
constraints to be considered for the LiPSES 
design are listed below.  These are given factors 

that must be taken into account in the 
elaboration of LiPSES concepts and the analysis 
of their feasibility. 
 

As stated in the requirements above, the 
LiPSES should be installed on the BQM-74 
aerial target (length: 3.95 m, diameter: 0.35 m).  
Since there is no standard pod station for the 
BMQ-74, a specific design is required for the 
LiPSES.  The potential LiPSES mounting points 
are located at the wing tips and are normally 
used for supplementary fuel reservoirs.  The 
total payload of BQM-74 aerial target should not 
exceed 80 lbs (36 kg).  Consequently, the 
maximum payload of each wing station was 
established at 40 lbs (18 kg) and the LiPSES 
targeted external dimensions were copied 
closely from the supplementary reservoirs. 
 

The LiPSES technical constraints are 
summarized in Table 1.  Since some of these 
constraints are particular to the designated 
platform (the BQM-74), it implies that the 
concepts derived from them may be platform 
specific.  
 
2.2  Performance Objectives 
 

The performance objectives were used by 
the design team to elaborate and evaluate the 
concepts.  They were derived from the above-
mentioned requirements and the technical 
constraints. To better (or more accurately) define 
the concepts, four basic assumptions were made 
prior establishing the LiPSES performance 
objectives. These assumptions are: 

1. The system shall be able to perform 
multiple augmentation runs during a 
sortie; 

2. A typical target IR signature was 
derived based on experimental data, 
which is representative of the typical 
signature the LiPSES aims at 
mimicking; 

3. A two-dimensional (2D) plume is 
considered; and 

4. A typical beam-on (90 ± 10°) 
engagement is assumed and the 
signature derived accordingly. 
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Table 2 summarizes the LiPSES 
performance objectives.  The objectives are 
given for each parameters of interest, which are 
considered to be essential for properly 
establishing concepts.  The table also refers to 
Figures 1 and 2 below for some specific details 
that are difficult to express in a text. 
 

Figure 1 presents the aimed intensity vs time 
profile for one functioning cycle of the LiPSES.  
It is expected that the system start-up (ignition 
phase) will produce some transients that may 
last for few seconds.  After the ignition phase, 
the intensity produced by the LiPSES should be 
relatively steady at an absolute level of at least 
50 W/sr (for the 3.75 to 5.00 µm or 2000 to 
2666 cm-1 generic mid-infrared band).  It is 
assumed that this level of intensity is the 
minimum value required for an appropriate 
signature enhancement, which is based on an 
evaluation of typical target signature that the 
LiPSES aims at mimicking (beam-on).   It 
should be noted that based on experience, it is 
expected that the real system signature, in such 
conditions, would be of the order of 200 to 
500 W/sr.  
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Figure 1.  LiPSES aimed  temporal emission profile 
 (minimum level – beam-on) 

 
 

Figure 2 presents the aimed spatial 
distribution of the LiPSES plume in the steady 
functioning phase.  This plume shape is an 
approximation of the expected one, which 
should have a triangular form (2D plume).  The 
dimensions are based on the typical plume size 
of targets that the LiPSES aims at mimicking.  
These dimensions are suggested for the 3.75 to 
5.00 µm mid-infrared band. 
 

 

Figure 2.  LiPSES aimed spatial emission distribution 
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Table 1.  BQM-74 (“Chuckar”) technical constraints 

PARAMETER VALUE 

External pod stations* Size** 32.8" (0.83 m) long by 5" (0.15 m) dia  - each pod 

 Payload weight 40 lbs (18 kg) per pod 
or overall weight of 80 lbs (36 kg) 

 Electrical power 28 V 

 Location(s) Wing tips (one at each) 

Endurance Altitude vs. time 42 min @ 50 ft @ 300 KTAS 
68 min @ 20,000 ft @ 300 KTAS 

Typical operating altitude*** Minimum 30 ft (9.1 m) 

 Maximum 40,000 ft (12200 m) 

Typical operating airspeed* Minimum Mach 0.25  (low altitude) 

 Maximum Mach 0.86 (all altitudes) 

*No standard pod stations – wing tips mounting points normally used for supplementary fuel reservoirs 
**Dimensions of the supplementary fuel reservoir in service 
 ***This refers to the typical conditions in which the LiPSES will be used. 

 
 

Table 2.  LiPSES performance objectives 

PARAMETER VALUE 

Plume  Size (2D) Typical plume size of targets  (see Figure 2) 

 Temporal emission profile Constant for the duration of the LiPSES operation (see 
Figure 1) except for transients at the system start-up and 
shut-down. 

 Spectral distribution Constant, with a band ratio (Mid-IR/Near-IR) greater than 
one (1). 

 Spatial distribution Representative of the conditions the LiPSES aims at 
mimicking (see below). 

Functioning Total augmentation duration (per 
sortie) 

About 10 % of average endurance (Table 1 above) – i.e.,  
about 5 minutes 

 Augmentation duration (per run) 1 minute. 

 Typical number of run per sortie 5 runs per sortie. 

*This refers to the typical conditions in which the LiPSES will be used. 
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3.  Concepts 
 

The second phase of this study consisted of 
elaborating and assessing the feasibility of 
LiPSES concepts based on the performance 
objectives and the technical constraints 
established previously.  The typical functioning 
parameters, flow rate as well as the mass of 
pyrophoric fuel required for various functioning 
durations were established from known nozzle 
geometry and the targeted plume IR signature 
presented in Chapter 2. 
 
3.1  LiPSES Functioning Principle 
       Options 
 

The potential functioning principles for the 
LiPSES were first established, analyzed and 
ranked with respect to their capability to meet 
specific criteria.  The results of this evaluation 
are given in Table 3.  It was established that two 
main options were possible, namely piston 
driven and pump systems.  Six different 
mechanical principles to drive the piston were 
retained and studied.  These options are listed in 
Table 3 and were ranked (1 to 7 or best to worst) 
with respect of their capability to meet the 
following specific criteria: 

· Simplicity – takes into consideration the 
sophistication/complexity of the 
components required, the number of 
moving parts, the overall number and 
dimensions of the components, etc.; 

· System weight – ranks the expected system 
weight excluding the fuel (or fuel loading 
capacity); 

· Output stability – estimates the expected 
IR signature variations caused by the 
assumed unsteadiness of the evaluated 
functioning principle/fuel ejection option; 

· Flexibility – addresses the adaptability of 
the basic functioning principles to various 
drones which should require a minimum 
of modifications (this includes 
characteristics such as attachment type 

and locations, electrical power source 
required and connector locations, etc); 

· User maintenance – addresses the level of 
handling and effort required to maintain, 
repair or overhaul the LiPSES; 

· Mechanical reliability – addresses the 
confidence in the proper and repetitive 
functioning of each evaluated principle; 
and 

· Feasibility – addresses the confidence in 
the success of developing a LiPSES based 
on each functioning principle. 

 
It would be tedious to comment and explain 

all the reasons that guided each particular quote 
of this table.  Instead, a summary (Table 4) was 
prepared to help understand the reasons of each 
mark.  This table provides important comments 
related to the various criteria concerns.   
 

As shown in Tables 3 and 4, the overall best 
quoted option is based on a piston driven by 
"Pressurized Inert Gas".  No particular concern 
was raised and many concepts were produced 
from it.  The "Hydraulic" approach suffers from 
important weight and maintenance limitations.  
Actually, it is believed that the overall weight of 
such a LiPSES system would have been well 
over the weight constraint and no particular 
effort was devoted to it.  The "Bleeding Air from 
Turbine" principle, although very attractive, 
faces major drawbacks mainly related to its 
feasibility and versatility.  Moreover, it would 
require significant modification of the sub-scale 
aerial target – assuming they are feasible – and 
would not be applicable to other type of aerial 
targets.  This avenue was not further 
investigated.  The "Solid State Gas Generator" 
principle, which is in used in the Canadian 
Pyrophoric Flares, was found not suitable for a 
multi-use system because of the expected system 
contamination by the gas generator combustion 
residues.  The remaining three options of "Worm 
Gear", "Air compressor" and "Mechanical 
Pump" could be suitable for future investigations 
and concept developments. 
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Table 3.  Evaluation of LiPSES functioning principles (options) 

ESTIMATED RANK FUEL EJECTION OPTIONS 

Sim- 
plicity 

System
weight 

Output
stability 

Flexi-
bility 

User main- 
tenance 

Mechanical 
reliability 

Feasi-
bility 

A. Piston driven        
A1: Pressurized inert gas 1 4 1 1 1 1 1 
A2: Worm gear 6 4 6 2a 5h 6 4 
A3: Air compressor 4c 4 3 2a 1 7 5 
A4: Hydraulic (oil) 2 7d 1 2a 6b 5 6 
A5:  Bleeding air from turbine 4c 1 3 7j 1 2 7k 

A6: Solid state gas generator 7 2 7f 1 7e 4 3 
B. Pump        
B1: Mechanical 2 3 5 2a 1 3 2 

Rank scale: 1: best to 7: worst 
a Requires external power  (those quoted 1 are self powered) 
b After functioning: oil in the pyrophoric reservoir - behind the piston - must be removed (reservoir must also be cleaned) 
c Requires a double piston system with nitrogen inert gas in between for safety (incompatibility fuel-air) 
d Requires large volume and heavy weight 
e Problem with tubing contamination with combustion residues  
f Variable pressures produced as a function of time 
h Worm exceeding the pod may be damaged 
j Connecting location and pressure level will vary for each drone 
k Unknown if it can be connected to existing drone turbine system 

Table 4.  Summary of the LiPSES options 

FUEL EJECTION OPTIONS MAIN COMMENTS 
A. Piston driven  
A1: Pressurized inert gas •  Overall best quoted 

A2: Worm gear* •  Output stability and maintenance concerns: 
a – worm speed control 
b – worm exceeding the pod may be damaged 

A3: Air compressor* •  Safety/simplicity concern: 
a – requires a double piston system with nitrogen inert gas in between for safety 
      (incompatibility air-fuel) 

A4: Hydraulic (oil)* •  Weight problem and user maintenance limitation: 
a – requires large volume and heavy weight – exceeds weight requirements 
b – pyrophoric reservoir internal wall will be covered by oil 

A5: Bleeding air from turbine •  Feasibility, flexibility and safety/simplicity concerns: 
a – unknown if it can be connected to existing drone turbine system 
b – connecting location and pressure level will vary for each drone 
c – requires a double piston system with nitrogen inert gas in between for safety 
      (incompatibility air-fuel) 

A6: Solid state gas generator •  Output stability and user maintenance concerns: 
a – Highly variable pressure would be produced 
b – problem with tubing contamination with combustion residues – exceeds expected 
      maintenance limitation 

B. Pump  

B1: Mechanical* •  Output stability concern: 
a – pump flow rate (pressure) control 

*Requires external power source 
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3.2  Additional Concept Criteria 
 

In addition to the performance objectives 
and technical constraints presented in Chapter 2, 
an additional list of criteria stating the desirable 
and safety features that any LiPSES concept 
should include was produced.  These additional 
criteria are: 

· The pyrophoric reservoir and/or pod 
should be removable for refueling/ 
reconditioning by the manufacturer; 

· A line flushing system is required; 
· Any pyrophoric liquid reservoir must 

include approximately 10% in volume of 
nitrogen gas to account for the liquid 
expansion under the effect of temperature 
variations; 

· Any pyrophoric reservoir shall be 
equipped with a filling plug, purge valve 
and overpressure safety valve; 

· The capability of changing nozzle 
orientation; and 

· The possibility of using multi-nozzles. 
 
3.3  LiPSES Concepts 
 

In accordance with the preceding criteria, 
six generic LiPSES concepts were elaborated.  
Two of the most promising ones are presented in 
the following sub-sections. They are: 

1. Twin Pod Concept; 
2.  Independent Twin Wing Tip Pod Concept 

 
3.3.1  Twin Pod Concept 

 
Figures 3 and 4 show the first LiPSES 

concept that is based on the piston driven / 
nitrogen-pressurized vessel technology.  Each 
wing tip pod is essentially composed of a 
cylindrical pyrophoric reservoir containing a 
piston and approximately 10 lbs (6 l) of 
pyrophoric fuel, a flushing line controlled by a 
solenoid valve, flexible tubing, nozzle assembly 
and front and back covers.  The flushing line is 
mandatory to clean the tubing and the nozzle 
cavity from any residual pyrophoric liquid after 
each run.  This, to avoid the formation of 
aluminum oxide – a solid residue – that would 
plug the system lines.  The internal wall of all 
flexible tubing in contact with the fuel should be 
Teflon coated to resist to the corrosive 

characteristic of the liquid fuel.  A 1000-psi 
commercial scuba nitrogen tank (rated 2400 psi) 
equipped with a pressure regulator, flexible 
tubing and solenoid control valves is located in 
the central part of the sub-scale aerial target and 
provides the required gas pressure to drive the 
pyrophoric reservoir pistons.  A 250-psi 
functioning pressure was estimated to 
adequately vaporize the liquid through a 0.053"φ 
straight nozzle.  Each wing tip pod is to be 
alternatively activated to extend the potential IR 
signature enhancement duration.  In these 
working conditions (fuel loading/pressure/ 
nozzle size), a two-minute enhancement duration 
is achievable per pod (4 minutes total).  The 
system overall weight is estimated to 80 lbs (see 
Fig. 4).  Each wing tip pod measures 5" in 
diameter by 35.3" in length (32.8" without the 
nozzle extension) and its estimated weight is 
about 26 lbs.  Estimated dimensions and weight 
of main components are given in Figs. 3 and 4. 

 
The main functioning steps of this concept 

are: 
· Before take off, all three manual valves 

are opened (one on the nitrogen tank and 
one on each pyrophoric liquid reservoirs) 
– the pressure regulator is adjusted to 
250 psi; 

· After take off and before the beginning of 
the IR signature enhancement runs, 
pressure is applied behind the piston of the 
pyrophoric fuel reservoir by opening both 
solenoid valves located on each pod line 
after the pressure regulator; 

· To produce an IR signature enhancement, 
the solenoid valve located at the exit line 
of one pyrophoric fuel reservoir is 
activated, forcing the pyrophoric liquid to 
flow into the tubing and through the 
nozzle under the piston effect; 

· The enhancement is terminated when the 
exit line reservoir solenoid valve is closed.  
The line is automatically flushed and 
cleaned by the opening (for a short 
predetermined time) of a solenoid valve 
on the parallel flushing line of the pod that 
was activated; 

· The two preceding steps are repeated for 
new enhancement runs but using 
alternatively both pods; 
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· When the sortie is terminated or when 
both pod pyrophoric fuel reservoirs are 
empty, a flush line operation is carried out 
on both pods and all system solenoid 
valves are closed; and 

· After landing, all three manual valves of 
the scuba nitrogen tank and the pod 
pyrophoric liquid reservoirs are closed 
before removing the scuba nitrogen tank 
and both pods for refueling/refitting at the 
manufacturer. 

 
The main features and limitations of this 

Twin Pod Concept are listed below. 
 
Features 
· Meets the stringent requirements of two 5" 

dia by 32.8" long wing tip pods with an 
overall weight of 80 lbs. 

· The pod is removable and refillable. 
· Can use the pods simultaneously or 

alternatively – single or double IR 
emission source(s). 

· Uses an off-the-shelf scuba cylinder. 
· Use the same nitrogen tank (scuba 

cylinder) for both the functioning and 
flushing operations. 

· Can take the fuel expansion under the 
variation of temperature. 

Limitation 
· Scuba cylinder must fit into the drone. 

 
3.3.2  Independent Twin Wing Tip Pod 

               Concept 
 

The second concept represented in Figs. 5 
and 6 consists of independent twin wing tip pods 
using pressurized inert gas.  It is an alternative 
concept to the preceding one in case the scuba 
cylinder could not be fitted in the drone.  These 

stacked cylinders on each wing tip containing 
the pyrophoric liquid and the nitrogen gas have a 
simple design, requiring no internal changes to 
the BQM-74 – contrary to the preceding 
concept.  Each wing tip pod can contain 
approximately 10 pounds (6 l) of pyrophoric 
liquid.  The power requirements are minimal and 
should be easily satisfied by the 28-volt power 
available on the BQM-74.  All specific 
characteristics described in the preceding 
concept apply here (enhancement duration, 
tubing coating, nozzle size, functioning pressure, 
valves, etc).  Each wing tip pod is to be 
alternatively activated to extend the potential IR 
signature enhancement duration.  Each pod is 
estimated to weigh 37 lbs (see Fig. 6) and to 
measure 36" in length (32.8" without the nozzle 
extension).  The estimated dimensions and 
weight of main components are given in Figs. 5 
and 6. 
 

The functioning steps of this concept are 
very similar to those of the preceding concept 
and will not be repeated here.  In addition to the 
preceding concept features, a list of some 
advantages of the Independent Twin Wing Tip 
Pod concept is: 

· Meets the stringent requirements of 32.8" 
long wing tip pods with a maximum 
weight of 40 lbs per pod; 

· No internal changes to the sub-scale aerial 
target; 

· Very simple design; 
· The entire pod (one piece) is removable 

and refillable; 
· The IR emission of each pod can be set 

differently; and 
· Use the pod nitrogen tank for both the 

functioning and flushing operations. 
 



 

 739

 

Figure 3. "Twin Pod" concept 

 

 

Figure 4.  2D representation of the "Twin Pod" concept 
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Figure 5.  "Independent Twin Wing Tip Pod" concept 

 

Figure 6.  2D  representation of the "Independent Twin Wing Tip Pod" concept 
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4.  Conclusions 
 

The current study established the feasibility 
of using the liquid pyrophoric fuel technology 
for sub-scale aerial target IR signature 
augmentation.  The conceptual study shows that 
a LiPSES weighing less than 80 lbs and meeting 
the specifications below is realistic. 

   
Performance specifications 
· Total augmentation duration of 

approximately 4 minutes (2 minutes per 
pod). 

· Capability of multiple IR signature 
enhancement runs. 

· Steady IR emission with a band ratio (mid 
IR/ near IR) higher than one. 

· A typical Band 4 (4-5 µm) emission of 
250 W/sr that can be modified with nozzle 
refinements/optimization. 

· A conical plume with an area of 4.25 m2 
(5.7 m long 1.5 m large). 

 
Technical specifications 
· Fuel loading of 12 liters (6 l per pod). 
· Functioning pressure of 250 psi. 
· Capability of multiple nozzles with 

variable orientation. 
· Adaptability to various platforms.  
· Simple and safe design. 
· Maintainability with removable cartridge 

for refueling and maintenance. 
 

Two generic LiPSES concepts meeting the 
specifications above were elaborated.  They 
were developed around the principle of having 
two small wing tip pods for the BQM-74 aerial 
target.  Both concepts presented in the study are 
simple design requiring no field maintenance 
and meeting the weight requirement.  The power 
requirements are minimal and should be easily 
satisfied by standard 28-volt power available on 
the BQM-74.  In addition, the last concept 
(stacked cylinders) requires no internal changes 
to the BQM-74 sub-scale aerial target. 
 

It is currently believed that the performance 
specifications could be met, or even exceeded, 
within the established constraints.  However, 
some uncertainties still remain because of the 

nature of pyrophoric liquids and the fact that the 
conclusions of this study are based on 
extrapolated data.  The only way of completely 
dissipating these uncertainties would be to 
conduct experimental work on a prototype 
model in a wind tunnel. 



 

 742

 



 

 681

Nano-Particle Aluminum in Explosives 
 

Patrick Brousseau, Helen E. Dorsett*, and Matthew D. Cliff* 
 

Defence Research & Development Canada - Valcartier 
2459 Pie-XI Blvd. North, Val-Bélair, Québec G3J 1X5   Canada 

Patrick.Brousseau@drdr-rddc.gc.ca 
 

*Weapons Systems Division, Defence Science and Technology Organisation 
PO Box 1500, Edinburgh, South Australia 5108 

 

ABSTRACT 
 

Aluminium powders are common 
ingredients for explosive formulations.  
Recent advances in technology have allowed 
the production of aluminium particles of 
nanometric size.  These particles exhibit an 
unusual thermal behaviour that was thought to 
be associated with stored internal energy.  It is 
obvious how this stored energy could be used 
to enhance the performance of explosives.  In 
the past, for some explosive formulations, 
ultrafine aluminium was reported to enhance 
the velocity of detonation (VoD).   
 

A number of plastic-bonded explosives, 
some with an inert binder and some with an 
energetic binder, TNT-based formulations and 
Ammonium Nitrate Fuel Oil/Al mixtures 
were tested to compare the performance of 
nanometric aluminum to micron-size 
aluminum.  Explosive performance was 
determined by VoD measurements, 
detonation calorimetry, and pressure and 
impulse measurements in air-blast tests.  It 
was shown that for PBX compositions, no 
significant differences were observed between 
formulations containing micron-sized and 
nanometric aluminium. For mixes of TNT and 
aluminium, an improvement was noted in the 
velocity of detonation and in the heat of 
detonation using ultrafine aluminium.  There 
was no increase in air-blast performance by 
nanometric aluminum.  In fact, for inert PBXs 
and melt-cast explosives, there seemed to be a 

reduction of air-blast pressure.  There was a 
reduction of the critical diameter of TNT/Al 
mixtures with nano-aluminum. 
 
INTRODUCTION 
 

Aluminum particles are common 
ingredients in energetic materials.  The 
particles are used to increase the energy and 
raise the flame temperature in rocket 
propellants.  They are also incorporated in 
explosives to: enhance late-time effects such 
as air blast; to raise the reaction temperature 
and create incendiary effects; and to increase 
the bubble energy in underwater weapons.  In 
explosives, it is generally recognized that the 
particles react behind the reaction front 
(during the expansion of the gaseous 
detonation products).  The particles do not 
participate in the reaction zone, but rather act 
as inert ingredients in the zone.   

 
Nanometric aluminum has recently 

become available in quantities large enough 
for introduction into energetic materials and 
small-scale performance testing.  The most 
widely known product is the ultrafine 
aluminum powder “Alex®”, sold by the 
Argonide Corporation.  Alex comprises 
spherical particles having a diameter of 100-
200 nm.  The powder exhibits unusual 
thermal behaviour [1-8] that was originally 
associated with “stored energy” [1] due to 
defects in the crystal lattice.  This additional 
energy could be very beneficial for explosives 
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performance; the concept of “stored energy” 
has created high expectations for these 
powders in energetic materials.  Subsequent 
research, however, demonstrated the absence 
of stored energy in the aluminum nano-
powders [2-4, 9].  The liberation of energy at 
low temperatures was rather caused by an 
oxidation of the particles.  Contradictory 
information was then published on other types 
of aluminum nano-powders [8]. 

 
 There are reported non-chemical 

methods of inducing defects in crystals such 
as irradiation by a strong neutron flux and 
rapid quenching of liquids [8].  The 
production of nano-aluminum by RF or DC 
plasma allows to perform this rapid 
quenching.  There are also reports of chemical 
methods to store energy in nano-particles.  A 
patent by Sorokin [10] reports a potential 
increase of the heat of combustion from 7390 
kcal/kg to 20 000 kcal/kg through saturation 
of nano-particles by hydrogen.   

   
A lot of work has been accomplished 

recently with nanopowders in energetic 
materials.  For example, it has been proven 
that, because of their large surface area, the 
nanopowders can increase the burn rate in 
some types of propellants [1, 3, 11-13].  There 
were also significant developments made in 
the “super thermites” area with mixes of 
nanometric aluminum and metal oxides [14].  
Those compounds are said to react at rates 
approaching (and under particular conditions 
even equivalent to) those of high explosives.   

In explosives, it is not clear if the 
nanoparticles are small enough to react faster 
than micrometric particles and, therefore, to 
participate in the detonation reaction zone.  
There have been early claims of 
improvements using nanopowders in 
explosives [1, 15].  Other researchers 
subsequently have demonstrated some 
improvements in the velocity of detonation 
(VoD) of ADN/Al mixes using nanometric 

aluminum [16].  Tulis et al. [17] also 
measured an increase in the VoD of fuel-
oxidizer mixes (lactose-aluminum-ammonium 
perchlorate) when Alex was compared to 
aluminum flakes.  However, there were also 
other reports where nanometric aluminum 
showed no improvement of performance or 
even a decrease of performance [18-21].   

It appears that the reaction mechanism 
of nanometric aluminum in explosives is still 
unclear.  Many researchers have reported on a 
large number of different compositions with 
mixed results.  The objective of the current 
paper is to supplement the data presented last 
year at the IPS on the effect of nanometric 
aluminum on explosives [22].  Results were 
presented for melt-cast explosives (TNT/Al 
and TNT/RDX/Al).  This data on the effect of 
nanometric aluminum in simple explosive 
compositions will help to discover if the 
detonation properties can be enhanced using 
very small aluminum particles. 

 

EXPERIMENTAL 
Aluminum powders 

The nanometric aluminum chosen for  
the experimental study was Alex® from 
Argonide Corporation, in Florida, USA.  The 
particle size was between 100-200 nm.  The 
aluminum content was 86%, measured by 
atomic absorption on a solution of Alex in 
acid.  Parr bomb calorimeter test results gave 
aluminum energy values 85% of the 
theoretical energy of aluminum.  A weight 
gain of 65% in Thermogravimetric Analysis 
from room temperature to 850 °C suggested 
an oxide layer of 4-5 nm.  The aluminum 
proved to be sensitive to humidity (suggested 
by ageing studies [23]) and must be kept 
under dry conditions.  In-house testing of the 
Alex showed that the Al lost 100% of its 
energy within 13 days at room temperature in 
a saturated water atmosphere, while regular 
aluminum lost only 10% of its power in the 
same period [24, 25]. 
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The reference micrometric aluminum 

used for this study was Valimet H-15, with an 
average particle size of 12 µm.  Valimet H-2 
(spherical, 2 µm) and MDX-75 from Alcan 
(spherical, 21 µm) were also included in some 
formulations when different types of Al were 
necessary.  

 
Explosive formulations   

Three distinct types of explosives were 
tested: cast-cured plastic-bonded explosives, 
TNT-based melt-cast explosives and an 
Ammonium Nitrate Fuel Oil (ANFO) 
formulation.   

The plastic-bonded explosives (PBXs) 
were selected to complement and confirm the 
results presented by Cliff et al. [20] on 
HPTB/RDX/Al PBXs.  The compositions 
were mixtures of HTPB, HMX and 
aluminum.  It was hypothesized that the close 
contact of aluminum and of an energetic 
component, such as TNT, could enhance the 
reaction rate of Al with the reaction products.  
For this reason, mixtures containing an 
energetic binder system were also selected for 
evaluation.  The PBX formulations are 
presented in Table 1.  Cylinders of 25.4 and 
38.1 mm in diameter by 228 mm long were 
cast.   

For the ANFO formulations, crushed 
Ammonium Nitrate was sieved (150 mesh or 
105 µm) and the passing fraction was blended 
with fuel oil and 10% of aluminum (either 
Alex or H-15).  The final blend was oxygen 
balanced by adjusting the fuel oil.  The final 
composition was 87.5% AN, 2.5% fuel oil 
and 10% aluminum.  Microballoons (2-5%) 
were added to adjust the final explosive 
density and increase the sensitivity.   
 
 
 
 
 

Table 1. Composition of the Plastic-Bonded 
Explosives 
 

PBXI-1 PBXI-2 PBXI-3 PBXI-4 PBXE-1 PBXE-2

HTPB 9.6 % 9.6 % 9.6 % 9.6 % - -

DOA 5.6 % 5.6 % 5.6 % 5.6 % - -

GAP - - - - 11.1 % 11.1 %

TEGDN/TMETN - - - - 11.1 % 11.1 %

TDI 0.8 % 0.8 % 0.8 % 0.8 % - -

IPDI/N-100 - - - - 1.7 % 1.7 %

Stabilizer/catalyst - - - - 0.1 % 0.1 %

HMX 74 % 74 % 64 % 64 % - -

RDX - - - - 66 % 66 %

Al H-15 10 % - 20 % - 10 % -

Al Alex - 10 % - 20 % - 10%
 (HTPB = Hydroxyl-terminated Polybutadiene, DOA = Di-Octyl 
Adipate, GAP = Glycidyl Azide Polymer, TEGDN = 
Triethyleneglycol Dinitrate, TMETN = Trimethylol Ethane 
Trinitrate, IPDI = Isophorone Diisocyanate, N-100 = Desmodur N-
100). 
 
Testing 

The performance of the explosives was 
assessed by measuring the VoD, the heat of 
detonation, as well as the pressure and 
impulse in air-blast tests.  The VoD was 
measured using ionisation probes for the 
PBXs and the TNT-based explosives.  The 
explosives were initiated by a Reynolds RP-
83 detonator coupled with a 31.8 mm 
diameter by 15.2 mm long RDX/wax booster.  
A length of at least two diameters was left at 
the top of the cylinders to allow for the 
development of the detonation wave.  The 
charges were fired in the upright position and 
a steel witness plate was placed underneath 
the explosive cylinders to confirm a full-order 
detonation.  All the charges were tested 
unconfined, except for the ANFO charges.  
The velocity of the ANFO charges was 
measured using a continuous resistance wire 
and they were fired inside 25.4 mm diameter 
by 610 mm long schedule 40 steel tubes.  

 
The heat of detonation was evaluated 

using a detonation bomb calorimeter 
developed for DREV [26].  The detonation 
calorimeter was seen as an effective way of 
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measuring any additional “stored energy” 
liberated by the aluminum during an actual 
detonation.  The details of the apparatus have 
been described before [21, 27-28]. 

 
The air-blast tests were performed on 

spherical charges.  The cast compositions 
were spheres of 592 cm3 (Figure 1), while the 
ANFO blends were placed in glass spheres of 
1555 cm3 in volume.  All charges were 
designed to be about 1 kg in mass.  They were 
suspended 3.05 m above the ground and PCB 
free-field blast pressure probes were located 
at 1.25 m, 1.5 m, 2.0 m and 2.5 m (Figure 2).  
Four charges of each composition were fired 
and the average was reported.     

 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
Figure 1.  Spheres for air-blast tests.  Top: 

cast explosive spheres; bottom: glass 
sphere for the ANFO mixtures. 

 
 

 

 
Figure 2. Photograph of the air-blast test 
set-up showing the suspended explosive 

sphere and the gauges. 
 
 
Some critical diameter tests were run on 

TNT/Al mixes only.  Cylinders of 160 mm in 
length and of various diameters were initiated 
vertically by an RDX/wax booster pellet (31.8 
mm diameter by 15.2 mm long).  A plastic 
barrier perforated to the diameter of the 
charge was placed between the booster and 
the cylinders to prevent washing of the 
booster gases on the side of the cylinders.  A 
3.2 mm thick steel witness plate was placed at 
the bottom, separated from the explosive 
cylinder by a 0.3 mm cardboard spacer to 
avoid reflections of the shock wave.  Two 
tests were run at each diameter.  To 
complement those tests, conical cylinders 
were fired.  The charges were 25 mm in 
diameter at the top, 10 mm in diameter at the 
bottom and they were 305 mm long.  They 
were fired in an upright position.  A 3.2-mm 
thick steel witness plate was placed at the 
bottom and a 4.8-mm thick one was 
positioned on the side of the charge (Figure 
3).  The detonation was recorded on a Cordin 
model 150A streak camera. 
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Figure 3. Test set-up for critical diameter 
measurements. 

 

RESULTS AND DISCUSSION 
VoD and Heat Calorimetry 

The results for the PBX compositions 
are presented in Table 2, and are grouped by 
charge diameter because the compositions 
were fired unconfined and below the diameter 
at which the measured detonation velocity 
reaches a steady-state (D∞).  The addition of 
Alex has very little effect on the detonation 
velocity of the PBXs.  This is consistent with 
the results from other sources on RDX and 
AP-based PBXs [20].  The energetic 
formulations were especially surprising, due 
to the significant decrease observed in the 
VoD for these compositions.  It is unclear 
whether this decrease in performance is 
related to the processing difficulties with 
Alex, to the lower Al content of Alex, or to 
other reaction mechanisms.   
 

Table 2. Performance of the Plastic-
Bonded Explosives 
 

Mix Density

(g/cm3)

Diameter of 
the charge 

(mm) 

Detonation 
velocity 

(m/s) 

Heat of 
Detonation 

(kJ/kg) 

PBXI-1 1.67 25.4 7748 -

PBXI-2 1.66 25.4 7748 -

PBXI-1 1.67 38.1 7838 -

PBXI-2 1.66 38.1 7804 -

PBXI-3 1.72 25.4 7450 4632

PBXI-4 1.73 25.4 7473 4661

PBXI-3 1.71 38.1 7606 -

PBXI-4 1.72 38.1 7586 -

PBXE-1 1.70 25.4 7724 -

PBXE-2 1.69 25.4 7494 -

PBXE-1 1.70 38.1 7785 -

PBXE-2 1.67 38.1 7465 -

 

For the mixtures of Alex and 
Composition B, presented in Table 3, the 
results are similar to those observed for the 
inert PBXs.  In this case, four different types 
of aluminum were tested.  A small decrease in 
VoD was observed with smaller particle sizes.  
The difference between the detonation 
velocities of Comp. B/H-15 and Comp. 
B/Alex was small (< 2 %).  However, there 
appears to be a trend of decreasing velocity 
with the diameter of the Al particles.  
Conversely, the heat of detonation shows a 
reverse trend (2% increase from H-15 to 
Alex).  This trend may indicate that the 
smaller the Al particle size, the more Al that 
reacts in the system and contributes to the 
detonation energy [27-28].  This reaction may 
occur rapidly enough behind the detonation 
front that the performance of these explosives 
is affected in the detonation calorimeter 
configuration.  Brousseau and Cliff [21], and 
Dorsett et al. [22] have noticed that for 
TNT/RDX/Al mixes, even if the detonation 
velocity decreased, the brisance (plate dent 
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test) increased.  This result may have 
significant implications for military or 
commercial explosives containing aluminum.   

 
For ANFO mixes with aluminum, a 

small decrease in VoD was observed  with 
Alex, and an increase of the heat of 
detonation was measured as well.  The ANFO 
explosives were selected for their balanced 
oxygen content (all other mixtures studied 
were oxygen-deficient).  It was thought that, 
at these small particle sizes, the Al particles 
would be strong oxygen scavengers.  The 
oxygen balance did not help to improve the 
performance. 

 
Table 3. Performance of Composition B 
and ANFO mixes 
 
Mix Type Al 

(%) 

Al Type 

 

Density 

(g/cm3) 

Detonation 
Velocity 

(m/s) 

Heat of 
Detonation 

(kJ/kg) 

Comp. B/Al 10 MDX-75 1.74 7740 5621

Comp. B/Al 10 H-15 1.74 7744 5816

Comp. B/Al 10 H-2 1.74 7680 6004

Comp. B/Al 10 Alex 1.74 7598 5927

Comp. B 0 - 1.69 7891 5389

ANFO/Al 10 H-15 0.90 3639(a) 5856

ANFO/Al 10 Alex 0.90 3605(a) 5991

(a) Confined in schedule 40 steel pipes 

The mixtures with only TNT and 
aluminum were those that exhibited the 
largest changes with aluminum type.  Three 
percentages of Al were studied, 10 %, 20% 
and 30 %.  The performance results are 
presented in Table 4, and are grouped by 
charge diameter.  Some of the results were 
presented last year and are repeated here for 
comparison.  The charges with Alex always 
showed higher VoDs than the charges with H-
15 (micrometric).  The difference in 
performance is larger at small charge 
diameters.  The difference decreases as the 
diameter increases, and it seems obvious that 
this difference will be eliminated at larger 

diameters.  Some charges may have exhibited 
borderline detonation, and one of the charges 
with MDX-75 at TNT/Al 70/30 did not 
detonate.  All these charges are close to the 
critical diameter.  Cast TNT has a reported 
critical diameter of 27.4 mm [30].  All the 
charges were then close to the critical 
diameter, and below D∞.  
 
 
Table 4. Performance of TNT/Al Mixes 
 

Al 

(%)

Al Type Density

(g/cm3)

Diameter of 
the charge 

(mm) 

Detonation 
Velocity 

(m/s) 

Heat of 
Detonation 

(kJ/kg) 

10 H-15 1.67 25.4 5718 5307

10 Alex 1.67 25.4 6508 5479

10 H-15 1.64 31.8 6554 -

10 Alex 1.68 31.8 6638 -

20 H-15 1.74 25.4 6182 -

20 Alex 1.74 25.4 6598 -

20 H-15 1.72 31.8 6456 -

20 Alex 1.74 31.8 6724 -

30 MDX-75 1.82 25.4 5740 6184

30 H-15 1.82 25.4 6228 6519

30 H-2 1.82 25.4 6483 6660

30 Alex 1.82 25.4 6628 6749

30 MDX-75 1.80 31.8 6400 -

30 H-15 1.80 31.8 6428 -

30 H-2 1.82 31.8 6707 -

30 Alex 1.84 31.8 6708 -

30 H-15 1.81 57.8 6591 -

30 Alex 1.84 57.8 6742 -
 
 

Table 4 demonstrates clearly that the 
particle size of aluminum affects the 
performance of TNT/Al mixes.  The smaller 
aluminum particles produce a higher VoD in 
unconfined charges.  At 31.8 mm diameter, 
the mixtures with H-2 aluminum (2 µm) gave 
a VoD as high as those with Alex aluminum.  
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The increase of performance is therefore not 
limited to nanometric aluminum. 
 

The enhancement from nanometric 
aluminum over micrometric aluminum in 
such mixtures has been reported before [20-
22].  Dorsett et al. [22] have noted increases 
in the brisance from plate dent tests and an 
increase in the detonation pressure from 
aquarium tests.  The results from Table 4 also 
show an increase in the heat of detonation 
using small aluminum.  It is not only limited 
to Alex, and an increase is seen as the 
diameter of the Al particles decreases.  
Dorsett et al. [22] demonstrated through 
streak and frame images during aquarium 
tests that Alex reacted earlier and faster than 
17 µm aluminum in Tritonal-type 
formulations (peak at 8 µs lasting for 17 µs 
compared to appearance of light at 25 µs 
lasting for more than 100 µs).  This early 
reaction may explain the increased brisance 
that they reported, as well as the larger heat of 
detonation measured in this study. 
     
Critical diameter tests 

The results from the work with TNT/Al 
mixtures suggested a reduction of the critical 
diameter by Alex particles for TNT-based 
compositions.  This was confirmed through 
two types of simple critical diameter tests on 
Tritonal-type formulations (TNT/Al 80/20).  
In the first set of tests, long conical charges 
were detonated from the large diameter, and a 
witness plate on the side of the charge, as well 
as a streak camera aligned on the cylinder, 
recorded the detonation failure.  Figure 4 
shows the witness plates (side and bottom) for 
Alex and H-15 in TNT/Al 80/20 mixtures.  
Alex charges detonated on the whole length, 
suggesting a critical diameter smaller than 10 
mm.  H-15 charges stopped at charge 
diameters of 14.0 and 13.5 mm respectively.  
This is consistent with the data on critical 
diameter from the literature for Tritonal (18.3 
mm) [31].  In the second method, cylinders 

were fired at various diameters (Table 5).  For 
H-15 aluminum, the charges detonated at 20 
mm and failed at 15 mm.  This is consistent 
with the results from the previous tests.  The 
charges were overdriven from the top and 
detonated down to a diameter of 13.5 mm.  
However, they could not sustain detonation at 
such small diameters (15 mm).  The exact 
value of the critical diameter would require 
firing individual cylinders at many different 
diameters.  For TNT/Alex, the charges 
detonated at 10 mm, which indicated again a 
critical diameter smaller than 10 mm.  The 
critical diameter appears to be reduced 
significantly by the use of Alex.  If the critical 
diameter can be reduced without increasing 
the sensitivity, as it seems to be the case, then 
this observation may have significant 
implications for TNT-based aluminised 
explosives.  If this reduction of the critical 
diameter is observed in other types of 
explosives, there may be more practical 
applications of this principle (e.g. MEMS 
explosives).  

 
Air-Blast Tests 

Composition B charges were used as a 
reference for the tests.  Spheres of Comp. B 
only were fired and the values were compared 
to CONWEP predictions.  The results are 
presented in Figure 5.  There is good 
agreement between experimental and 
predicted data.   
 

Five other types of explosives were 
tested: an inert PBX (PBXI-3 and PBXI-4, 
20% Al), an energetic PBX (PBXE-1 and 2, 
10% Al), a Tritonal-type explosive (TNT/Al 
80/20), Comp. B with Al (10% Al) and 
ANFO/Al (10% Al). 
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Figure 4. Witness plates from the critical 
diameter tests with conical charges. Top: 

TNT/Alex 80/20.  Bottom: TNT/H-15 80/20. 
 
 
 
Table 5. Results of the critical diameter 
tests on 160 mm long cylinders. 
 

Diameter of the Cylinder Mix 

20 mm 15 mm 10 mm 

TNT/Al H-15 (80/20) GO/GO NO GO/NO GO - 

TNT/Al Alex (80/20) GO/GO GO/GO GO/GO

 

 
 

 
 
 
 
 

 
 
 
 
 
 
 
 
 

 
Figure 5. Comparison between calculated 

and measured air blast pressures from 
Composition B charges. 

 
 

Figure 6 shows the results for plastic-
bonded explosives.  The PBXs with an inert 
binder are clearly under-performers for air-
blast pressure, probably because of the inert 
materials content (16%) and because the Al is 
coated with polymer and does not react as 
efficiently.  In addition, the curve for the 
mixture containing Alex is lower than the one 
with H-15.  The energetic binder mixes gave 
an excellent performance, both with Alex and 
H-15.  There was no noticeable difference in 
performance between the two Al types in 
energetic binder PBXs. 

 
 
 
 
 
 
 
 
 
 

Figure 6. Comparison of air blast pressures 
for PBXs. 
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The melt-cast explosives demonstrated a 
lower performance with Alex (Figure 7).  The 
TNT/Al spheres gave very low values of 
pressure and impulse (lower than CONWEP 
predictions for Tritonal).  The spheres were 
probably too small (about 5 cm radius) to 
achieve an optimal performance.  The Comp. 
B/Al charges produced a good output.  The 
performance of Alex in those was lower up to 
a distance of 2.5 meters, at which point both 
aluminum types gave the same pressure.  In 
both cases, the impulse (not shown) was 
higher for Alex close to the charge.  
Lefrançois and Le Gallic [19] had shown 
similar performance between Alex and 5 µm 
aluminum in air-blast tests of cylindrical 
charges. 

 
Both aluminum types in ANFO/Al 

mixtures produced the same performance in 
air-blast tests (Figure 8).  The values of 
pressure were high close and then much lower 
than for other explosives.  
 
 
 
 
 
 
 
 
 
 

 
 

Figure 7.  Comparison of air blast 
pressures for melt-cast explosives. 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

 
 

Figure 8.  Comparison of air blast 
pressures for ANFO/Al explosives. 

 
 
CONCLUSIONS 
 

Nanometric aluminum did not increase 
the VoD of  aluminised plastic-bonded 
explosives based on an inert binder.  The 
performance (VoD) of PBXs based on an 
energetic binder was decreased when Alex 
replaced micrometric aluminum.  In 
Composition B and ANFO, at 10% Al, Alex 
also reduced the VoD, but increased the heat 
of detonation.  For Composition B mixes, this 
may correlate to reported enhancements of the 
brisance effect by Alex.  In TNT/Al mixes, 
Alex increases the VoD and the heat of 
detonation.  The increase of VoD is more 
pronounced at small charge diameters, close 
to the critical diameter.  Alex was shown to 
decrease significantly the critical diameter of 
Tritonal-type mixes.  There is no increase in 
air-blast performance by nanometric 
aluminum.  In fact, for inert PBXs and melt-
cast explosives, there seems to be a reduction 
of air-blast pressure. 
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Abstract 

The ignition of around 700g of an aluminium-barium nitrate pyrotechnic composition, 
during a pressing operation, resulted in minor injuries to two operatives and caused 
substantial damage to a steel reinforced hydraulic press and the structure of the 
process building. The damage to the building was more than would have been 
expected from the ignition of this quantity and type of pyrotechnic composition. The 
results of work to establish the cause of the ignition and why the event was so violent 
are reported. 

 
 
1. Background 

The paper will describe work to 
establish the cause of an incident that 
occurred during the processing of a 
pyrotechnic composition containing 
aluminium (1-2µm), barium nitrate and 
Viton a copolymer of hexafluoropropylene 
and vinylidene fluoride. 

The composition was being 
consolidated using a shielded hydraulic 
press, in increments, into a paper tube. The 
third increment of powder had been added 
and while the safety door was being closed, 
prior to consolidation, an ignition of the 
powder in the tube occurred. 

The relative humidity of the room 
was measured less than an hour before the 
incident at 52%. 

During the process the operator wore 
a pair of kid leather gloves. Immediately 
prior to the incident he reported wiping the 
exterior of this polycarbonate face visor with 
his gloved hand. 

Although the composition contains a 
binder, the aluminium is so fine that it 
readily forms a dust cloud during 
processing. 

Based upon the evidence found at the 
scene of the explosion and also 
fromstatements given by the operatives, it 
was considered that electrostatic discharge 
(ESD) could have been the source of the 
ignition. 

For electrostatic ignition to occur, 
three elements are required; charge 
generation, charge accumulation and 
electrostatic discharge (ESD) through or in 
close proximity to the composition and/or its 
components. 

Two possible ESD routes were 
hypothesized. Either an electrical charge 
stored on insulated components of the filling 
system was released as a spark discharge or 
a source external to the tube produced a 
discharge that propagated to the composition 
or to the 1-2µm aluminium used in the 
composition. 

The electrostatic charge built up on 
personal protective equipment and during 
the pouring of pyrotechnic compositions 
was examined in detail. Additionally, the 
minimum ignition energy required to initiate 
the composition and its ingredients was 
determined. 
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The amount of damage caused to the 
building was also investigated. The pressure 
produced during the combustion of the 
pyrotechnic composition was measured and 
the explosiveness of the confined material 
was determined. 

2. Manufacturing process 
The press tool used for filling this 

munition is located on a slide which allows 
it to be moved forwards for the filling 
process and back under the ram for pressing. 

During the normal filling operation, 
225g increments of the pyrotechnic 
composition are poured by hand from a 
conductive pot into a cardboard tube. The 
tube has a wall thickness of 3mm, and a 
loose cardboard base of similar thickness. 
The cardboard tube is located within a 
grounded metal cylinder (of slightly shorter 
length), which limits the expansion of the 
tube wall as the powder is pressed within it. 

The powder is poured through a 
copper funnel, which rests on top of the 
cardboard tube, isolated from the grounded 
metal tube. However, the funnel is likely to 
be grounded by contact with the worker 
during the pouring process. 

A hardened steel drift is inserted into 
the top of the tube after each increment has 
been added and the press assembly is 
relocated under the ram. The drift is attached 
to the grounded press ram and the safety 
door is then closed. Once the door is closed 
and locked, the press is activated from a 
remote point outside the room. The process 
is repeated until the munition is completely 
filled. 

3. Experimental 
 3.1 Resistivity measurements 

The resistivities of the visor and 
gloves worn by the operative were 
determined at two voltages, 100V and 999V. 
The ambient temperature during these tests 

was 22ºC to 25°C and the determinations 
were made at two relative humidities, 85% 
and 22%. The samples were conditioned for 
48h prior to the tests being performed. 

To carry out the tests, the polycarbonate 
visor had two square aluminium foil 
electrodes (50mm x 50mm) attached to its 
surface by self adhesive copper foil. The 
electrodes were separated by a 50mm gap. 

The electrode assembly for the kid 
leather gloves consisted of a metal disc 
surrounded by two metal concentric rings 
separated from each other by the dielectric. 
The central ring acting as a guard electrode. 

3.2 Charge dissipation 
 Tests were carried out on the gloves 
and visor materials to determine their ability 
to dissipate charge. Two modes of charging 
were used, triboelectrification and corona 
discharge. A field meter was used to 
estimate surface potentials and the mobility 
of the charge on the materials. 

3.3 Pouring tests 
The amount of electrical charging 

that could have occurred during the pouring 
of the composition was also assessed. The 
apparatus used is shown in figure 1. 

It consists of two concentric metal 
cylinders. The inner cylinder contained a 
cardboard tube and represented the 
munition. The outer tube allowed a Faraday 
pail measurement of the charge contained 
within the inner cylinder. 

A field meter allowed continuous 
monitoring of the electrical potential 
developed on the inner 'pail'. This, in 
combination with the system’s capacitance, 
allowed the energy developed during 
pouring of the pyrotechnic composition to 
be calculated. The apparatus was operated 
remotely using a grounded pouring 
mechanism. 
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The whole pouring test apparatus 
was contained within a metal enclosure, in 
order to maintain the ambient relative 
humidity at a low level. This would tend to 
increase the amount of charge that can be 
generated, and so allow a worst-case 
assessment of charging during the pouring 
operation. 

The relative humidity during the 
tests ranged from 31% to 51% and was 
generally lower than the 52% reported at the 
time of the incident. The experiments were 
carried out in a concrete block enclosure and 
the pouring performed remotely. The 
process was observed using CCTV 
surveillance. 

During the experiments an estimate 
of the rate of charge dissipation was also 
made. 

3.4 Minimum Ignition Energy 
The sensitiveness of a flammable 

atmosphere to electrostatic discharge 
depends on the composition and temperature 
of the fuel/air mixture. In ignition trials, if 
the lowest spark energy for ignition is 
plotted as a function of fuel mixture 
concentration, a minimum is found, this is 
known as the minimum ignition energy 
(MIE). 

The MIE of three commercially used 
aluminium powders and three pyrotechnic 
compositions were determined using a 
Hartmann Tube, further details of the test 
are given in BS5958. 

3.5 Discharge testing 
An elementary discharge test, based 

on the standard SCC Test No. 7 was carried 
out on the composition. The circuit is shown 
in figure 2. 

During the test a spark discharges to 
a grounded metal surface through a small 
quantity of pyrotechnic composition. The 
test was performed to gain further 

information about the response to 
electrostatic discharge using an alternative 
geometry to the SCC Test No 6 which is the 
normal electrostatic discharge test 
performed on pyrotechnic compositions. 

The resistance, R, was changed to 
vary the form of the discharge, the 
resistances used for the experiments were 
zero and 418Ω. 

The resistance chosen alters both the 
energy and the time constant for the 
discharge through the powder. The 
discharge electrodes were sharply pointed; 
this resulting in field intensification that 
encouraged discharges at a fairly large 
electrode separation. 

The powder, placed on the grounded 
lower electrode, was not mechanically 
disturbed or confined by the approaching 
discharge electrode before the discharge 
occurred. 

3.6 Pressure Tests 
Trials were carried out devised to 

determine the magnitude of the 
overpressures produced during the ignition 
of an aluminium/barium nitrate/Viton 
composition. 

To enable a comparison, three 
pyrotechnic compositions were examined. 
Two compositions contained aluminium, 
barium nitrate with a binder and the third 
contained magnesium, PTFE and Viton. 
This composition was chosen because it is a 
typical fast burning high energy pyrotechnic 
composition processed in many countries. 

The overpressure given by 50g, 500g 
and 2000g samples were determined. For 
each experiment, a conducting bag 
containing the loose composition was placed 
into a cardboard container which had an 
electric igniter fixed into the base. 

Blast pressure gauges (B2), Kistler 
5011A charge amplifiers and a Nicolet 16 
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Channel Multi-programmable oscilloscope 
were used to determine the pressure 
produced during the ignition. The gauges 
were positioned at three different distances 
from the container and sufficiently far away 
to ensure that they would not be enveloped 
by the fireball produced during the ignition. 

As the sample size was increased the 
pressure gauges were moved to greater 
distances from the container. 

3.7 Explosiveness Test 
Explosiveness testing was carried out 

using the burning tube test. For this test a 
sample of the explosive in charge form is 
ignited under the confinement of a mild steel 
seamless tube. The tube is 254mm in length, 
it has an internal diameter of 31.4mm and a 
wall thickness of 6mm. 13mm thick mild 
steel end-caps are screwed onto the tube by 
way of superimposed threads. One of the 
end caps has a 2.4mm hole to accommodate 
the igniter firing leads. 

The response can range from no 
event (quenched ignition) to deflagration to 
detonation transition. The explosiveness is 
determined by counting the number of tube 
fragments. 

The three compositions used for the 
pressure tests were also examined with the 
burning tube test. They were tested as loose 
powder and in a pressed form. The loose 
powder (375g) contained in a conducting 
bag was placed into the top of the burning 
tube and the top cap attached. Cardboard 
discs were inserted from the base to fill the 
remaining space. The compositions were 
ignited through the bag using a high output 
electric igniter. 

For the tests on pressed 
compositions, three 125g flares pressed into 
cardboard tubes at 7.7kN were prepared. 
These were positioned end to end in the steel 
burning tube. The surface of the flare nearest 
to the igniter was primed with a 

silicon/potassium nitrate composition. The 
cardboard tube of this flare was cut 
approximately 10mm above the primer. This 
allowed a 10mm stand off from the base of 
the igniter. Cardboard discs were inserted 
into the base of the burning tube to fill the 
remaining space. 

4. Results 
4.1 Resistivity measurements 

The resistivity measurements on the 
visor and gloves are given in table 1. They 
show that the electrical properties of the 
gloves are very dependent on the relative 
humidity under which they were 
conditioned. Their resistivity decreased by a 
factor of 1 x 105 when the relative humidity 
increased from 22% to 85%. The resistance 
of the ‘dry’ gloves is relatively low and they 
would not be considered as insulators. Any 
charged object held in a gloved hand would 
leak to earth through the grounded operator. 
Since the relative humidity of the process 
room was greater than 50% the dissipation 
of the charge would be accelerated. 
Perspiration from the operators hand would 
also be a contributory factor. 

 The resistivity of the polycarbonate 
visor was less susceptible to a change in 
relative humidity, with only a 100 fold 
decrease in the resistivity of the visor when 
the relative humidity increased from 22% to 
85%. 

4.2 Charge Dissipation 
 The results of the tests carried out on 
the gloves and visor materials to determine 
their charge dissipation are tabulated in table 
2. Caution must be aired with these results 
as neither material is a conductor. 

 The charge on the leather gloves was 
too small to be measured. However, there 
was sufficient charge on the visor to be 
recorded. The field meter showed that even 
though the visor became charged it was 
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localised and did not disperse across the 
surface of the visor. 

4.3 Pouring tests 
 Results of the pouring tests are given 
in the graph in figure 4. They show that the 
maximum potential developed on the 
Faraday pail was of the order of 300V.
 This potential is very low in 
electrostatic terms and within the pail test 
system corresponds to a stored energy of 
only microJoules. This result suggests that 
pouring the composition could not develop 
sufficient charge to cause initiation. 

 An assessment of charge dissipation 
from the composition and the cardboard tube 
showed that at a humidity level of 52% any 
charge generated during pressing or pouring 
of the powder would dissipate to a low level 
within a few seconds. This eliminates the 
possibility of cumulative charging due to a 
sequence of processes. 

4.4 Minimum Ignition Energy 
 The minimum ignition energy (MIE) 
for the composition, as well as the 
aluminium powders, is summarised in 
table 3. 

 The values for the compositions are 
all of the order of hundreds of milliJoules 
which were considerably higher than the 
10mJ measured for all three aluminium 
powders. 

 However, 10mJ is still higher than 
the energy due to the charging of an 
operator’s visor or gloves and much greater 
than the energy resulting from pouring the 
pyrotechnic composition into a cardboard 
tube. 

4.5 Discharge testing 
 The results of the Sensitiveness 
Collaboration Committee (SCC) Test No. 7 
spark test with a series resistor of either zero 
or 418Ω are shown in table 4. Each sample 

was subjected to several discharges at either 
5kV or 10kV. For some of these tests, the 
energy discharged into the pyrotechnic was 
just less than 1J. 

 A plastic annulus was used in some 
trials to prevent the powder being 
excessively dispersed by the spark. The 
addition of the 418Ω series resistance also 
reduced powder dispersion but some 
discharges occurred through small channels 
formed by previous discharges through the 
sample. There was no indication of a 
reaction in any of the tests. 

 Further confirmation of this result 
comes from an earlier SCC No. 6 safety 
tests. This showed the composition to be 
unreactive at energies of up to at least 
450mJ. In this test, the energy is delivered to 
the pyrotechnic composition when it is 
completely confined in a plastic cell 
between two electrodes. The sample showed 
reactions at an energy level of 4.5J, which is 
considerably higher than the energy 
produced during pouring of the powder. 

4.6 Pressure testing 
 For most of the tests the pressure 
gauges did not detect any appreciable 
pressure front. The results are summarised 
in tables 5. 

 The aluminium/barium nitrate 
composition containing 5µm aluminium 
generally gave very low overpressures 
which the pressure gauges were unable to 
detect. This composition burned as a column 
rather than a fireball. The cardboard 
containers used for this composition were 
still intact after the ignition had occurred. 

 For the 50g experiments the 
overpressures recorded for magnesium/ 
PTFE/Viton were considerably larger than 
those for aluminium/barium nitrate/Viton. 
The pressure rapidly dropped as the gauge 
distance increased. The pressures recorded 
for the composition containing 1-2µm 
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aluminium was relatively small. The 
overpressure of under 5kPa observed at 1m 
decreased to around 2kPa at 3m. 

 For the experiments on 500g of loose 
composition the aluminium/barium nitrate/ 
Viton composition gave greater overpressure 
than the magnesium/PTFE/Viton one. The 
overpressure dropped off quickly as the 
distance from the source increased; the 
average overpressure fell from around 
40kPa at 2m to below 9kPa at 4m. 

 The overpressures observed during 
the ignition of 2kg of the two compositions 
were in close agreement with each other. 
The overpressures observed at 5m were 
approximately 16kPa, this decreased to 
around 7kPa at 10m. 

4.7 Explosiveness testing 
 All three compositions were tested in 
standard burning tubes both as a loose 
powder and as pressed flares; the results are 
given in table 6. 

 In the form of a loose powder all of 
the compositions underwent deflagration in 
a controlled manner. They vented hot gases 
and particulates through the 2.4mm hole in 
the end cap used for the igniter wires. 
Erosion increased the size of the hole to 
approximately 9mm. 

 All the tubes were recovered intact 
with no evidence of fragmentation or 
swelling during the firings. The 
explosiveness of all three compositions was 
therefore of low order under the test 
conditions used. 

 In the pressed form the compositions 
also underwent deflagration in a controlled 
manner. Similar erosion of the hole in the 
end cap was observed. All the tubes were 
recovered intact with no evidence of 
fragmentation or swelling during the firings. 
Once again the explosiveness of all three 
compositions was of low order. 

5. Discussion 
Although the electrical properties of 

the gloves were very dependent on the RH 
the resistance of the ‘dry’ gloves was found 
to be relatively low and any charge build up 
during the movement across the visor should 
have leaked to earth through the grounded 
operator. Perspiration from the operators 
hand and the relatively high room humidity 
(>50%) would have assisted in the charge 
dissipation. 

 The resistivity of the polycarbonate 
visor was relatively high; this would have 
allowed the visor to become charged when 
the gloved hand was wiped across the 
surface. The tests carried out showed that 
the charge was localised and did not 
disperse across the surface of the visor. This 
would prevent the charge from leaking 
away. 

 The minimum ignition energy (MIE) 
of the aluminium (1-2µm)/barium nitrate/ 
Viton composition was >600mJ which was 
considerably greater than the composition 
containing coarser aluminium and 
alternative binder and much greater than the 
aluminium powders which all had values of 
less than 10mJ. 

 The relative insensitiveness of the 
composition to electrostatic discharge was 
confirmed by the experiments where the 
powder was subjected to direct discharge of 
10kV with an energy of almost 1J. 

 The pressure measurements showed 
that the aluminium (1-2µm)/barium nitrate/ 
Viton composition produced significantly 
higher overpressures compared to the 
composition containing coarser aluminium. 
The values measured were similar to those 
obtained for a high energy pyrotechnic 
composition containing magnesium, PTFE 
and Viton. The overpressures observed were 
relatively small to have produced the extent 
of damage that occurred during the incident. 
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 The explosiveness testing also failed 
to reproduced the type of event that occurred 
during the incident. Although the total 
amount of composition was smaller the 
degree of confinement, even with the small 
igniter hole in one end cap, was similar to 
that which occurred during incident. 

6. Conclusions 
 The work carried out to date has 
been unable to identify how an electrostatic 
discharge with sufficient energy could have 
been produced to ignite the pyrotechnic 
composition or the fine aluminium powder. 

 Solvents are used during the 
manufacture of the composition and 
although the powder was dried before use 
the part that residual solvent could have 
played in the ignition needs to be considered 
further. 

 The severity of the damage caused 
by the overpressure generated during the 
accident suggests that the event was more 
than the ignition of the pyrotechnic 
composition. 

A dust explosion possibly of the fine 
aluminium powder followed by an unusually 
rapid ignition of the pyrotechnic 
composition might account for the extent of 
the damage that occurred. 
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8. Tables 
 

Test Relative Humidity 
(%) 

Test Voltage 
(V) 

Resistivity  
(Ω) 

Resistance  
(Ω) 

Visor Surface 22 100 >1.0 x 1015 a - 

Visor Surface 22 999 >1.0 x 1015 a - 

Visor Surface 85 100 1.0-2.0 x 1014 a - 

Visor Surface 85 999 8.0 x 1013 a - 

Surface of glove 22 100 1.6 x 1012 b - 

Surface of glove 22 999 1.7 x 1012 b - 

Surface of glove 85 100 4.8 x 106 b - 

Surface of glove 85 999 4.4 x 106 b - 

Through glove 
(rear layer only) 

22 100 - 5.5 x 1010 

Through glove 
(rear layer only 

22 999 - 3.5 x 1010 

Through glove 
(rear layer only 

85 100 - <1.0 x 106 

Through glove 
(rear layer only 

85 999 - <1.0 x 106 

Through glove 
(both layers) 

22 100 - 2.4 x 1011 

Through glove 
(both layers) 

22 999 - 2.2 x 1011 

Through glove 
(both layers) 

85 100 - 1.7 x 106 

Through glove 
(both layers) 

85 999 - 1.1 x 106 

a resistivity measurements recorded using square electrodes, units Ω per square 
b resistivity measurements recorded using circular electrodes, units Ω 
 

Table 1. Resistivity and resistance measurements 
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Object Charge Source Surface Potential               
(V) 

Charge 
Mobility 

Leather glove Corona Discharge Too small to record or transient - 

Leather glove Triboelectrification Too small to record or transient - 

Visor Screen Corona Discharge 200-400 Localized 

Visor Screen Triboelectrification 7000-10000 Localized 

 
Table 2. Charge dissipation 

 
 

Material tested 

 

Concentration used in 
each dispersion         

(kg m-3) 

Minimum Ignition  
Energy                

  (mJ) 

Aluminium (1-2µm) 0.5 9 

Aluminium (5µm) 0.3 9 

Aluminium (3µm) 1.5 9 

Aluminium (1-2µm)/BaNO3/Viton 0.5 676 

Aluminium (5µm)/BaNO3/binder 0.5 135 
 

Table 3. MIE values for the aluminium powders and pyrotechnic compositions 
 
 

Sample 
number 

Voltage          
(kV) 

Energy on 19nF 
capacitor        

(mJ) 

Non-inductive series 
resistor             

(Ω) 

Result 

1 5 238 0 No reaction 

2 5 238 0 No reaction  

3 5 238 0 No reaction 

4 5 238 418 No reaction 

5 10 950 418 No reaction  

6 10 950 418 No reaction 

7 10 950 418 No reaction 
 

Table 4. Results of the spark discharge test 
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Pressure                         

(kPa) at 

Composition Mass 
(g) 

1m 2m 3m 4m 5m 7.5m 10m 

 50 17.4 6.1 4.6 - - - - 

Magnesium/PTFE/Viton 500 - 27.1 7.9 6.4 - - - 

 2000 - - - - 17.5 9.6 5.3 

 50 0 0 0 - - - - 

Aluminium (5m)/BaNO3/binder 500 - 0 0 0 - - - 

 2000 - - - - 2.1  1.0 NR 

 50 4.6 2.3 2.3 - - - - 

Aluminium (1-2µm)/BaNO3/Viton 500 - 39.9 14.7 9.2 - - - 

 2000 - - - - 15.7 8.8 6.5 
NR - No record 

Table 5. Mean overpressure for the loose pyrotechnic compositions 
 
 

Composition Form Burning time 
(s) 

Remarks 

Loose powder <2 No fragmentation 
igniter hole enlarged Magnesium/PTFE/Viton 

Pressed Flares <2 No fragmentation 
igniter hole enlarged 

Loose powder <2 No fragmentation 
igniter hole enlarged Aluminium (5µm)/BaNO3/binder 

Pressed Flares <2 No fragmentation 
igniter hole enlarged 

Loose powder <2 No fragmentation 
igniter hole enlarged Aluminium (1-2µm)/BaNO3/Viton 

Pressed Flares <2 No fragmentation 
igniter hole enlarged 

 
Table 6. Results from the burning tube experiments 
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9.  Figures 

200 mm dia. metal plate with
sensor aperture central

Pyrotechnic composition tipped from
conductive pot (by remotely operated
mechanism) into copper funnel resting on

db d t b

IDB (UNCW) Ltd.
Precision Field Meter

Signal in and Power out via cable to circuitry

Cardboard tube within inner
metal tube

Annular PTFE flange to prevent ingress of
fine dust between inner and outer metal
cylinders

Entire assembly within sealed enclosure with relative humidity
maintained using a large tray of a hygroscopic salt

Steel inner tube 66mm ID with metal base
plate, contains a cardboard tube. The
cardboard tube protrudes from the top by
~5cm. The inner tube lies within the outer
tube but held away from contact with it by
PTFE screws (not shown)

Aluminium outer tube 95mm ID

 
 

Figure 1. Schematic of the remote pouring test apparatus 
 
 

 19nF
EHT

Approaching
electrode

R

 Small quantity of
sample

 
 

Figure 2. Electric circuit used on the standard SCC Test No.7 
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Figure 3. Standard burning tube used in explosiveness test 
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Figure 4. Electrostatic charge generated during the pouring of composition 
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Abstract 
 
 

During the automatic loading of triple base gun propellant grains into cartridge cases a 
small amount (<0.5% wt) of DPA stabilized single gun propellant grains, remaining in the 
hopper, was inadvertently and randomly introduced onto these cartridge cases.  The triple base 
gun propellant was stabilized with methyl diphenyl urea (Akardite II).  In order to predict the 
effect of this adulteration on the safe storage life of the triple base propellant, accelerated aging 
experiments were conducted on both unadulterated single and triple base propellants, along with 
adulterated samples.  The aging experiments were conducted over a temperature range of 25 - 
74°C, and 30 and 50% relative humidity. 

Employing Arrhenius kinetics allowed us to calculate  and predict the safe storage life of 
the adulterated and unadulterated gun propellant.  Significant differences were observed in the 
Arrhenius plots (i.e. relating to safe storage life times).  The differences and reason for these 
discrepancies are the subject of this paper. 

 
 

Introduction 
 
 Predicting the safe storage life of aryl 
amine-stabilized, nitrate ester based gun 
propellants has been the subject of numerous 
publications.2,3  However, there are very few 
publications dealing with the effects of 
contaminants, introduced during processing 
and manufacturing, on the propellants safe 
storage life, as well as its ballistic properties.  
Nitrate ester based gun propellants undergo 
thermal and hydrolytic degradation of the 
nitrate ester with the evolution of the oxides 
of nitrogen.  Factors influencing the rate of 
degradation are temperature, humidity, 
diffusion rates of constituents (stabilizers, 

plasticizers) and the free volume within the 
cartridge case. 
 The accumulation of NO2 in a limited 
free volume can contribute to autocatalytic 
decomposition of the nitrate esters in the gun 
propellant.  If autocatalysis becomes too great 
autoignition of the propellant can occur.  In 
order to minimize autocatalysis, and thus 
prevent autoignition of the propellant from 
occurring, a suitable stabilizer is added to the 
propellant formulation. The stabilizer reacts 
with the oxides of nitrogen.  When the 
stabilizer is depleted to a specified (generally 
0.2% wt.) level the unused gun propellant is 
deemed unsafe by the Navy and is then 
destroyed. 
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 During the loading of triple base gun 
propellant grains into cartridge cases, a small 
amount (< 0.5% wt.) of single base gun 
propellant grains stabilized with 
diphenylamine, was inadvertently introduced 
into these cartridge cases.  The triple base gun 
propellant was stabilized with methyl 
diphenyl urea.  In order to predict the effect of 
this adulteration on the safe storage life of the 
triple base propellant, accelerated aging 
experiments were conducted on both 
unadulterated single and triple base 
propellants, along with adulterated samples.  
The aging experiments were conducted over a 
temperature range of 25 – 74oC, and 30 and 
50% relative humidities. 
 The rates of stabilizer depletion and 
migration of chemical species in the 
adulterated and unadulterated samples were 
determined with data provided by HPLC  
analysis of propellant grains.  Arrhenius 
kinetics allowed us to calculate and predict 
the safe storage life of adulterated and 
unadulterated gun propellant.  Significant 
differences were observed in the Arrhenius 
plots (i.e., relating to safe storage life times).  
The differences and reason for these 
discrepancies are the subject of this paper. 
 
 
Experimental 

 
Instrumentation: The chromatography 

system used for the analyses of propellant 
extracts was a Millennium based Waters 
HPLC,  coupled with a Waters 490E 
programmable multi-wavelength U.V. 
detector.  The analytical column used was 
either a 4.6 x 250 mm Waters Symmetry C-18 
(5 µm) column or a Phenomenex Luna C-18 
(5 µm) column.  Both columns were able to 
incorporate a Phenomenex Security Guard 
Cartridge (C-18, 10 x 6 mm).   A Waters 717 
Plus auto-sampler was integrated in the 
delivery system. 

Propellant sample preparation and 
aging conditions.  Three groups of weighing 
bottles (40 x 80 mm) were separately loaded 
with 62 g each of: (a) single base propellant 
(SBP);  (b) triple base propellant (TBP); and 
(c) TBP adulterated with 5 grains of single 
base propellant.  (Note: 5 grains represent a 
2.87 % adulteration level.)  A total of 192 
bottles were prepared.  In order to control 
sample humidity, a small jar containing a 
saturated salt solution, and covered with a 
screen to support the propellant grains, was 
placed in the bottom of each weighing bottle 
prior to propellant loading. Saturated 
solutions of either MgCl2 or NaBr were used 
to maintain 30 or 50% relative humidity (RH), 
respectively. The sample configuration is 
shown in Figure 1.  The bottles were then 
placed into desiccators, each containing jars 
of saturated salt solution, and the desiccators 
were placed in constant temperature ovens 
equilibrated at 25, 40, 50, 60 and 74oC.  
Bottles of samples were withdrawn from the 
ovens every two weeks.  Ten propellant grains 
from each bottle were individually subjected 
to 3 days of solvent extraction using 
acetonitrile. The sample/solvent was 
sonicated for 15 min prior to transferring the 
extracted sample to a volumetric flask.  The 
TBP extract was diluted to 100 mL and the 
SBP extract was diluted to 25 mL with 
acetonitrile. 
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Propellant Analysis: High Performance 
Liquid Chromatography (HPLC).  The 
compounds found in the propellant extract 
were subjected to gradient elution starting 
with a 53/47% (v/v) acetonitrile (ACN)/water 
mobile phase for 12.5 min, followed by a 
linear rate to final an 80/20% (v/v) ACN/H2O 
mobile phase.  A flow rate of 1 mL/min with 
an injection volume of  20 µm was used.  The 
run time was 35 min. 

Reference standards of the 
components used to formulate the SBP and 
TBP, as well as the stabilizer reaction 
products, were used to generate reference 
standard chromatograms. 

A typical chromatogram (215 µm) of 
extract from an aged adulterated SBP grain is 
shown in Figure 2. 

 

 
 

Figure 2.  Representative HPLC 
Chromatogram 

 
 
Results and Discussion 

 
Diphenylamine (DPA) is the 

traditional stabilizer used in nitrocellulose 
based gun propellants.  Its main function is to 
react with the oxides of nitrogen resulting 
from the thermal or hydrolytic decomposition 
of nitrocellulose (NC).  Without a stabilizer 
the nitrogen oxides would autocalayze the 
decomposition of the NC.  This autocatalysis 

reaction, under the right conditions could lead 
to autoignition of the propellant. 

It has been shown that DPA is to 
weakly basic to hydrolyze NC but can 
hydrolyze nitroglycerin.1,2  HPLC analysis of 
the SBP that was commingled with the TBP 
showed that nitroglycerin (NG) and 
diethyleneglycoldinitrate (DEGDN) migrated 
from the TBP to the SBP.  The presence of 
NG in the SBP caused the DPA to react with 
DPA causing an increase rate of depletion.  
HPLC results for the depletion rates of DPA 
in the unadulterated and adulterated 
environment are shown in Figure 3 and 4 
respectively. 

With the HPLC data and the Arrhenius 
equation one can predict the time necessary to 
deplete the DPA stabilizer to 0.2% wt.  
Results obtained on unadulterated SPB gave a 
predicted value of ~23.1 years verses 0.93 
years for the commingled SBP. 

The activation energy (Ea) calculated 
from the slope of the Arrhenius plots gave 
values of ~25Kcal/mole for the unadulterated 
SBP and ~18Kcal/mol for the commingled 
SBP.  Literature values2  for the Ea ≤ 60oC for 
single base propellants were found to be in the 
range of 25 – 30Kcal/mol. 

Our HPLC results on the recently 
manufactured single base propellant showed 
that the initial DPA stabilizer content varied 
from 0.780 to 1.235%.  The average values 
was 0.94 with a standard deviation of 0.157.  
Due to  this variation in stabilizer content 
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Figure 3.Stabilizer Depletion Rate 
Unadulterated 

 
one could expect variation in the predicted 
safe storage times for DPA depletion to 0.2% 
wt. However, since the daughter products of 
DPA also act as a stabilizer one should still be 
within the range of predicted safe storage 
times without experiencing a major incident. 

 
 

Figure 4.  Stabilizer Depletion Rate 
Adulterated 

 
 
Conclusions 
 

Accelerated aging studies (25o-74oC) 
on diphenylamine stabilized, single-base gun 
propellant and triple-base gun propellant have 
shown that when a small percentage (2.87% 
wt) of single-base grains are commingled with 
the bulk triple-base gun propellant, the bulk 
propellants safe storage life at 25oC is 
materially shortened.  The commingled 
single-base propellant grain depleted its 
stabilizer (DPA) at an accelerated rate in the 
triple-base environment due to the migration 
of nitroglycerin (NG) from the triple base 
grains to the single-base grains and the 
subsequent reaction of NG with the 
diphenylamine. 

Arrhenius plots based on the depletion 
rates of diphenylamine in the unadulterated 
single base gun propellant gave a Ea ≈28 
Kcal/mole and a safe storage life (25°C) for 
the diphenylamine to reach 0.2% wt at 23.1 
years. The Arrhenius plot based on the 
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depletion rate of diphenylamine of the single 
base grains in the triple base environment 
gave an Ea ≈ 18 Kcal/mole and a safe life at 
25oC of 1.0 year to reach the 0.2% wt DPA 
concentration.  The Ea found in this 
commingled propellant compare favorable 
with the Ea found for triple base propellants 
in general. 

Increasing relative humidity from 30 
to 50% accelerated the depletion rate of the 
diphenylamine.  Because of the variation in 
DPA stabilizer content found in the as-
manufactured single based grains, plots using 
the Arrhenius equation can lead to as much as 
25% variation in safe storage life.  This 
nonhomogeneity will also lead to variations in 
the Ea. 
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ABSTRACT 

 
Microcalorimetric method has known to be used by many NATO countries to study the stability 
and compatibility of energetic materials. Naval Surface Warfare Center Crane has extended the 
technology to include the determination of the storage life and service life extension for the NC-
based (single- or double-based) propellants, especially for Cartridge Actuated Devices (CAD). 
 
Depending upon the originally intended function, the CAD contains variety of NC-based 
propellant compositions with different grain sizes. Microcalorimetric analysis was performed on 
small, large, and mix grain CAD propellants. Heat flow of the CAD propellants were obtained at 
minimum 3 different temperatures (usually between 50 and 80ΕC). If necessary, the lower 
temperatures (40 to 45ΕC) were used to make sure if the degradation mechanism remained 
unchanged. After selecting the 100% DPA depletion point on the heat flow curve at higher 
temperature, the heat flow (rate of degradation) at ambient temperature was then determined by 
Arrhenius plot.  Based on the established correlation between microcalorimetric heat flow and 
stabilizer depletion data,  there are a number of well defined points on the typical heat flow curve 
can be used to determine where the shelf life ends. The “Item” manager has to quantify the level 
of risk he or she is willing to take before selecting the end point of shelf life. Based on this 
guideline, the level of risk for the worst case (the most conservative) shelf life should be near 
zero. If the worst case is selected, only minimum surveillance test is required before the end of 
the shelf life. If the manager is interested in extending the shelf life beyond this point, a more 
frequent surveillance test will be required. 
 
For clarification purposes, the service life predictions placed forward are not necessarily 
indicative of imminent safety hazards, i.e., the propellant will initiate immediately nor require 
immediate de-mil. It only means that after this point the risk of safety hazard will begin to 
increase. 
 

INTRODUCTION 
 
The Cartridge Actuated Device  (CAD) is a 
device that provides the means of releasing 
potential cartridge energy. In general, CADs 
are used to perform several functions 
concurrently, or in a sequence of operations 
that must be performed before a specific 
function (i.e. emergence ejection seat) can 

be executed. Impulse cartridges, linear shape 
charges, explosive transfer lines, and “seal-
in” type CADs with no removable cartridges 
all fall within the scope of this definition. 
Today, the CADs are widely used in 
aviation life support systems, bomb 
racks/launchers, bomb dummy units and 
airborne missile systems, just to name a few. 
A malfunctioning device can result in 
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serious material damage and/or injury/death 
to the personnel involved. 
 

DEFINITION OF SERVICE LIFE, 
SHELF LIFE AND INSTALLED LIFE 

OF CADs 
 
Service life is defined as the specified period 
of time during which a CAD is allowed to 
use. This period is affected by various 
environmental conditions which result in the 
necessity of assigning time limits designed 
as shelf life and installed life. 
 
Shelf life is the period of time, beginning 
from the date of manufacture that a CAD 
can remain in its hermetically sealed 
container and still be serviceable.  
 
Installed life is the period of time a CAD is 
allowed to be used after its hermetically 
sealed container is opened; however, the 
installed life expiration date shall never 
exceed the shelf life expiration date. 
 
The current CAD QE process is one that is 
primarily focused on item “installed life”. 
To accomplish this, the bulk of the CADs 
evaluated are those that have been removed 
from the platform due to reaching the end of 
the prescribed installed life.  The rationale 
used to expend or reduce the installed life is 
based on how well the installed CADs 
perform compared to the original 
procurement specifications.  This test 
philosophy is actually projective rather than 
predictive and may not provide information 
that would justify potential extensions that 
are possible. The establishment of more 
predictive method by microcalorimetry may 
have a significant impact on shelf life and 
overall system cost. 
 

TEST SAMPLES 
 
Four CAD samples were used for 
microcalorimetric analysis. The NC-based 

propellants in the CADS were manufactured 
between 1975 and 1991.  DPA 
(diphenylamine) is used as stabilizer. 
 

EXPERIMENTAL 
 
TAM 2277 Isothermal microcalorimeter was 
used to perform the tests. Temperatures for 
test were chosen to be 80, 75, and 65.5ΕC. 
Lower temperatures were not used because 
this test is meant to be just a “quick looker”. 
In the sample cell, the propellants were 
loaded in an orientation as closed as possible 
to that of the actual CAD’s. All four 
propellant samples were loaded at RH 12 
±0.5 at 71± 0.5 ΕF room temperature. No 
special preconditioning of the samples 
before loading so the original characteristics 
of the propellants was retained. 
 
THEORETICAL CONSIDERATION & 

METHODS OF ANALYSIS 
 

1. Basic Principle:  The majority of 
chemical and/or physical reactions known 
today are accompanied with heat production 
or consumption. Aging processes of double 
base propellants in gas generator reactions 
are no exception to this rule. The faster the 
heat is produced from a specific propellant 
the higher the degradation rate. Usually, the 
heat produced is very small (<1 ΦW/s), only 
the most sensitive detector is capable of 
measuring it. Microcalorimeter is the only 
instrument equipped with this type of 
detector. 
 
It is a well-known scientific principle that 
the amount of heat flow associated with an 
energetic reaction is always a function of 
temperature. The temperature dependent rate 
constant (k) is obtained by the well-known 
Arrhenius Equation: 
 

k = A exp(-Ea/RT) 
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R = gas constant (1.987 cal/mole-ΕC) 
Ea = energy of activation (g-cm2/s2) 
T = absolute testing or storage temperature 
(KΕ) 
A = frequency factor (pre-exponential factor 
1/s) 
 
The specific characteristics of the Arrhenius 
Equation are that the change of ln rate 
constant (note: ln = natural log) versus the 
reciprocal of temperature should show a 
linear relationship (ln k versus. 1/KΕ). The 
slope is the energy of activation (Ea). For 
convenience, ln time (days) versus 1/KΕ in 
our case was used for prediction of shelf 
life. 
 

2. Method of Analysis:  The critical 
parameters must be identified in order to 
assess the present stability status of the 
propellant, and to qualify it for continued 
safe storage during a specific time. These 
parameters include the measurement of the 
rates of heat of reactions/decompositions 
(heat flow) as a function of temperature and 
time dependence. The amount of heat flow 
generated as a function of temperature is 
important for analyzing the risk of possible 
thermal runaway reactions. The time 
dependence data can be used to reveal if or 
when a runaway reaction is expected to 
occur. All the critical parameters (or hazard 
indicators) are directly accessible from the 
heat flow curve of any microcalorimetric 

experiment. The point on the heat flow 
curve where the hazard indicator will be 
chosen must leave a sufficient safety margin 
to allow time for corrective actions. The 
following three indicators are commonly 
used to determine the safety status of a 
propellant. They are: 
 

A. “Time to Stabilizer Transition 
Point/Curve” : At a point during the aging 
process of the NC-based propellants,  the 
parent stabilizer (i.e. DPA) will be 
consumed (or less effective). From this point 
on, the daughter products begin to control 
the stabilization of the propellant. 
Kinetically, the reactivity of the daughter 
products towards the nitrogen oxide is less 
than that of the DPA. Therefore, after this 
point, the magnitude of the heat flow, with 
less help from the parent stabilizer, is going 
to increase. This point of transition is called 
the stabilizer transition point (transition 
from parent to daughter products for 
stabilization) (Figure 1a).  An aged 
propellant with less parent DPA will reach 
this point faster than the unaged one, 
because it will take more time for the latter 
to deplete the DPA. This point was chosen 
as the safety transition point where the risk 
of the propellant safety will begin to 
increase. (Note: The heat flow data and 
Arrhenius plot of Figure 1a are shown in 
Table 1 and Figure 1b, respectively).

 



 

 
 

 
 

 
 

 

 

Figure 1a.  Microcalorimetric Analysis of 1991 and 1990 Mixed Blend CAD Propellants at 
80°C, 75°Cand 65.5°C. Arrows Indicate the Stabilizer Transition  Points. 
°C 
25 
30 
45 
50 

65.5 
75 
80 

LN(K) = -E
R= 1.98712 
Ea= -R*Slo
Ea= -29, 275
A= 4.54E-23
Table 1. Kinetic Data for Ea plot for Figure 1a 
1/°T Kelvin Days to 5.5 J LN(Days) 

0.00335 11260.09 9.329 
0.00330 4984.64 8.514 
0.00314 504.26 6.223 
0.00309 246.33 5.507 
0.00295 30.50 3.418 
0.00287 9.40 2.241 
0.00283 5.10 1.634 

a/R*(1/T°K) + LN(A) 
 88

(cal/deg/mole) 
pe 
 calories/mole 
 1/sec 
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Based on the accelerating factor, 
usually between 3 and 4 for every 10ΕC of 
temperature change for the double base 
propellant, it will take much longer to reach 
the same transition point at lower 
temperatures.  A shift of time to 
autocatalysis (runaway reaction) can also be 
used as an indicator, however it may not be 
worthy because it will take very long time to 
reach this point. Since the indicator along 
the heat flow curve serves as a landmark or 
milestone for aging, therefore any obvious 
endotherm or exotherm can be used. 
 

B. Activation Energy (Ea) : The 
decrease of Ea may be an indication that the 
thermal stability of the propellant is also 
decreasing. Since the frequency factor (a 
part of the Arrhenius Equation) is also an 
important factor, which may affect the 
thermal stability, it is advised that both 
numbers should be considered before 
reaching a final conclusion. 

 
C. Maximum/Minimum Allowable 

Heat Flow : In addition to “Time to 
Stabilizer Transition Point” being used as a 
safety indicator,  the magnitude of heat flow 
before this point (safety region) was also 
used for the same purpose (Note: the higher 
the heat flow, the less the safety). In the 
safety region, if the heat flow is above the 
maximum allowable level for a period of 
time (i.e. >30 ΦW/g at 80ΕC, or >2 ΦW/g 
AT 40ΕC) and it begins to show 
autocatalytic tendencies, this may indicate 
the propellant is decomposing at a rate much 
higher than normal. Usually at this point the 
effective stabilizer content is too low to 
protect the propellant from the possibility of 
runaway reaction.  
 

After the stabilizer transition point, 
we are entering the performance region. In 
this region, the magnitude and slope of the 
heat flow curve becomes an important 
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Figure 1b.  Ea plot of data shown if figure 1a and Table 1. 
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guideline for the performance. If the heat 
flow is below the normal magnitude, 
especially after the DPA stabilizer is 
completely depleted, the rate of energy 
release per second of the propellant may be 
too low to meet the performance 
requirement. It should also be noted that the 
physical nature of heat flow (Φj/s) release 
from microcalorimeter actually is the same 
as a very slow burning. The maximum 
allowable heat flow could vary depending 
upon on the size, thermal conductivity of the 
propellant and container. 
 

3. How and Where to Choose a 
Safety Indicator: The best position to choose 
a point for the propellant safety is near the 
parent-daughter stabilizer transition point 
region mentioned above. This point usually 
has the lowest heat flow magnitude, and is 
far away from the auto runaway point that 
guarantees a wider safety margin. This point 
is also far enough to cover all the data 
necessary to study the stabilizer depletion 
and propellant degradation processes. If no 
viable safety indicator can be found, and the 
heat flow is exceeding the maximum 
allowable limit at the same time, this may 
indicate that the propellant may be 
overaged. 
 
 
 
 
 
 
 
 

RESULTS AND DISCUSSIONS 
 

The heat flows (or rate of 
degradation) vs. Temperatures, Arrhenius 
plots and time to safety indicators of testing 
four different CAD’s were shown in Figures 
1a, 1b  (in previous section) to Figures 4a, 
4b, and Table 1 (in previous section) to 
Table 4 respectively.   Figure 1a shows the 
heat flows of propellant lot (1990 and 1991 
mix blend) tested at 3 different 
temperatures. Use the heat flow data (where 
the dark arrow head points to) at 5.5 joule 
(the horizontal dashing) at 3 different 
temperatures, the Arrhenius Plot (ln heat 
flow vs 1/T) was established. A possible 
non-linearity for the Arrhenius plot at below 
60ΕC, due to different decomposition 
mechanisms may be involved, was found 
only true for HPLC or GPC data, not for the 
microcalorimetric data [3,4,5].  Based on the 
chemical rate equations and Laws of 
Thermodynamics, the time required for an 
energetic material to generate the same 
amount of energy (i.e. 5.5 joule) at different 
temperatures can be calculated.   Figure 1b 
shows the Arrhenius plot (ln time vs. 1/T) of 
the time required to generate 5.5 joule (ΦW 
x time = joule) of energy at different 
temperatures.  Figures 2a, 2b, to 4a, 4b, 
show the actual heat flows and Arrhenius 
plots for propellants manufactured in 1988, 
1979 and 1975, respectively. Use the 5.5-
joule as the safety indicator point [6] and use 
the standard thermodynamic approach for 
calculation, the relative safe storage life of 
each propellant is list in Table 5. 



 

 
 

 
 

 

 

Figure 2a. Microcalorimetric Analysis of 1988 Mix Blend CAD Propellants at 
80C, 75C, and 65.5C.  
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LN(K) = -E
R= 1.98712 
Ea= -R*Slo
Ea= -29,309
A= 1.74E-18
Table 2. Kinetic Data for Ea plot for Figure 2a 
1/°T Kelvin Days to 5.5 J LN(Days) 

0.00335 5284.11 8.572 
0.00330 2337.00 7.757 
0.00314 235.80 5.463 
0.00309 115.09 4.746 
0.00295 14.30 2.660 

0.00287 4.30 1.459 
0.00283 2.40 0.875 

a/R*(1/T°K) + LN(A) 
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                         Figure 2b.   Ea plot of Arrhenius data from Table 2 
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Figure 3a. Microcalorimetric Analysis of 1979 CAD propellant at 80°C, 75°C 
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Table 3. Kinetic Data for Ea plot for Figure 3a 
1/°T Kelvin Days to 5.5 J LN(Days) 

0.00335 2196.12 7.694 
0.00330 1042.10 6.949 
0.00314 128.15 4.853 
0.00309 66.54 4.198 
0.00295 9.80 2.282 
0.00287 3.40 1.224 
0.00283 1.90 0.642 

a/R*(1/T°K) + LN(A) 

(cal/deg/mole) 
pe 
 calories/mole 
  1/sec 
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CAD 50 SGK 1075, ARRHENIUS PLOT, 5.5J 
Ea=26780 Calories/Mole
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3b.  Ea plot of data from  Figure 3a and Table 3.
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Figure 4a.  Microcalorimetric Analysis of 1975 CAD propellant at 80°C, 75°C, and 65.5°C. 
 

Table 4. Kinetic Data for Ea plot for Figure 4a 
°C 1/°T Kelvin Days to 5.5 J 
25 0.00335 140.33 
30 0.00330 81.75 
45 0.00314 17.90 
50 0.00309 11.13 

65.5 0.00295 2.70 
75 0.00287 1.40 
80 0.00283 0.80 

LN(K) = -Ea/R*(1/T°K) + LN(A) 
R= 1.98712 (cal/deg/mole) 
Ea= -R*Slope 
Ea= -19,713 calories/mole 
A= 8.29E-13  1/sec 
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Figure 4b.  Ea plot of data from Figure 4a and Table 4 for CAD propellant. 
 Propellant 
(Year of 
MFG) 
 

A

1990/1991 
1988 
1979 
1975 
* The safety point se
time for safety and c
propellant will ignit
safety hazard will b
 

Table 5.  Storage life of CAD propellants 
ctivation Energy 
(Ea, kcal/mole) 

Safe Storage Life (5.5 J)* 
 

Day                            Year 

29.275 11260 30.83 
29.309 5284 14.47 
19.412 140 0.38 
26.780 1800 4.93 

lected is for the worst case. The purpose is to provide adequate 
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orrective action. It does not mean after the safety point the 
e immediately, it only means that after this point the risk of 
egin to increase. 
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CONCLUSIONS 
 

For a single cartridge or a small stockpile of CADs at 
normal storage conditions, the heat generated 
dissipates faster than it can cumulate. Based on 
the magnitude of the heat flow from Table 1 
and Figures 1-4, there is obviously no safety 
problem at all for a small stockpile of CAD. 
When a huge stockpile is involved the heat 
may not dissipate fast enough, especially for 
the stockpile stored at a very harsh 
environmental conditions. In this case, the 
potential hazard always exists.  Based on 
this concept, the propellant lot 1979 which 
obviously had problems even during the 
time of manufacturing process should be 
removed from the stockpile and destroyed..  
Figure 4a shows that the parent-daughter 
stabilizer transition point (curve) of lot 1979 
is shifting to the far end (almost 
disappeared) at the left side of  the heat flow 
curve (zero time position). This indicates the 
propellant is over-aged, and the effective 
stabilizer content is far below the point of 
safety requirement. At this point the matrix 
structure and mechanical properties of the 
nitrocellulose will begin (or had already 
begun) to degrade and deteriorate rapidly so 
the CAD will soon no longer meet the 
performance requirement. The condition for 
propellant lot 1975 is normal for its age, but 
since the condition now is at the borderline, 
my recommendation is not to use it. Lot 
1988 seems somewhat overaged for its time 
(based on the loading time) probably due to 
the aged propellant grains might be used at 
the loading time. However, it seems still 
good to use for a while. Lot 1990/1991 mix 
blend are fine and shall be used normally till 
next cycle of QE analysis (3-5 years?). 
 
As for how big is big enough for a stockpile 
to face real potential safety hazard?  Since 
1992, Crane has the capability to use  
thermal conductivity analyzer together with 
microcalorimeter to study the rate of heat 

dissipation, heat production and pressure 
build-up from an energetic system. Either 
thermal conductivity analyzer or 
microcalorimeter can measure the heat 
capacity data needed to calculate the 
temperature rising in the energetic system. 
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Environmental Implications of Pyrotechnic Training - Perchlorate Contamination 
 

Diane M. Curry, Jay L. Clausen, and Joseph Robb, AMEC Earth & Environmental, and Ben 
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Abstract  
 

A large-scale environmental 
investigation is being conducted at Camp 
Edwards on the Massachusetts Military 
Reservation to assess the impacts from 
military training.  Extensive soil and 
groundwater sampling has been conducted 
within an impact area as well as at firing 
locations, training ranges, and a demolition 
area. Ordnance training consisted of the 
firing of artillery, mortar, and pyrotechnic 
munitions. Recently, sampling for 
perchlorate was introduced and preliminary 
results indicate the presence of perchlorate 
in groundwater at several sites at Camp 
Edwards. Low-levels of perchlorate have 
been sporadically detected offsite within a 
public water supply wellfield. Additional 
soil and groundwater sampling is ongoing 
with analytical results pending. 
 
Introduction  
 

The Massachusetts Military 
Reservation (MMR) is a 21,000-acre facility 
located in the coastal towns of Bourne, 
Falmouth, Mashpee, and Sandwich in 
Barnstable County, Massachusetts (Figure 
1). Approximately 2,200-acres within Camp 
Edwards constitutes the Impact Area. The 
Impact Area contains targets at which 
artillery and mortars were fired during 
training activities. Numerous firing ranges, 
artillery and mortar positions, training areas 
and a demolition area surround the Impact 
Area.  

Military training activities at Camp 
Edwards began as early as 1911. The 
 

 
Figure 1 

 
level of activity has varied over its 
operational history and has included 
operations by the U.S. Army, U.S. Navy, 
U.S. Coast Guard, U.S. Air Force, 
Massachusetts Army National Guard, 
Massachusetts Air National Guard, and 
Veterans Administration. Training activities 
reached their peak during World War II 
when the facility was expanded to 
accommodate up to 30,000 troops. The U.S. 
Army operated the area until about 1974, at 
which time the area was turned over to the 
National Guard Bureau (NGB).   

 
The site lithology consists of 

outwash and moraine deposits in a 
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coarsening upwards sequence.  Poorly sorted 
coarse sand and gravel material is found at 
the ground surface to near bedrock.  The 
quantity of silt increases with depth and a 
thin till layer overlies bedrock in some 
places.  Depth to bedrock ranges from 250 
to 400 ft.   

 
Camp Edwards lies above the 

Sagamore Lens, which is a major 
groundwater recharge area and the most 
productive part of the Cape Cod Aquifer – a 
primary source of drinking water on Cape 
Cod. Groundwater flows radially in all 
directions at a rate of 1-2 feet per day from 
the apex of the Sagamore Lens, which is 
located to the southeast of the Impact Area. 
Depth to groundwater across the Camp 
Edwards site is approximately 120 feet.  
Because of the importance of the underlying 
aquifer and the uncertainties about potential 
impacts to groundwater, the U.S. 
Environmental Protection Agency (EPA) 
ordered a temporary cessation of artillery 
and mortar training activities at Camp 
Edwards in 1997. Extensive soil and 
groundwater sampling has been conducted 
at Camp Edwards since that time. The NGB 
has discontinued artillery and mortar 
training during the environmental 
investigation.   

 
Sampling for perchlorate in 

groundwater began in 2000 at the direction 
of the EPA. Preliminary results indicate 
impacts to groundwater as a result of 
military activities. Additional soil and 
groundwater sampling is ongoing with 
analytical results pending. 

 
Perchlorate Background 
 

Perchlorate (ClO4
-) is an inorganic 

anion. It can be introduced into the 
environment from the dissolution of 
perchloric acid and perchlorate salts 
(ammonium potassium, magnesium or 

sodium perchlorate). All of these 
compounds are very soluble under ambient 
environmental conditions. When perchlorate 
salts dissolve in water, the compounds 
dissociate. The cations, such as ammonium, 
potassium or sodium, can sorb to clay 
particles if present in the soil. However, the 
perchlorate anion absorbs weakly to most 
soil minerals and is very mobile in the 
aqueous environment. Perchlorate is very 
resistant to degradation as it is difficult to 
break the chloride-oxygen molecular bonds.  

 
Ammonium perchlorate is 

manufactured for use as an oxygen-adding 
compound in solid propellants for rockets, 
missiles, and pyrotechnics. Potassium 
perchlorate is used in delay compositions, 
flares, signaling devices, other pyrotechnics, 
smokes, and tracers. Records of munitions 
and pyrotechnics used at Camp Edwards 
suggest training activities may be a source 
of perchlorate. To date, there has been no 
evidence of a large release of liquid 
propellant containing perchlorate. However, 
there are at least two possible means by 
which perchlorate could have been released 
during military training activities: 1) 
dissolution of solid filler material exposed to 
the environment when unexploded ordnance 
items corrode or break open; and 2) 
incomplete utilization of propellant material 
during munitions firing or pyrotechnics use.   

 
Perchlorate can affect normal thyroid 

function as it interferes with the uptake of 
iodide by the thyroid gland, which helps to 
regulate metabolism. Neither a maximum 
contaminant level (MCL) nor a Lifetime 
Health Advisory (HA) exists at this time. 
Recently, the Massachusetts Department of 
Environmental Protection recommended a 
guideline of 1 part per billion (ppb) for 
drinking water. The EPA is currently 
developing a reference dose (RfD) for 
perchlorate (currently out for public 
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comment). The new RfD may result in a 
guidance value of 1 ppb. Currently, the EPA 
has a Provisional Action Level of 4 to 18 
ppb. The Action Level established by EPA 
for MMR is 1.5 ppb. This MMR-specific 
Action Level prompted the need for a lower 
Method Detection Limit (MDL). 
 
Development of Lower Method Detection 
Limits  

 
EPA Method 314 is currently being 

used to analyze for perchlorate in 
groundwater samples. This method, which 
utilizes ion chromatography, is an EPA-
approved method for unregulated 
contaminants (i.e., perchlorate) in drinking 
water. At the time the perchlorate sampling 
program for groundwater was being 
developed at Camp Edwards, most 
commercial laboratories using Method 314 
could achieve a MDL for water of 4 ppb. 
Therefore, before the perchlorate sampling 
could be initiated, the MDL for groundwater 
using Method 314 had to be at or below 1.5 
ppb.  

 
Because the Action Level established 

by the EPA for MMR was 1.5 ppb, a MDL 
study was performed which allowed a 
reduction in the MDL for perchlorate in 
groundwater from 4 ppb to 1.5 ppb. This 
lower MDL was achieved in August 2000 
and was used until September 2001. 
However, the EPA required a MDL of less 
than 1 ppb.  By October 2001, additional 
MDL studies had been completed that 
allowed a reduction in the MDL to 0.85 ppb. 
In November 2001, an MDL of 0.35 ppb 
was achieved and has been utilized since 
that time.  

 
The detection limit enhancements are 

a result of instrumental modifications, not 
changes in the analytical procedure (i.e, 
EPA Method 314). The lower MDLs were 

achieved by suppressing the noise in the 
instrument response signal, allowing peaks 
at lower concentrations to be detectable. 
Detections between the MDL and the 
current Practical Quantitation Limit (PQL) 
of 2 ppb are currently reported as estimated 
(J). However, plans have been made to 
modify the calibration procedure to achieve 
a PQL of 1 ppb, and allow detections greater 
than 1 ppb to be reported without the J 
qualifier. 
 
Detections of Perchlorate in Groundwater  
 

Sampling for perchlorate in 
groundwater at the MMR was initiated in 
August 2000. Since that time, perchlorate 
has been detected in the Impact Area and 
areas to the west, the J Ranges, and 
Demolition Area 1. The perchlorate results 
discussed below and presented in Figure 1 
refer to validated groundwater data received 
as of March 29, 2002.  

 
Perchlorate has been detected at 57 

different well locations, at 75 different well 
screens (some well had multiple well 
screens at different depths). Of these 75 well 
screens where perchlorate was detected, 44 
of the detections were above the EPA MMR 
Action Level of 1.5 ppb.    

 
Impact Area 
 

The Impact Area is located in the 
northern portion of the MMR and covers 
approximately 2,200 acres. The average 
depth to groundwater throughout the Impact 
Area is approximately 120 feet. Military 
training using targets located centrally 
within the Impact Area along Turpentine 
Road and Tank Alley Road began sometime 
in the early 1900s. The military training 
included the firing of various types of 
munitions such as artillery and mortar 
rounds.  Perchlorate is a constituent present 
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in the spotting charges for some artillery 
rounds, fuses for artillery and mortar rounds, 
illumination rounds, and pyrotechnics. 
 

The highest concentrations of 
perchlorate have been observed in a series of 
monitoring wells situated on Turpentine 
Road, which is centrally located within the 
Impact Area. Perchlorate has also been 
observed downgradient of this area. 
Perchlorate concentrations in groundwater 
have ranged from non-detect to 5.0 ppb.   
 

The Monument Beach Wellfield, 
which is located 2,000 feet outside of the 
western MMR boundary, supplies the town 
of Bourne with a portion of its drinking 
water and is located downgradient of the 
southern portion of the Impact Area. 
Monitoring well cluster, MW-80, is located 
on the western MMR boundary upgradient 
of sentinel wells for the Bourne public water 
supply wells. MW-80 has five well screens 
placed from the water table surface to 
approximately 130 feet below the water 
table (bwt). Because of its location relative 
to the Monument Beach Wellfield, MW-80 
was sampled during the initial round of 
perchlorate sampling in August 2000. 
Perchlorate was not detected at this time. 
MW-80 was resampled in August 2001, at 
which time perchlorate was detected 
approximately 90 feet bwt at a concentration 
of 1.7 ppb. Since the August 2001 detect, 
the well has been resampled three times. 
Perchlorate results have been consistent with 
an average concentration of 1.6 ppb. There 
are currently no wells upgradient of the 
MW-80 well cluster. However, perchlorate 
has not been detected in monitoring well 
clusters to the north and south of MW-80. 
Based on groundwater flow modeling and 
particle backtracking, the probable source 
area is the southern portion of the Impact 
Area. Groundwater flow modeling suggests 
the perchlorate contamination of the aquifer 

began 30 to 70 years ago, which generally 
agrees with site use. 

 
The Bourne public water supply 

wells, as well as the sentinel wells, have 
been sampled for perchlorate. Results in this 
area have been inconsistent with the 
exception of sentinel well 97-5, which is 
approximately 2,000 feet downgradient of 
MW-80. Unvalidated perchlorate detections 
have been below 1 ppb. However, the 
unvalidated groundwater data indicating the 
presence of perchlorate in three of the 
Bourne public water-supply wells has 
resulted in the cessation of pumping from 3 
of the 6 water-supply wells. 

 
Currently, monitoring wells are 

being installed in the Monument Beach 
Wellfield area to assess the distribution of 
perchlorate.  In addition, monitoring wells 
throughout the Impact Area are being 
resampled with the lower MDL to determine 
the extent and distribution of perchlorate in 
and downgradient of the Impact Area. 

 
In addition to the perchlorate found 

in the Impact Area, perchlorate has been 
found in groundwater at two other locations 
at Camp Edwards (Demolition Area 1 and 
the J Ranges). 

 
Demolition Area 1 
 

Demolition Area 1 (Demo 1) is 
located south of the Impact Area in the 
central portion of the MMR. Demo 1 is a 
topographic depression, or kettle hole, that 
covers approximately one acre at its base 
and is approximately 45 feet below the 
surrounding grade. Demo 1 was used as a 
heavy demolition site. It was used for the 
training of explosive ordnance disposal 
(EOD), and for the destruction of various 
types of unexploded ordnance (UXO), 
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pyrotechnics, and fireworks through open 
burning (OB) and open detonation (OD).  

 
Perchlorate has been detected in 

monitoring wells within and downgradient 
of Demo 1. The perchlorate plume is 
approximately 600 feet wide and 4,500 feet 
long. However, the downgradient and lateral 
extent of the perchlorate plume emanating 
from Demo 1 is still being delineated. In 
general, the highest perchlorate 
concentrations within the MMR have been 
observed within the Demo 1 plume. The 
maximum perchlorate concentration in 
groundwater detected at the source area is 
41 ppb. Preliminary soil results collected 
from within the source area suggest limited 
perchlorate remaining at concentrations less 
than 20 ppb. The highest perchlorate 
concentration in groundwater (300 ppb) has 
been observed in a monitoring well 
approximately 2,500 feet downgradient of 
the Demo 1 source area. This well is 
screened at approximately 45 feet bwt.  
 
J Ranges 
 

Perchlorate has also been detected in 
an area to the southeast of the Impact Area 
referred to as the J Ranges.  Theses ranges 
were used by contractors for munitions 
testing of rockets and artillery and mortar 

rounds.  Perchlorate has been detected in 
groundwater at concentrations ranging from 
non-detect to 310 ppb.  Investigation 
activities are in progress to determine the 
source of the perchlorate and its extent in 
groundwater. 
 
Conclusions  

 
Perchlorate has been detected in 

groundwater within and downgradient of an 
Impact Area used for artillery and mortar 
training. The extent and source of the 
perchlorate has not been identified.  
Groundwater flow modeling and particle 
backtracking generally agree with the 
history of site activities. 

 
Groundwater contamination is also 

evident at an OB/OD site where 
pyrotechnics, UXO, and fireworks were 
destroyed.  The perchlorate present in 
groundwater appears related to the OB/OD 
activities.   

 
A third area of perchlorate 

groundwater contamination is evident at a 
test range.  Perchlorate concentrations in 
groundwater are similar to those observed at 
Demo 1.  The higher perchlorate levels 
appear to be associated with more 
concentrated activities at a given location.
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A Small-scale Safety Test for Initiation Components* 

 
J. L. Cutting, C. Chow, H. Chau, R. L. Hodgin and R. S. Lee 

Energetic Materials Center 
Lawrence Livermore National Laboratory 

Livermore, CA  94550 
 
Introduction  

We have developed a small-scale 
safety test for initiation train components.  A 
low-cost test was needed to assess the 
response of initiation components to an 
abnormal shock environment and to detect 
changes in the sensitivity of initiation 
components as they age.  The test uses a 
disk of Detasheet1  to transmit a shock 
through a PMMA barrier into a the test 
article.  A schematic drawing of the fixture 
is shown in Fig. 1.   The 10-cm-diameter 
disk of 3-mm-thick Detasheet, initiated at its 
center by a RISI, RP-2 detonator, produces a 
shock wave that is attenuated by a variable-
thickness PMMA spacer (gap). Layers of 
metal and plastic above the test article and 
the material surrounding the test article may 

be chosen to mock up the environment of 
the test article at its location in a warhead.  
A metal plate at the bottom serves as a 
witness plate to record whether or not the 
test article detonated.  For articles 
containing a small amount of explosive, it 
can be difficult to determine whether or not 
a detonation has occurred.  In such cases, 
one can use a pressure transducer or laser 
velocimeter to detect the shock wave from 
the detonation of the article.  The assembly 
is contained in a 10-cm-ID section of PVC 
pipe and fired in a containment vessel rated 
at 100 g.  Test results are given for a 
hemispherical, exploding- bridgewire 
(EBW) detonator. 

 

 

 

 

 

 

Figure 1.  Schematic diagram of the 10-cm test fixture.  
*This work was performed under the auspices of the U.S. Department of Energy by the University of 
California Lawrence Livermore National Laboratory under contract No. W-7405-Eng-48 



 

 4

Experimental System 

We tested the concept of using sheet 
explosive in a gap test by measuring the 
attenuation of shock waves produced in a 
PMMA barrier by detonating Detasheet.  
We used a test fixture that was developed 
for small-scale performance tests on high 
explosives.  A photo and drawing of the 
fixture are shown in Fig. 2.  

As shown in Fig. 2, a 6.35-mm-
diameter, 3-mm-thick disk of Detasheet1, 
initiated by a RISI RP-2 detonator, 
transmitted a shock through a PMMA 

barrier into a LiF window.  The explosive 
components, LiF window and PMMA 
barrier were confined in a partially-reusable 
steel fixture that contained almost all of the 
debris from the shot.  The LiF window was 
15-mm in diameter and 5 mm thick.  There 
was a 13-µm-thick aluminum foil between 
the Detasheet and the LiF, from which we 
reflected a laser beam from a frequency-
doubled, YAG laser.  We could determine 
the velocity-time history of the interface 
from the Doppler

 

 

  

 

 

Figure 2.  Drawing and photo of the small-scale test fixture used to measure the shock wave 
transmitted through a PMMA barrier. 

 

 

 

 

 

 

 

 

 

Figure 3.  Velocity wave profiles measured on the axis of the small-scale test fixture.   
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shift of the reflected light, using a Fabry-
Perot laser velocimeter.  The front face of 
the window was inclined at an angle of 3o 
with respect to the rear face so that the front-
surface reflection was not collected by the 
velocimeter optics.  Figure 3 shows interface 
velocities measured for various thickness 
barriers.  These interface velocities gave 
calculated pressures in the LiF that were 
appropriate to the range of shock threats that 

we wished to consider (fragment impact or 
sympathetic detonation).  

Our next task was to measure the 
shock wave profiles transmitted across the 
PMMA gap in the 10-cm fixture shown in 
Figure 1.  For these measurements we 
reconfigured the fixture as is shown in Fig 4.  
Measured and calculated wave profiles for 
the 10-cm fixture are shown in Fig. 5.  

 

 

 

 

 

 

 

Figure 4.  10-cm Fixture configured for shock wave profile measurements. 

Figure 5.  Velocity wave profiles measured on the axis of the larger-scale fixture, compared with 
CALE-2D calculations.  Comparing with Fig. 3, we see that the velocity peaks 
measured in the larger experiment are only slightly higher and  the profiles are 
nearly the same.  The agreement between calculation and experiment is quite 
reasonable. 
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Calculations were made using the CALE 2D 
hydrodynamic code2.  The pressures 
measured on the axis of the 10-cm fixture 
were slightly higher, but very similar to 
those determined using the small-scale 
fixture.   

An advantage of the 10-cm-diameter 
fixture is that it can reproducibly shock load 
initiation components like detonators, leads, 
large boosters for insensitive munitions or 
even complete initiation trains.  The 10-cm-
diameter disk of Detasheet, has a mass of 
about 36 g, so the fixture is destroyed in the 
experiment, but is simple to build and uses 
low-cost materials.  Detonation of the 
Detasheet imparts a significant velocity to 
the rear plate, so if the fixture is used in a 
firing tank, appropriate shielding must be 
used to shield the tank walls.  If the 
component under test has sufficient 
explosive output, the fixture is configured as 

in Fig. 1, where a metal witness plate 
provides evidence of detonation or non-
detonation.   For small components, e.g. 
small detonators or slapper detonator pellets, 
it can be difficult to determine whether a 
detonation has occurred using a witness 
plate, so we use a configuration as in Fig. 4, 
where we use a laser beam to measure either 
the velocity of the metal case of the 
component, or the shock wave transmitted 
into a LiF window in contact with the 
component.  One can then easily distinguish 
between the effect of a detonation and the 
shock wave from the Detasheet. 

Test Results for a Hemispherical EBW 
Detonator 

 We have measured the initiation 
threshold for a hemispherical EBW 
detonator.  A drawing of the detonator is 
shown in Fig. 6. 

 

 

 

 

 

 

 

 

 

 

Figure 6.  Drawing of a hemispherical EBW detonator containing 0.93 g of PETN and 0.734 g 
of PBX-9407 (94%RDX/6% Exon 461 binder). 
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Figure 7.  Aluminum witness plate used in a gap test conducted on a hemispherical EBW 
detonator.  A dent in the witness plate indicates that the test article detonated.  
Circular spall around the edges is due to the shock wave from the Detasheet. 

 

 

 

 

 

 

   

 
Figure 8.  Gap test threshold data for a hemispherical EBW detonator.  Also plotted is the peak 

pressure curve (dotted line) with the pressure axis on the left. 
 
For this study we used a 12.7-mm-thick 
aluminum witness plate.  The criterion for 
detonation was a deep dent in the block and 
spall on the back side, opposite the test 
article.  Figure 7 shows a photograph of a 
witness block after the shot.  The radial spall 
was not due to the test article, but was 
produced by the shock wave from the 
detasheet. 

The Neyer protocol3 was used for 
choosing the sequence of gap thicknesses 
and the results are shown in Fig. 8.  
Threshold occurred at a gap thickness of 
about 6 mm at a peak pressure of about 3.5 
GPa.   

 

Summary and Conclusions 
 
 We have developed a small-scale 
safety test for initiation train components.  A 
test fixture has been designed in which a 10-
cm-diameter disk of 3-mm-thick Detasheet, 
initiated at its center by a RISI, RP-2 
detonator, produces a shock wave that is 
attenuated by a variable-thickness PMMA 
spacer (gap).  The detonator, confinement 
plates, PMMA spacer, test article and a 
metal witness plate are held in a low-cost, 
expendable fixture.  We have calibrated the 
test by measuring the wave profiles 
transmitted through a range of gap 
thicknesses, using a Fabry-Perot laser 
velocimeter.  Detonation of the test article is 
evidenced by a strong dent in the witness 
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plate.   For test articles too small to give a 
dent distinguishable from the deformation 
from the Detasheet, we use a laser beam, 
impinging on the test article, to determine 
the response.  Using the new test we have 
determined the initiation threshold of a 
utility, hemispherical EBW detonator.  The 
detonator, which contains low-density 
PETN and PBX-9407, initiated at and above 
a peak shock pressure of about 3.5 GPa. 
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ABSTRACT 
 

A new class of copolyurethane 
energetic thermoplastic elastomers (ETPEs) 
based on glycidyl azide polymer (GAP) was 
synthesised for use in new insensitive 
energetic materials. Work on insensitive 
melt-cast explosive formulations containing 
such ETPEs was performed at Defence 
Research and Development Canada 
(DRDC)-Valcartier. This effort led to the 
development of a new series of ETPEs to 
solve, amongst other problems, the increase 
in viscosity associated with the introduction 
of an ETPE in the formulation.  

 
The aim of the current work is to 

synthesise and characterize several ETPEs 
with a large spectrum of properties. The soft 
and hard segments are, respectively, a 
macrodiol (GAP) and an urethane group 
formed by the reaction of GAP hydroxyl 
groups with a diisocyanate. The hard 
segments self-aggregate to form rigid 
domains through hydrogen bonding. The use 
of chain extenders was also investigated.  

 
The polymerisation was carried out 

in bulk and, consequently, the reaction was 
done in one step. Several parameters were 
modified during the synthesis: the molar 
mass of GAP, the type of diisocyanate, and 
the chain extender. The available molar 
masses for GAP were 1300 and 2900 g/mol. 
Five diisocyanates were selected to compare 
the influence of their chemical nature on the 
final ETPE properties. Chain extenders were 

hydroxyl terminated telechelic hydrocarbons 
with a number of carbon atoms varying from 
4 to 6. 

 
 The influence of the molecular 
structure on the properties of the ETPEs was 
analysed. The structure of the ETPEs was 
determined by Infrared (IR) spectroscopy to 
characterize the hydrogen bonds between 
the hard segments and the rigid domains 
formed by their aggregation. Thermal 
properties were measured by differential 
scanning calorimetry (DSC) and Dynamical 
Mechanical Thermal Analysis (DMTA). 
Finally, the mechanical properties were also 
measured by DMTA for a limited number of 
samples because ETPEs without chain 
extenders did not have enough rigidity at 
ambient temperature. This study should lead 
to the selection of the best candidates for the 
intended application in melt-cast explosives. 
 
1. INTRODUCTION 
 

The majority of new explosive 
formulations for insensitive munitions are 
cast-cured plastic-bonded explosives. The 
manufacturing process is very different from 
that used in melt-cast operations. For a 
munition industry, this means major capital 
investments for new equipments and 
acquisition of new processing methods. 
Another major disadvantage is the 
cumbersome disposal of the non-recyclable 
cured explosives. There is then a need for a 
melt-cast explosive with a reduced 
vulnerability. 
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The idea of adding polymers to melt-
cast explosives is not new. Various 
polymers were added to melt-cast 
formulations in the past1-5. The 
incorporation of polymer in melt-cast 
formulation gives a rubbery behaviour to the 
final mixture. However, the polymers were 
often inert and a significant reduction in 
performance was observed. At Defence 
Research and Development Canada 
(DRDC)-Valcartier, insensitive melt cast 
explosive compositions containing 
thermoplastic elastomers were investigated6. 
The energetic content of ETPE compensates 
for the decrease of energy observed when 
using an inert polymer. Preliminary tests 
showed that the polymer reduced 
significantly the vulnerability of energetic 
formulations7.  

 
In this study, new Energetic 

Thermoplastic Elastomers (ETPE) based on 
Glycidyl Azide Polymer (GAP) with a wide 
range of properties were synthesised. The 
specific goals of this investigation were to 
prepare an ETPE with a high energy content, 
the lowest possible glass transition 
temperature and mechanical properties 
similar to those of chemically cross-linked 
binders. 
 
2. THEORY 
 

Thermoplastic elastomers are block 
copolymers that exhibit rubber-like elasticity 
without requiring chemical cross-linking. 
Block copolymers that behave as 
thermoplastic elastomers are copolymers of 
ABA, AB or (AB)n structure, where A and B 
are the hard and the soft segments8, 
respectively. The hard segment (glassy or 
semicrystalline at service temperature) gives 
its thermoplastic behaviour, whereas the soft 
segment (rubbery at service temperature) 
gives the elastomeric behaviour. The 
thermoplastic behaviour is the result of the 

formation of rigid domains by chain 
associations due to reversible interactions 
such as dipole-dipole interactions, hydrogen 
bonding, etc. The soft segments are 
incompatible with the hard segments, which 
leads to a microphase separation. Therefore, 
a thermoplastic elastomer behaves like a 
rubber because it is cross-linked in the same 
manner as a conventional elastomer, but 
with reversible physical cross-links instead 
of chemical ones. A TPE can thus be heated 
above the transition temperature or 
dissolved in a solvent, then mixed with other 
components of a formulation, and processed. 
Cooling the TPE or evaporating the solvent 
let the broken physical cross-links re-form 
and the elastomeric properties are recovered. 
Depending on the processing technique used 
to prepare a gun or rocket propellant, or an 
explosive formulation, steps such as cooling 
or evaporating the solvent can allow the 
TPE physical bonds to re-form and give the 
final material. This also means that a 
formulation containing a TPE, when 
obsolete, could be heated above the 
transition temperature or dissolved, allowing 
the recovery of the ingredients that could be 
separated. Therefore, the use of a TPE will 
lead to recyclable energetic materials. 
 

Energetic thermoplastic elastomers 
represent the next generation of energetic 
binders. Since they mimic the elastomeric 
behaviour of conventional binders, they can 
lead to insensitive munitions and increase 
the energy of the formulations; since they 
can be recuperated, thus leading to 
recyclable munitions. Thermoplastic 
elastomers (TPEs) exhibit several 
advantages over conventional binders. They 
do not have to be cured, so there is no 
possibility of missed batches; they are 
reusable and reprocessed a number of times; 
they can also be solvated by organic 
solvents, so surplus material can be 
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recuperated, cleaned and used again. 
Therefore the recycling of TPEs is possible. 

 
Polyurethane chemistry is well 

known9-10. Urethane groups are obtained 
when an hydroxyl group is reacted with an 
isocyanate group. Water also reacts with 
isocyanates at a rate similar to a secondary 
hydroxyl group, yielding a carbamic acid 
which decomposes to liberate carbon 
dioxide in the matrix (entrapped bubbles) 
and forms an amine group which is much 
more reactive than a primary hydroxyl 
group. This amine group reacts faster than 
hydroxyl groups with isocyanate, yielding 
an urea group which introduces rigidity and 
brittleness to the polyurethane. Moreover, 
the urea group can react with a second 
isocyanate to give a biuret group, 
introducing covalent cross-linking between 
two polymer chains. To obtain a linear 
copolyurethane without bubble formation 
and covalent cross-linking, the presence of 
water must be avoided. 

 
An important aspect of the 

polyurethane chemistry is the concentration 
of isocyanate and hydroxyl groups, i.e., the 
NCO/OH ratio. An excess of isocyanate 
leads to covalent cross-linking by 
allophanate group formation or biuret 
formation, if water is present. An excess of 
hydroxyl groups causes an incomplete 
reaction and poor mechanical properties. 
Thus, the NCO/OH ratio has a direct impact 
on the molecular weight of the polyurethane 
and on the mechanical properties. To obtain 
polyurethane elastomers, covalent cross-
linking is needed, using a triol or 
triisocyanate. The NCO/OH ratio can also 
be adjusted above unity to increase the 
cross-linking density. At DRDC, this type of 
polymerisation was extensively studied with 
GAP to obtain a wide variety of thermoset 
binders with cross-linked chemical 
structures11-19. Theoretically, when a diol is 

reacted with a diisocyanate at a precise 
NCO/OH ratio equal to unity, a linear 
copolyurethane with a high molecular 
weight is obtained. 

 
Cooper et al. polymerised poly 

(tetramethylene oxide), a dihydroxyl 
terminated telechelic polyether, as the diol, 
with methylene-bis-phenylisocyanate 
(MDI)8, 20-21. They found that the copolymer 
is a copolyurethane thermoplastic elastomer 
where the hard segment results from 
hydrogen bonding between the urethane 
groups. Telechelic polyesters were also used 
to synthesize copolyurethane thermoplastic 
elastomers, according to the same 
principles8, 22-25. It was decided here to apply 
this chemistry to linear glycidyl azide 
polymers to obtain energetic copolyurethane 
thermoplastic elastomers. 

 
GAP having a functionality of two or 

less was used as a macromonomer and was 
polymerised with (MDI) at a NCO/OH ratio 
of 1, to produce a linear copolyurethane 
thermoplastic elastomer which was not 
chemically cross-linked. This was obtained 
using highly controlled conditions. The 
NCO/OH ratio must be about 1 to avoid 
chemical cross-linking between the chains, 
and to obtain the best reproducible 
copolymer. In this copolymer, the 
elastomeric B segment was provided by the 
amorphous GAP, and the thermoplastic A 
segment was provided by the urethane 
moieties. Each urethane group within the 
copolymer is capable of forming hydrogen 
bonds with the oxygen of another urethane, 
or with the oxygen of an ether. By doing so, 
physical cross-links are obtained between 
the chains and, as a result, an energetic 
copolyurethane thermoplastic elastomer is 
obtained (Fig. 1). 
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Figure 1: Copolyurethane thermoplastic 

elastomer: Hydrogen bonds between hard 
segments 

 
GAP of molecular weight 900, 1300 

and 2900 g/mol can be used to build the 
energetic copolyurethane thermoplastic 
elastomers. The soft domains related to the 
GAP segments correspond to the amorphous 
phase. According to the chemistry and 
structure of the copolymers, hard segment 
contents are fixed by the urethane chemistry; 
10, 20 and 40% hard segment contents were 
obtained using GAP with molar masses of 
2900, 1300 and 900 g/mol, respectively, as 
the prepolymers. The energetic content of 
ETPEs increases with the molar mass of 
GAP (prepolymer). The hard segment 
percentage in the copolymers has a strong 
effect on the mechanical properties. It would 
be interesting to vary the hard segment 
content. By using chain extenders that are 
low molecular weight diols, one can vary the 
hard segment content if the NCO/OH ratio is 
kept at 1. When chain extenders are present, 
they bind to diisocyanate units and make the 
hard segment domains larger, thereby 
increasing the mechanical properties. 
Therefore, this technology led to a wide 
variety of energetic thermoplastic elastomers 
with different mechanical properties.  
 
3. EXPERIMENTAL 
 
3.1 Copolyurethane synthesis 
 

The energetic thermoplastic 
elastomers (ETPEs) were copolyurethanes 
obtained by bulk polymerisation of GAP, an 
energetic prepolymer, with five selected 
diisocyanates and with three different chain 
extenders. The molar masses of GAP used, 
of which the GAP repeat units can be 
observed in Figure 2, were 900, 1380 and 
2900 g/mol. Figure 3 lists the diisocyanates 
chosen. 2,3-butanediol (BU), 2,4-
pentanediol (PE) and 2,6-hexanediol (HE) 
were used as the chain extenders. GAP is a 
polyether with secondary alcohol groups at 
the end of the chains and, consequently, the 
use of chain extenders with secondary 
alcohol groups only is important to insure 
complete ETPE bulk polymerisation. Since 
primary alcohol groups are ten times more 
reactive than secondary alcohol groups, 
chain extenders with primary alcohol groups 
would react only with diisocyanates to leave 
the GAP unreacted. GAP with a molar mass 
of 2900 g/mol (lot L-9961) came from 3M 
Company, while GAP with a molar mass of 
1300 g/mol was synthesised at DRDC-
Valcartier from polyepichloridryn (PECH)6. 
This last polymer was obtained with 
epichloridryn with a purity of 99% from 
Aldrich. Diisocyanates and chain extenders 
were purchased from Aldrich with purities 
of 98 and 99%, respectively. 
 
 
 
 

 
Figure 2: GAP repeat unit in the polymer 

chain 
 
 

GAP was heated at 60-70 ºC and 
dried under vacuum. A Karl Fischer titrator 
was used to evaluate the amount of water in 
the prepolymer. Water, even in traces, 
caused the formation of cross-links in the 
ETPE. The ambient humidity was also 
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verified regularly because it was found that 
the polymerisation of linear ETPE could not 
be achieved when the percentage of 
humidity was higher than 60 %. When the 
GAP was completely dry, the 
polymerisation could be performed. The 
reagents were mixed at a NCO/OH equal to 
1 in a plastic cup, inserted in a dessicator 
and placed in an oven at 60 ºC. The order of 
reactivity of the diisocyanates is MDI > TDI 
> IPDI ~ HMDI > H12MDI.  
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 

Figure 3: a) Methylenebis(phenyl 
isocyanate (MDI)  

b) Methylenebis(cyclohexyl isocyanate) 
(H12MDI) c) Tolyene diisocyanate (TDI) 

d) Isophorone diisocyanate (IPDI)            
e) Hexamethylene diisocyanate (HMDI) 

 
 
Infrared spectroscopy was performed 

to verify the extent of the reaction; the 

absence of the isocyanate peak at a 
frequency of 2269 cm-1 (NCO elongation) 
confirmed that the reaction was completed. 
The final ETPE was dissolved in ethyl 
acetate and passed through a 45-micron 
filter to verify that it was not cross-linked.  

 
In this document, the following 

nomenclature will be used: the name of the 
ETPE will include information about the 
reagents used during the polymerisation. 
GAP1 and GAP2 will be, respectively, the 
GAPs with a molar mass of 1300 and 2900 
g/mol. Following the type of GAP, the 
diisocyanate acronym will be given, 
followed by the chain extender represented 
by the letters BU, PE and HE for 2,3-
butanediol, 2,4-pentanediol and 2,5-
hexanediol, respectively. As an example, a 
copolyurethane named GAP2/H12MDI will 
be synthesised from GAP having a molar 
mass of 2900 g/mol, reacted with H12MDI. 
Similarly, a copolyurethane synthesised with 
GAP2, MDI and 2,3-Butanediol will be 
named GAP2/MDI/BU.  

 
2.2 Characterization of the polymers 
 
 The number-average (Mn) and 
weight-average (Mw) molecular weights of 
prepolymers and ETPEs, and the 
polydispersity index were determined by gel 
permeation chromatography (GPC). The 
apparatus was a Hewlett-Packard GPC 
model 1100. Styragel columns # 2 and 4 
from Waters placed in series (separation 
range between 1000 and 500000 g/mol), and 
a differential refractometer as the detector 
composed the system. The concentration of 
the ETPE solution was 0.1% (1 mg/ml) in 
Optima grade Tetrahydofuran (THF). 
Monodisperse polystyrenes from Agilent 
were used as standards.  
 

The glass transition temperature was 
measured with a Perkin-Elmer DSC7 

a) 
 
 
 

b) 
 
 
 

c) 
 
 
 
 
 

d) 
 
 
 
 
 

e) 
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apparatus according to the ASTM D 3418-
99 method26. A stream of helium was 
circulated in the sample cell to obtain an 
inert atmosphere. The baseline was 
calibrated between –85 and 20 °C using 
Indium as the calibration standard. All scans 
proceeded at a rate of 20°C /min.  

 
Infrared spectroscopy was performed 

using a Nicolet Infrared spectrometer model 
Magna 560. A BaF2 cell was used as the 
sample support. The polymer layer was 
coated on the cell by solvent evaporation. 
The ETPE solution was prepared with 
chloroform as the solvent. The concentration 
was adjusted to obtain absorbances below 
but as close as possible to 1. The spectra 
were analysed with the Grams version 4.01 
software from Galactic industries. A 
baseline correction was made in the region 
where the curve fit was applied. The 
separation of the peaks was possible with 
the curve fit analysis and this function 
allowed also for the calculation of the 
relative areas of separated peaks. 
 

The mechanical properties were 
measured with a DMTA model V apparatus 
from Rheometrics Scientific. Temperature 
ramp tests were performed at a frequency of 
1 Hz in a temperature range from –45 to 
100ºC. A constant heating rate of 2 ºC/min 
was used, and measurements were taken at 
1ºC intervals. The chosen geometry was the 
round shear sandwich and the sample 
dimensions were 2 mm in thickness and 5 
mm in diameter. The strain was 0.02 % 
between –45 and 0 ºC, and 0.3 % between 0 
and 100 ºC. 
 
3. RESULTS AND DISCUSSION 
 
3.1 Synthesis of ETPE 
 

The polymerisation of ETPEs was 
made by mixing the GAP and the 

diisocyanate with or without a chain 
extender. A schematic of the reaction is 
presented in Figure 4. For bulk 
polymerisation, a one-step method was the 
only possibility, while for polymerisation in 
solution, reagents could be incorporated in 
the medium in different orders; if the chain 
extender was introduced in a second step, 
the reaction between the GAP and the 
diisocyanate had already started and the role 
of the chain extender was to extend the 
chain length and, consequently, to increase 
the molar mass of the ETPE. In this study, 
only bulk polymerisation of ETPEs was 
performed. The polymerisation in solution 
will be performed in a forthcoming study. 
When GAP and the diisocyanate were mixed 
without chain extender, the resulting 
polymer chain was an addition of alternated 
repeat units, while when a chain extender 
was used, the repeat units distribution was 
determined by a random addition of chain 
extenders and GAP segments.  
 

To obtain a linear ETPE, it is critical 
to optimize the ratio of the reactive groups, 
i.e. the isocyanate (NCO) group associated 
to the diisocyanate and the OH groups 
associated to the GAP, and the chain 
extender. When only GAP and a 
diisocyanate were mixed, the quantities were 
calculated to obtain a NCO/OH ratio equal 
to 1. However, the reaction was always 
made at a ratio slightly lower than 1 to 
insure than no chemical cross-linking 
occurred between polymer chains; an excess 
of NCO groups would lead to reticulation. 

 
As will be discussed later, there are 

many advantages associated with the use of 
GAP2 as compared to GAP1 to synthesise 
ETPEs (higher energy content, lower glass 
transition temperature). However, ETPEs 
made from GAP2 are soft and adhesive 
rubbers. Chain extenders were used to 
simulate the rigidity of ETPEs prepared 
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from GAP1 (1300 g/mol) and a 
diisocyanate. The use of chain extenders 
allowed to increase the hard segment content 
to 20% as in ETPE based on GAP1. The 
masses of the three reagents were adjusted 
to obtain a NCO/OH ratio equal to 1. The 

number-average (Mn) and weight-average 
(Mw) molecular weights of the synthesised 
ETPEs are situated between 20 000 and 35 
000 g/mol, and 60 000 and 150 000 g/mol, 
respectively, with a polydispersity index 
between 3 and 4. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4: Scheme of the one-step polymerisation of ETPE (polyurethane) 
 
 

3.2 Infrared Spectroscopy Analysis 
 
 As it was explained in section 2, 
urethane groups form Hydrogen bonds, 
leading to physical cross-linking between 
the chains, which results in hard domains 
formation. Hydrogen bonds are formed 
between the NH of the urethane and the 
oxygen of a carbonyl group (urethane) or an 
ether group (GAP). Consequently, physical 
cross-linking is created between hard 
segments (urethane) (see Figure 1), or 
between the hard and the soft segments 
(GAP). The two vibration bands observed 
on the infrared spectrum at frequencies of 
3450 and 3320 cm-1 are associated to the NH 
bonded groups and to free NH groups, 
respectively. The carbonyl group also gives 
two peaks at a frequency of 1608 cm-1 for 
the bonded CO and of 1632 cm-1 for the free 
CO groups.  

  
The integration of these peaks 

obtained for the ETPE synthesised with and 
without chain extenders was measured. With 
the area of each peak, the percentage of free 
and bonded NH and CO groups was 
calculated27. Consequently, the percentage 
of Hydrogen bonds between two urethanes 
(hard segment-hard segment bonds) 
corresponding to the percentage of CO 
groups bonded was obtained. The 
percentage of bonds between urethane and 
ether of the GAP segment was obtained by 
substracting the percentage of the CO 
bonded to the percentage of the NH bonded.  
 

Table 1 shows that ETPEs based on 
GAP1 have a higher percentage of urethane-
urethane Hydrogen bonds than ETPEs based 
on GAP2. It is suggested in this study that 
the higher percentage of urethane-urethane 
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bonds for ETPEs based on GAP1 (as 
compared with GAP2) is attributed to the 
chain length of GAP. It was easier to group 
urethane segments spaced with 10 GAP 
repeat units than with a chain containing 29 
GAP repeat units. As will be observed in 
section 3.3, the glass transition temperature 
was also influenced by the content of 

urethane segments in the chain. The rigidity 
of ETPEs with GAP1 was also affected by 
the hard segment content in polymers. 
However, the percentages observed for an 
ETPE with the same diisocyanate were 
around 56 and 36% of urethane-urethane 
bonds for GAP1 and GAP2 series, 
respectively.  

 
Table 1: Characterisation of Hydrogen bonding in ETPE without chain extenders 

 
Sample NH 

free 
(%) 

NH 
bonded 

(%) 

CO 
free 
(%) 

CO 
bonded 

(%) 

Urethane (NH)-
Urethane (CO) 

bonds 
(%) 

Urethane (NH)-
Ether (COC) 

bonds 
(%) 

GAP1/MDI 23 77 40 60 60 17 
GAP1/TDI 25 75 46 54 54 21 
GAP1/IPDI 23 77 41 59 59 18 
GAP1/HMDI 11 89 48 52 52 37 
GAP1/H12MDI 21 79 44 56 56 23 
GAP2/MDI 16 84 64 36 36 48 
GAP2/TDI 21 79 66 34 34 45 
GAP2/IPDI 19 81 59 41 41 40 
GAP2/HMDI 34 66 66 34 34 32 
GAP2/H12MDI 17 83 64 36 36 47 

 
Table 2: Characterisation of Hydrogen bonding in ETPE with chain extenders 

 
Sample NH 

free 
(%) 

NH 
bonded 

(%) 

CO 
Free 
(%) 

CO 
bonded 

(%) 

Urethane (NH)-
Urethane (CO) 

bonds 
(%) 

Urethane (NH)- 
Ether (COC) 

bonds 
(%) 

GAP2/MDI/BU 28 72 41 59 59 13 
GAP2/MDI/PE 21 79 41 59 59 20 
GAP2/MDI/HE 25 75 42 58 58 17 
GAP2/TDI/BU 20 80 41 59 59 21 
GAP2/TDI/PE 21 79 42 58 58 21 
GAP2/TDI/HE 20 80 38 62 62 18 
GAP2/IPDI/BU 21 79 42 58 58 21 
GAP2/IPDI/PE 22 78 40 60 60 18 
GAP2/IPDI/HE 21 79 41 59 59 20 
GAP2/HMDI/BU 25 75 48 52 52 23 
GAP2/HMDI/PE 13 87 33 67 67 20 
GAP2/HMDI/HE 16 84 27 73 73 11 
GAP2/H12MDI/HE 26 74 44 56 56 18 
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Table 2 presents the results of ETPE 
based on GAP2 synthesised with chain 
extenders. The percentages of the urethane-
urethane Hydrogen bonds are similar as 
those obtained for ETPE based on GAP1 
without chain extender. The introduction of 
chain extenders generated a more localized 
hard domain favoring a higher content of 
urethane-urethane bonds with GAP2 and, 
consequently, an improvement in the 
polymer rigidity. Therefore, ETPEs with 
GAP2 having higher energy content than 
ETPE based on GAP1 was obtained with 
similar rigidity. The mechanical properties 
will be studied in section 3.4. The rigidity 
factor is important for the incorporation of 
polymer in melt-cast formulation and for the 
mechanical properties of the final energetic 
product, as in gun propellant applications.  

 
3.3 Thermal Analysis 
 

The ETPEs were analysed by 
differential scanning calorimetry (DSC) and 
thermogravimetric analysis (TGA). The 
analyses were made to determine the 
influence of the molar mass of GAP, of the 
chemical nature of the diisocyanate, and of 
the presence of a chain extender on the 
thermal properties.  

 
The samples were amorphous and, 

consequently, only the glass transition 
temperature was observed on the DSC 
curves. The glass transition temperatures of 
ETPEs without chain extenders are given in 
Table 3.  
 

All ETPEs based on GAP2 have a 
Tg lower than those based on GAP1. It is 
known that the glass transition temperature 
decreases as the chain mobility increases. 
The shorter the GAP chains, the closer are 
the interchain Hydrogen bonds (physical 
cross-links). Hydrogen bonds are separated 
by approximately 13 and 30 repeat units of 

GAP into ETPEs based, respectively, on 
GAP1 and GAP2 (the molar mass of the 
repeat unit of GAP is 99 g/mol).  
 

Table 3: Glass transition temperature 
(Tg) of ETPEs without chain extenders 

 
ETPE (based 
on GAP1) 

Tg 
(ºC) 

ETPE (based 
on GAP2) 

Tg 
(ºC) 

GAP1/MDI -22 GAP2/MDI -40 
GAP1/TDI -30 GAP2/TDI -42 
GAP1/IPDI -32 GAP2/IPDI -43 
GAP1/HMDI -40 GAP2/HMDI -47 
GAP1/H12MDI -32 GAP2/H12MDI -42 
 

Moreover, the values obtained with 
the different diisocyanates were compared. 
For ETPEs based on GAP1, the glass 
transition temperature varies in the 
following order: MDI > TDI > IPDI ~ 
H12MDI > HMDI, while the order was MDI 
> TDI ~ IPDI ~ H12MDI > HMDI when 
GAP2 was used. The lowest Tg value was 
obtained in both series with hexamethylene 
diisocyanate (HMDI). The structure of this 
diisocyanate (see Fig. 1) can explain those 
results, since HMDI is an aliphatic 
hydrocarbon chain with six carbon atoms 
having more degrees of freedom. For the 
other diisocyanates, in view of their 
chemical structure, it is easy to understand 
that the mobility of chains is more restricted 
since aromatic and aliphatic cyclic ring have 
less degrees of freedom and, consequently, 
the Tg is higher than for the ETPE based on 
HMDI. The GAP1/MDI sample has a Tg 10 
ºC higher than that of the other ETPEs based 
on GAP1 and this is explained by the fact 
that aromatic rings have a tendency to 
aggregate, introducing more rigidity to the 
copolymer. It is also possible to observe that 
the influence of the diisocyanate is less 
important for ETPEs based on GAP2 than 
those based on GAP1. In fact, the difference 
between the highest and lowest Tg’s for the 
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GAP1 and GAP2 samples series were 18 
and 7 ºC, respectively.  

 
 ETPEs with chain extenders were 
also analysed. Three different chain lengths 
were used: four, five and six carbon atoms. 
Only one molar mass of GAP (GAP2) was 
used for these syntheses since only the 
rigidity of ETPEs based on GAP2 would 
have to be improved.  
 
 It is possible to observe important 
variations in the glass transition 
temperatures presented in Table 4. Even if it 
is difficult to see a trend, the values obtained 
for ETPE with HMDI seem to be higher 
than the other Tg’s. Moreover, for ETPE 
synthesised with an aromatic diisocyanate 
(MDI and TDI), the ETPE with pentanediol 
as chain extender has the lowest Tg value 
compared with the ETPE prepared with 
butanediol and hexanediol, which have 
similar Tg. In the literature, some studies 
showed that the chemical properties are 
affected when a chain extender with an odd 
number of carbon atoms is used compared to 
a chain extender with an even number of 
carbon atoms. The Tg of ETPEs prepared 
with aliphatic diisocyanates are not affected 
by the number of carbon atoms in the chain 
extenders, except for the sample 
GAP2/IPDI/HE, that has a Tg higher than 
the two others samples based on IPDI. 
 

Dynamic Mechanical Thermal 
Analysis (DMTA) can also measure the 
glass transition temperature. Preliminary 
analyses were performed on ETPEs to study 
the variation of the mechanical properties 
between four selected ETPE samples 
(section 3.4). The glass transition 
temperatures obtained by DMTA and DSC 
are compared in Table 5.  
 
 

Table 4: Glass transition temperature 
(Tg) for ETPEs with chain extenders 

 
Sample Tg 

(ºC) 
GAP2/MDI/BU -33 
GAP2/MDI/PE -44 
GAP2/MDI/HE -33 
GAP2/TDI/BU -26 
GAP2/TDI/PE -31 
GAP2/TDI/HE -27 
GAP2/IPDI/BU -37 
GAP2/IPDI/PE -38 
GAP2/IPDI/HE -31 
GAP2/HMDI/BU -44 
GAP2/HMDI/PE -44 
GAP2/HMDI/HE -45 
GAP2/H12MDI/HE -40 

 
  

Table 5: Glass transition temperature 
(Tg) for selected ETPE samples by two 

methods: DSC and DMTA 
 

Sample Tg 
(DSC) 
(ºC) 

Tg1 
(DMTA) 

(ºC) 

Tg2 
(DMTA)

(ºC) 
GAP1/MDI -22 + 7 -2 
GAP2/MDI -40 -14 -23 
GAP2/MDI/PE -44 -14 -29 
GAP2/MDI/HE -33 -1 -17 
1) Measured at the peak maximum of tan δ 
2) Measured at the peak maximum of G’’ curve 
 
 

The results obtained by DMTA 
analysis are higher than those obtained by 
DSC. The values measured at the G’’ peak 
are closer to the values measured in DSC. 
The choice of the tan δ or G’’ peak is 
debatable. However, the variation between 
the Tg values of different polymers is 
clearly similar. The Tg measurements of 
GAP1/MDI and GAP2/MDI have a 
difference of 18 and 21 ºC when obtained by 
DSC and DMTA, respectively. Moreover, 
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the Tg values of GAP2/MDI and 
GAP2/MDI/PE are very similar in both 
methods. Finally, the Tg of GAP2/MDI/HE 
obtained by DMTA is 13 ºC higher than the 
Tg of GAP2/MDI/PE. This difference is also 
observed by DSC. 
 
3.4 Mechanical Properties Analysis  
 

Four selected ETPEs were chosen 
for this analysis. GAP1/MDI and 
GAP2/MDI, that showed interesting 
characteristics for the intended applications, 
both have advantages and disadvantages. 
GAP1/MDI is more rigid (it keeps its form 
at ambient temperature), but has a high Tg 
as compared with ETPEs based on GAP2. 
GAP2/MDI has a low value of Tg (- 45 ºC) 
and a high-energy content, but does not have 
as rigidity as GAP1/MDI. To improve this 
last parameter in ETPEs based on GAP2, 
chain extenders were incorporated in the 
reaction. Two ETPEs with chain extenders 
(GAP2/MDI/PE and GAP2/MDI/HE) were 
chosen for this analysis. GAP2/MDI/PE 
seems to have a mechanical behaviour 
similar to GAP1/MDI and a Tg similar to 
GAP2/MDI. Finally, GAP2/MDI/HE was 
compared with GAP2/MDI/PE to determine 
the influence of the chain extender length 
(hexanediol has one more carbon atom than 
the pentanediol).  

 
Figure 4 shows the variation of the 

storage (G’) and the loss moduli (G’’) with 
temperature for the GAP1/MDI. At room 
temperature, G’ (5 x 105 Pa) is much larger 
than G’’, which explains that it keeps its 
form. This is true below 65 ºC, at which 
point it becomes softer and the loss modulus 
becomes larger. The value of the storage 
modulus is high, even at 100 ºC.    

 
Figure 5 demonstrates that the ETPE 

based on GAP2 and MDI gives a polymer 
that does not really have a solid structure 

(G’ < G” over the range of temperatures 20-
100 °C). It is soft (G’= 0.7 x 105 Pa at 25 
°C) but exhibits good elongation. The 
polymer made of GAP, MDI and hexanediol 
shows a similar behaviour (GAP2/MDI/HE), 
except that the values of the moduli are 
higher (G’=3.3 x 105 Pa at °C), which means 
that it is stiffer (Fig. 6). Again, G’ is smaller 
than G” over the range 45-100 °C. This 
makes the polymer to behave essentially as a 
more viscous version of GAP2/MDI, with a 
much higher glass transition temperature.  
 

 
 
 
 

 
 

 
 
 
 
 
 
 
 

Figure 4: Storage and loss moduli of 
GAP1/MDI as a function of temperature. 

 
The polymer based on GAP, MDI 

and pentanediol (GAP2/MDI/PE) has a very 
different behaviour (Figure 7). First, its Tg 
is much lower than the same product with 
hexanediol. Second, the values of G’ are 
higher than those of G” below about 65°C, 
which means that it behaves essentially as a 
cured elastomer and keeps a stable three-
dimensional structure. Finally, the values of 
storage modulus (G’=1.5 x 105 Pa at 25°C) 
are higher than those of GAP2/MDI but 
lower than those of GAP1/MDI. Around 
80°C, it is assumed that the numerous 
Hydrogen bonds breaks and this translates 
into a rapid reduction of the value of the 
storage modulus. This assumption will be 
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verified in future works by infrared 
spectroscopy measurements carried at 
different temperatures.  

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 5: Storage and loss moduli of 
GAP2/MDI as a function of temperature. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6: Storage and loss moduli of 
GAP2/MDI/HE as a function of 

temperature 
 
 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 7: Storage and loss moduli of 
GAP2/MDI/PE as a function of 

temperature 
 
 
4. CONCLUSION 
 

Energetic thermoplastic elastomers 
synthesised by bulk polymerisation with a 
wide range of properties were obtained. Two 
different molar masses of GAP were used, 
1300 and 2900 g/mol, named GAP1 and 
GAP2, respectively. The rigidity of ETPEs 
based on GAP1 (ETPE1) is more interesting 
than those of ETPEs based on GAP2 
(ETPE2) for the intended applications. The 
disadvantages of ETPE1 are its higher Tg 
value and its lower energy content as 
compared to ETPE2. The value of Tg is a 
critical parameter to sustain operations at 
low temperatures. ETPE2 has a low Tg and 
a high-energy content, but its adhesive 
character and low rigidity make its 
incorporation in formulations very difficult. 
To solve these problems, chain extenders 
were used during the synthesis of ETPEs.  
 

Thermoplastic elastomers are known 
to form Hydrogen bonds between the chains. 
These physical cross-links give 
characteristic properties to the TPEs. Two 
kinds of Hydrogen bonds are formed: 
between urethane segments (NH and CO 
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groups) and between an urethane (NH 
group) and an ether (COC group). The 
percentage of these bonds in the polymer 
was characterized by infrared spectroscopy. 
The rigidity of the matrix is directly related 
to the urethane-urethane bonding, which 
forms physical links between hard segments. 
It was found that ETPE1 based on GAP1 has 
a higher urethane-urethane bond content 
than ETPE2. ETPE2 with chain extenders 
contains the same percentage of urethane-
urethane bonds than ETPE1.  
 

A large range of Tg values (between 
–26 and –45 ºC) were obtained for ETPEs 
synthesised with chain extenders. One of 
them, GAP2/MDI/PE, has a Tg value (-44 
ºC) and a mechanical behaviour suitable for 
our applications. It was demonstrated by 
DMTA that ETPEs synthesised with chain 
extenders have storage modulus values 
situated between ETPE1 and ETPE2 without 
chain extenders. Therefore, the rigid 
character of GAP1/MDI is not obtained, but 
GAP2/MDI/PE behaves like as a cross-
linked polymer. This behaviour can 
probably be attributed to the nature of the 
diisocyanate (aromatic) and the odd number 
of carbon atoms in the chain extender that 
creates a specific alignment of the chains. 
This remains to be proven.  

 
Finally, this study demonstrates that 

this technology can lead to polyurethanes 
with a large spectrum of properties. It should 
be possible to do similar studies with other 
energetic polymers, such as Polynimmo and 
Polyglyn, to obtain ETPEs with a different 
behaviour than with GAP. Moreover, the 
properties are adjusted for insensitive melt-
cast applications, but these polymers can be 
used in many other fields, such as 
pyrotechnics, and gun or rocket propellants.    
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ABSTRACT 
 

The research area of polymer 
nanocomposites (PN) has been growing 
rapidly in the last ten years due to impressive 
improvements of the composite 
characteristics when nanoparticles are mixed 
with polymers. Recent studies have 
demonstrated that PN exhibit better properties 
than regular polymer composites, such as 
improved mechanical properties, thermal 
properties, ageing properties, and a reduced 
flammability. These nanocomposites can also 
be interesting for energetic materials and 
research on energetic PN has been initiated.  

 
The aim of the present study was to 

produce PN using linear energetic 
copolyurethane thermoplastic elastomers 
(ETPE) based on GAP mixed with a 
commercially available nanometric 
aluminium (Alex). This aluminium 
nanopowder was chosen because DRDC-
Valcartier has already used it for performance 
studies in energetic materials. It was 
demonstrated in the literature that 
nanocomposites exhibit better properties than 
classical composites, while containing less 
solids. 

The formation of PN resulted in a 
product less adhesive with improved elasticity 
and strength. Therefore, the PN was easier to 
use, to handle, and to process than the original 
ETPE. The percentage of Alex was adjusted 
to obtain the optimum mechanical properties.  

 

The properties of the nanocomposite 
ETPE/Alex were also compared with those of 
the ETPE alone, and of the composite 
ETPE/Al (micrometric). Thermal and 
mechanical properties of these compounds 
were studied. The beneficial effects of the 
nanopowder on the material properties are 
highlighted. These results indicate that the PN 
can be considered for future applications in 
energetic material, such as in gun propellants, 
rocket propellants and insensitive melt-cast 
explosive formulations. 
 
1. INTRODUCTION 
 

Polymers are often used to improve 
the mechanical properties of energetic 
materials and to increase their stability by 
creating a protective matrix around energetic 
crystals. Hydroxyl-Terminated PolyButadiene 
(HTPB), Cellulose Acetate Butyrate (CAB) 
and Estane are examples of inert polymers 
used in energetic formulations. Moreover, to 
counteract the loss of energy associated with 
inert materials, energetic polymers1, such as 
Polynimmo, Polyglyn and GAP, were 
developed as binders. Energetic 
Thermoplastic Elastomers (ETPE) based on 
Glycidyl Azide Polymer (GAP), developed at 
DRDC-Valcartier, are currently used in gun 
propellant formulations2 and in insensitive 
melt-cast compositions3. The synthesis of 
ETPE consists in reacting a diisocyanate with 
GAP in stoechiometric amounts to obtain a 
linear copolymer. The resulting linear 
copolyurethanes have the ability to form 
Hydrogen bonds between urethanes groups 
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and this forms the hard segment domain of 
the thermoplastic elastomers. One can use 
different molar masses of GAP in the 
syntheses, such as number-average molar 
masses (Mn) of 980, 1380 and 2900 g/mol to 
obtain copolyurethanes having distinct 
mechanical properties. A lower Mn of GAP 
gives harder rubbers with a lower energy 
content while the use of a Mn of 2900 g/mol 
gives softer materials with a higher energy 
content.   

 
To improve the properties of ETPEs 

with a high-energy content, inert fillers can be 
used, but their incorporation must be 
minimised. Several investigations showed that 
small amounts of nanomaterials improve 
significantly thermal and mechanical 
properties of polymers 4,5. The higher specific 
area of nanoparticules compared to 
microparticles explains their effect on 
material properties. In traditional composites, 
the ratio surface/volume between the particles 
and the polymer is smaller than in 
nanocomposites6. Various nanomaterials are 
available, such as nanoclays that are currently 
investigated in the field of polymer 
nanocomposites. For energetic materials, 
aluminium seemed to be a better choice, since 
it is a common ingredient in energetic 
formulations and because it increases the 
energy and also raises the flame temperature 
(e.g. in rocket propellants). Aluminium can 
also be incorporated in explosives to enhance 
late-time effects such as air blast, to raise the 
reaction temperature, to create incendiary 
effects, and to increase the bubble energy in 
underwater weapons. Nanometric aluminium 
has been recently studied in energetic 
materials because it became available in large 
enough quantities for introduction into 
energetic materials and small-scale 
performance testing. The most widely known 
product is the ultrafine aluminium powder 
“Alex®”, with spherical particles having a 
diameter of 100-200 nm. It has been proven 

that, because of their large surface area, the 
nanopowders can increase the burn rate in 
propellants7-11. There were also significant 
developments made in the “super thermites” 
area with mixes of nanometric aluminium and 
metal oxides12. Those compounds are 
considered to react at rates approaching those 
of high explosives. In explosives, it is not 
clear if the nanoparticles are small enough to 
react faster than micrometric particles and 
participate in the detonation reaction zone. 
Many researchers reported mixed results on a 
large number of different compositions13-19.  
 

There are only a few reports on the 
effect of nanometric particles on the 
mechanical properties of energetic materials. 
Kaste et al.20 reported some data on the 
nanocomposite modification of energetic 
materials, i.e., BAMO/AMMO polymers with 
cloisite nanosilicates. The current study is 
concentrated on the effects of nanometric 
aluminium Alex® in mixtures with an 
energetic thermoplastic elastomer (ETPE) 
based on GAP. The properties of these 
nanocomposites were compared with mixes of 
ETPE and micrometric aluminium. The first 
intended application of those mixes is as 
macroscopic inclusions in explosives. 
 
2. EXPERIMENTAL  
 
2.1 Materials and Nanocomposite 
preparation 
 

Nanometric aluminium Alex® (from 
Argonide Corporation, in Florida, USA) was 
chosen for our study. The lot number was EP-
9807, and the particle size was between 100-
200 nm. The reference micrometric 
aluminium was Valimet H-15, with an 
average particle size of 12 µm.  

 
The energetic thermoplastic elastomer 

(ETPE) was a copolyurethane obtained by 
solvent polymerisation of GAP having a 
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molar mass of 2900 g/mol with 4,4’-
Methylene Diphenyl Isocyanate (MDI). GAP 
and MDI were purchased from 3M and 
Aldrich, respectively, with a purity of 99 and 
98%. 

 
Two methods were used to prepare the 

PN. In the first one, the ETPE was dissolved 
in anhydrous ethyl acetate and the aluminium 
powder, Alex or H-15, was introduced in the 
polymer solution at different percentages: 10, 
20, 30 and 40%. Finally, the solvent was 
evaporated first under a fume hood, and then 
in a vacuum oven at 60ºC.  

 
In the second method, the PN was 

produced in-situ during the bulk 
polymerisation of the ETPE. This method 
consisted in mixing GAP and MDI in 
stoechiometric ratios under dry conditions to 
avoid chemical cross-linking and to obtain a 
linear ETPE. Alex was mixed during the 
polymerisation and the reaction medium was 
kept during three days in a dessicator at 60ºC. 
 
2.2 Characterization Analysis 
 

A Julius Peter impact apparatus was 
used to test the impact and friction sensitivity 
of the products21. Explosion or decomposition 
were monitored to determine the minimum 
amount of energy necessary to get a positive 
response in impact tests. Friction sensitivities 
were estimated by observed explosion, 
crackling, ignition or decomposition with the 
minimum load. 

 
The density of the solid samples was 

measured by liquid displacement according to 
the ASTM D792-91 method22. The 
experimental error was estimated to be 0.05 
g/cm3.  

 
The glass transition temperature was 

measured with a Perkin-Elmer DSC7 
apparatus according to the ASTM D 3418-99 

method23. A stream of helium was circulated 
in the sample cell to obtain an inert 
atmosphere. The baseline was calibrated 
between –85 and 20 °C, and Indium was the 
standard for calibration. All scans proceeded 
at a rate of 20°C /min.  

 
Decomposition behaviour was 

observed on a DuPont Instrument SDT 2960 
simultaneous DTA-TGA.  Measurements 
were usually made with approximately 10 mg 
of sample using alumina cups.  The samples 
were heated up to 850 ºC at a heating rate of 
10 ºC/min, and a gas flow rate of 50 ml/min 
of high purity helium was circulated in the 
cell. Aluminium, silver and zinc were used to 
calibrate the apparatus.   
   

The particle dispersion in the polymer 
matrix was studied on palladium-gold coated 
fracture surfaces with a JEOL JSM-840A 
scanning electron microscope (SEM). 

 
The mechanical properties were measured 
with a DMTA model V apparatus from 
Rheometrics Scientific. Temperature ramp 
tests were performed at a frequency of 1 Hz in 
the temperature range of –45 to 100ºC. A 
constant heating rate of 2 ºC/min was used 
and measurements were taken at 1ºC 
intervals. The chosen geometry was the round 
shear sandwich and the sample dimensions 
were 2 mm in thickness and 5 mm in 
diameter. The strain was 0.02 % between –45 
and 0 ºC, and 0.3 % between 0 and 100 ºC. 
The glass transition temperature was 
measured at the peak in tan δ. 

 
3. RESULTS AND DISCUSSION 
 
3.1 Nanocomposite preparation 
 

As described before, two methods 
were used to prepare the nanocomposites. The 
in-situ method gave polymer nanocomposites 
(PN) that were soft, did not hold a form and 
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had an adhesive character. The PN with 40% 
of Alex obtained in bulk gave a product more 
adhesive than the polymer alone. One can 
assume that the aluminium powder hindered 
the polymerization and, consequently, the 
polymer obtained had a lower molar mass. 
The medium became too viscous and the 
polymerisation stopped since the polymer 
chains were unable to move in the bulk. To 
verify this assumption, a steric exclusion 
chromatography (SEC) should have been 
performed. However, to purify the ETPE, i.e. 
to remove completely the nanometric 
aluminium, was very difficult, and the risk of 
damaging the columns was high. The PN with 
20% of Alex prepared in-situ by bulk 
polymerisation was harder, but did not hold a 
form. The PNs prepared by solvent 
evaporation gave products that were harder 
and less adhesive. This can be explained by 
the fact that in the solvent evaporation 
process, fully polymerized ETPEs are used 
and, therefore, the aluminium cannot affect 
the polymerisation. For this reason, the 
following analyses were performed on PNs 
prepared by solvent evaporation.  
  
3.2 Density measurements 
 

The density is directly related to the 
performance of energetic materials. Denser 
materials generally have higher detonation 
velocities and pressures. The results for the 
measured densities are listed in Table 1 and 
show that the particle size of aluminium has a 
small influence on the density of the mixes. 
The densities of the mixes with H-15 and 
Alex, increase with the aluminium content, 
are much higher than the density of ETPE 
alone (1.22 g/cm3), and are very close to the 
calculated densities. The lower bulk density 
of Alex, caused by small repulsive forces 
between the nanoparticles, explains the small 
density differences compared with H-15.  
 

 
Table 1: Experimental densities for ETPE, 

aluminium, nanocomposites and 
composites. 

 
Sample Experimental 

densities 
(g/cm3 ± 0.05) 

Calculated 
densities 
(g/cm3) 

 Type of Al  
ETPE + Alex H-15  
10% 1.32 1.32 1.29 
20% 1.40 1.40 1.37 
30% 1.47 1.51 1.46 
40% 1.55 1.61 1.56 

 
 
3.3 Sensitivity measurement 
 

BAM tests were used to determine the 
impact and friction sensitivity of the energetic 
mixtures. It is important to note that this 
method has inherent experimental limitations 
and, therefore, is not very precise. However, 
from a safety point of view, it gives a good 
estimate of the sensitivity of mixtures.  
 
 The results (Table 2) show that 
aluminium nanoparticles do not increase the 
friction sensitivity of the ETPE, compared to 
what is often observed when solid particles 
are introduced in an amorphous matrix. The 
values of impact sensitivity demonstrate that 
the sensitivity decreases with an increasing 
percentage of aluminium. This is explained by 
the fact that the energetic behaviour of the 
ETPE decreases with the introduction of inert 
material. The reaction obtained with the 
ETPE alone was often ambiguous and it was 
only characterized when the cell containing 
the sample were opened. At this moment, it 
was possible to see and smell that a 
decomposition occurred. On the other hand, 
the reaction was very clear for the PNs, since 
in some cases, a fire was observed during the 
reaction.  
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Table 2: Impact and friction sensitivities of 
ETPE, nanocomposites and composites 

 
Sample Friction 

(N) 
Impact 
(N.m) 

ETPE  >360 15 
ETPE + 20% Alex >360 15 
ETPE + 30% Alex >360 25 
ETPE + 40% Alex >360 40 

 
 
3.4 Differential scanning calorimetry 
 
 Glass transition temperatures were 
measured for the pure polymer (ETPE 2000) 
and for mixes of ETPE 2000 with 10, 20, 30 
and 40 percent of Alex or H-15 aluminium 
powder. The scans were not continued beyond 
a temperature of 20ºC, because no transition 
occurs above this temperature, the matrix 
being amorphous at room temperature and the 
aluminium transitions being observed around 
650ºC. Table 3 lists the results obtained for 
the various mixes.  
 
 Ash and al.6 found that, when 5% by 
weight of nanometric alumina was added to 
polymethyl methacrylate (PMMA), a decrease 
of 20ºC of the glass transition temperature 
was observed. In our research, the glass 
transition temperature of the ETPE 2000 
remains unchanged. The same observation 
was made in the Dynamical Mechanical 
Analysis section. Therefore, the nanoparticles, 
as well as micrometric particles, do not 
influence the flexibility and the motion 
behaviour of the polymer chains. The glass 
transition temperature of ETPE 2000 is –40ºC 
with or without the two fillers.  
 
 
 
 

Table 3: Glass transition temperature of 
pure polymer, nanocomposites and 

composites at various filler percentages 
 
 

Sample Al type % 
Al 

Tg 
(ºC) 

ETPE - - -40.4 
ETPEAlex10 Alex 10 -40.2 
ETPEAlex20 Alex 20 -40.1 
ETPEAlex30 Alex 30 -40.0 
ETPEAlex40 Alex 40 -40.0 
ETPEH1510 H-15 10 -40.5 
ETPEH1520 H-15 20 -40.5 
ETPEH1530 H-15 30 -40.2 
ETPEH1540 H-15 40 -40.5 

 
 
3.5 Scanning electron microscopy (SEM) 
 

Scanning electron microscopy was 
used to verify the particle dispersion in the 
matrix. The micrograph of ETPE with 40% of 
micrometric aluminium powder at a 
magnification of 100x is presented in Figure 1 
a). The dispersion of the micrometric powder 
in the matrix is homogeneous. Figure 1 b) 
exhibits the same mixture at a magnification 
of 5000x a fracture of the sample must be 
performed before the analysis. The aluminium 
particle rising from the surface is well coated 
by the matrix. Micrographs were also taken 
directly on the surface, but it was not possible 
to see the particles. The bumps around the 
particle were created by the reaction of the 
polymer with the electron beam; it inflated 
and burst when the surface was irradiated. 
 

The micrograph of ETPE with 40% of 
nanometric aluminium is presented in Figure 
1 c). Pictures at magnifications beyond 5000x 
were not achievable because the material 
reacted strongly with the electron beam.  
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Figure 1:  Micrographs of a) ETPE with 
40% of micrometric powder b) ETPE with 
40% of micrometric powder c) ETPE with 

40% of nanometric powder 
 

 
 

When the magnitude was increased, 
the signal intensity also increased, and the 
image started to move. Figure 1 c) shows that 
the dispersion of the nanoparticles in the 
matrix (ETPE) with 40% of Alex is 
homogeneous. The comparison of Figures 1 
b) with c), done at the same magnification, 
shows clearly that the number of particles per 
unit area is higher for the mix ETPE/Alex 
than the one with ETPE and H-15.  

 
3.6 Dynamic Mechanical Properties 
 
 Mechanical properties can be 
measured on very small samples with a 
dynamic spectrometer. Dynamic temperature 
ramp tests were run to record the evolution of 
the properties with temperature. They can also 
be used to determine the glass transition 
temperature under mechanical stress.   
 
 At room temperature, the ETPE is a 
soft rubber that has excellent elongation 
properties. The curves of the storage modulus 
(G’) and the loss modulus (G”) of the pure 
polymer are given in Figure 2. Values of the 
moduli read at three selected temperatures are 
also listed in Table 4. Those three 
temperatures were selected above the glass 
transition temperature, and the highest 
temperature was 100 °C. The intended 
application for the material will require 
processing at temperatures above 80 °C. As 
the temperature increases, the material softens 
and the loss modulus becomes more 
important than the storage modulus. 
 

The addition of a filler, such as 
aluminium, increases both the storage and the 
loss moduli. The effect of the addition of H-
15 on the storage modulus is shown in Figure 
3 and in Table 4. The effect of the addition of 
Alex on the same modulus is presented in 
Figure 4 for comparison. At 40% H-15 in the 
mixture, and at 61 °C, the storage modulus is 
almost five times as large as the modulus of 
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the polymer. However, the addition of 40% 
nanometric aluminium powder increased this 
ratio to 20. The modulus is then four times 
larger than that for the corresponding mixture 
with H-15. Clearly, there is a surface effect 
between the polymer and the alumina shell of 
the nanoparticles. This effect modifies the 
behaviour of the mixtures. Figure 5 shows 
that the storage modulus increases relative to 
the loss modulus (lower tan δ), and both are 
about equal above room temperature. The 
material then becomes more elastic and 
stronger.  

 
Figure 2. Storage and loss moduli of ETPE 

2000 as a function of temperature. 
 

 
The amount of filler is also important 

for the strengthening effect. Figure 6 gives the 
storage modulus at 25°C as a function of the 
filler content. The modulus of H-15 increases 
monotonically, while there is a sharp increase 
between 30% and 40% for Alex. This 
indicates that the mixtures with Alex are 
getting close to the maximum packing 
fraction. At this point, the properties change 
rapidly with a small change of filler content. 
 

The glass transition temperature was 
located at the tan δ peak. No effect of the 
filler was found on the glass transition 
temperature measured using the DMTA. The 

values of Tg are given in Table 5, and are in 
agreement with those observed in DSC, 
except that the values are systematically 
higher by a constant value. 

 
Table 4: Selected values of the storage and 

loss moduli for various mixtures. 
 

Sample G’ 
(Pa x 104) 

G’’  
(Pa x 104) 

Tan δ = 
G”/G’ 

Temperature 24.8 ºC 
ETPE  7.04 76.24 1.1 
ETPE 20% Alex 17.73 14.56 0.8 
ETPE 30% Alex 26.70 22.06 0.8 
ETPE 40% Alex 58.71 41.85 0.7 
ETPE 20% H-15 10.53 9.12 0.9 
ETPE 40% H-15 16.51 15.01 0.9 

 
Temperature 60.8 ºC 
ETPE  0.34 0.79 2.3 
ETPE 20% Alex 1.71 2.57 1.5 
ETPE 30% Alex 2.70 3.79 1.4 
ETPE 40% Alex 6.96 7.53 1.1 
ETPE 20% H-15 0.86 1.49 1.7 
ETPE 40% H-15 1.59 2.62 1.6 

 
Temperature 99.8 ºC 
ETPE  0.04 0.14 3.9 
ETPE 20% Alex 0.22 0.63 2.8 
ETPE 30% Alex 0.47 0.88 1.9 
ETPE 40% Alex 1.76 1.95 1.1 
ETPE 20% H-15 0.10 0.36 3.6 
ETPE 40% H-15 0.19 0.62 3.3 
 

 
Figure 3: Effect of the addition of H-15 on 

the storage modulus. 
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Figure 4: Effect of the addition of Alex on 
the storage modulus 

 

Figure 5: Storage and loss moduli of the 
mixture ETPE/Alex 60/40. 

 
 

Table 5: Glass transition temperature 
measured in DMTA. 

 
Sample T (ºC) 
ETPE  -13.8 
ETPE 20% Alex -10.8 
ETPE 30% Alex -11.7 
ETPE 40% Alex -11.8 
ETPE 20% H-15 -13.7 
ETPE 40% H-15 -12.7 

 
 

 

 
Figure 6: Effect of the level of filler (Al 
content) on the storage modulus (G’) 

at 25 °°°°C 
 
 

3.7 Thermogravimetric analysis (TGA) 
 

The decomposition behaviour was 
studied for pure ETPE, composites and 
nanocomposites at percentages of 20 and 
40%. It is known that for the pure polymer, 
the decomposition proceeds in two steps; the 
first step is attributed to the decomposition of 
the GAP chains and the second step to the 
diisocyanate decomposition24. All the curves 
showed these two steps, and two peaks in the 
corresponding derivative curves. The peak 
maximum temperatures were 250 and 350 ºC 
respectively for all samples. Figure 7 presents 
the TGA curve obtained for pure ETPE, and 
ETPE with 20 and 40% of Alex. Other 
research groups, like Hambir and Jog25 in 
their study of polypropylene/clay 
nanocomposites, observed an increase in the 
degradation temperature. The particle size or 
the chemical nature of the nanoparticles used 
(they used clay, not aluminium) could explain 
the differences observed between that study 
and our results. 

 
For pure ETPE, at a temperature of 

850 ºC, 20 % of amorphous carbon still 
remains. When 20 and 40% of H-15 are 
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introduced in the ETPE, the curves show that 
37 and 58 % of matter still remain, 
respectively. The difference between this 
percentage and that obtained for pure ETPE 
corresponds approximately to the mass of 
aluminium incorporated in the ETPE. It is 
well known that organic compounds 
decompose completely before 550 ºC and that 
mineral compounds can melt at a higher 
temperature, form an oxide and become more 
stable (aluminium oxide melts around 1800 
ºC). For these samples, an aluminium deposit 
was observed in the cup. For the mixes of 
ETPE with 20 and 40% of Alex, the curves 
show that 47 and 62 % of the compound do 
not decompose. The results are higher than 
those obtained with the H-15 powder. After 
the analysis, the sample containing Alex 
seemed to be unaffected by the analysis. 
Visually, it was not possible to see if a 
reaction had occurred.  

 

Figure 7: TGA curves for ETPE and 
nanocomposites with 20 and 40% of Alex 

 
 
Figure 8 shows the curve obtained for 

the nanocomposites (20 and 40% of Alex) and 
the composites (20 and 40% of H-15). This 
figure compares the effect of particle size on 
the decomposition behaviour. As it was 
discussed previously, the degradation 
temperature is not affected by the particle 
size. On the other hand, the shape of the curve 

seems to be slightly different. With Alex, in 
both cases, beyond approximately 600 ºC, a 
plateau is observed, while the curves obtained 
with H-15 seem to continue to decrease. The 
aluminium powder may have reacted with the 
ETPE to give thermally stable products or the 
polymer was protected inside a layer of 
aluminium oxide, which prevented the 
decomposition of the ETPE. Therefore, there 
was no positive effect of the Al nanoparticles 
on the degradation temperature. As it was 
mentioned in the glass transition temperature 
studies, a smaller Al particle size may show 
different results. 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

Figure 8: TGA curved for ETPE with 20 
and 40% of Alex (nanopowder) 

and H15 (micropowder) 
 
 

4. CONCLUSIONS 
 

In this study, aluminium nanoparticles 
were introduced into an energetic 
thermoplastic elastomer (ETPE) at various 
percentages (10, 20, 30 and 40%). The 
polymer nanocomposite (PN) preparation was 
achieved by two methods: in-situ 
polymerisation and solvent evaporation. The 
most interesting PN were obtained by solvent 
evaporation for a reason that still needs to be 
discovered. The adhesive character of the 
polymer has been lessened with the 
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incorporation of nanoparticules. This effect is 
noticed at 30 and 40% aluminium content. It 
was also showed that the mechanical 
properties of the ETPE were significantly 
improved by the introduction of 
nanoparticles. Scanning electron microscopy 
revealed that nano and microparticles were 
well distributed in the amorphous ETPE 
matrix. Thermal properties (glass transition 
temperature and decomposition temperature) 
were similar when nano and microparticles 
were incorporated. The results previously 
obtained for energetic formulations with 
aluminium nanoparticles indicated that the 
energy of reaction should be improved by the 
incorporation of an aluminium nanofiller. The 
mechanical behaviour of the PN ETPE/Alex 
is such that it could be extruded. This is an 
improvement since pure ETPE cannot be 
extruded. Finally, the effect of smaller 
nanoparticles on the properties has to be 
evaluated since, in another study, alumina 
(Al2O3) with a diameter of 39 nm6, showed 
significant modifications of the thermal 
properties. 
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INTRODUCTION 
Solid-phase chemical reactions caused by 

shock wave compression have been much 
investigated during last forty years. [1-3]. 
Contrary to static loading, shock waves 
drastically accelerate running of physical-
chemical processes. Shock waves when 
propagating in reactive mixtures initiate a 
variety of the processes promoting chemical 
reactions. These processes could be the 
following: moving and intermixing of the 
components; heterogeneous heating-up of 
particles; plastic deformations, generation of 
fresh surfaces; disintegration of the initial 
component structure; phase transitions etc.  

Previously with the help of optical 
pyrometry, there were observed shock-
induced exothermic reactions in sulphur�
metal (Mg, Al, Ti, Sn, Cu, and Fe) mixtures 
[4-7]. Pressed samples of the mixtures with 
porosity less than 10% were tested. 
Radiation of shocked samples emitted 
through transparent window was recorded 
by optical pyrometer. Within first 0.1 � 0.3 
µs there were obtained relatively high 
brightness temperatures for the mixtures of 
sulphur with Mg, Al, and Ti (2800 К, 3000 
К и 2250 К respectively). The conducted 
calculations have allowed estimating a 
degree of chemical transformation. The 
comparison with experimental data has 
shown that for mixtures Mg/S 43/47 and 
Al/S 55/45 the completeness of reacting is 
of ~0.2 and ~0.5 respectively. The mixture 
Al/S can be considered as the most reactive 
among tested ones. This mixture was taken 
for further studies.  

MATERIALS TESTED 
Aluminium sulphide is produced 

according the reaction:  
2Al + 3S = Al2S3(solid) + 172.9 kcal/mol [8] 
Stoichiometric composition of initial mixture 
corresponds to the mass ratio 36% Al and 
64% S. Theoretical maximum density 
(TMD) of the mixture is 2.26 g/cc. The 
reaction proceeds with increase of specific 
volume, Al2S3 density 2.02 g/cc (20 оС) [9]. 
Of course, in the reaction zone Al2S3 can be 
not in the solid phase and the heat effect 
could decrease. Non-reacted components can 
also undergo phase transition when heated. 
This is particularly true for sulphur having 
low melting (112.8 оС) and boiling (444.6 
оС) temperatures. 

For pyrometric studies dense samples 
were manufactured by cold pressing from 
preliminary mixed sulphur powder and Al 
ones. Al content was varied from 35 to 75 % 
wt. Mean particle size of sulphur was 10 µm. 
There were used different Al powders: 
spherical Al � coarse (~ 600 µm), fine (~ 6 
µm � ASD-4), ultra-fine (<100 nm - UDA) 
and flaked Al pyrotechnic powder � PP-1, 
PP-2 and PAP-2 with flakes 1-2 µm of thick 
and cross-sectional sizes 50-120 µm and 20 
� 80 µm respectively. Porosity of the pressed 
samples depended both on Al mass content 
and particle size, but it did not exceed 10%. 
The samples were 40-mm diameter and 3-
3.5-mm thick. For comparison there were 
conducted experiments with non-reactive 
mixtures S/LiF. Mean particle size of LiF 
was 20 µm. There were also tested low-
dense samples with porosity up to 80%. 
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FIGURE 1. Experimental assemblies for 
temperature and pressure measurement 

OPTICAL PYROMERY RESULTS 
The pressure-time histories as well as 

temperature ones were obtained with the 
help of dual-channel optical pyrometer. 
Brightness temperatures were measured 
applying so-called window technique. The 
indicator technique [10] was used for 
measuring of pressure profiles. Thus the 
tests were performed with two types of the 
experimental assemblies. They are shown in 
Fig. 1. 

Using first one (see Fig. 1a), there were 
recorded time histories of radiation emitted 
by shocked mixtures through transparent 
material � window. Handling radiation 
histories, there were obtained brightness 
temperatures averaged over two effective 
wavelength 720 and 420 nm. Optical LiF 
crystals and water were used as the 
windows. Their shock Hugoniots lies above 
and below shock Hugoniot of tested mixture 
in pressure�particle velocity plane, 
respectively. Reflected shock wave, in one 
case, and rarefaction in another affected the 
measured temperature histories.  

Using another type of experimental 
assembly, there was recorded radiation 
emitted by shocked liquid indicator placed 
in-contact with tested sample. Two 
indicators were used - tetrachloride carbon 
and bromoform. For them, there are known 

shock Hugoniots, isentrope of compressed 
state and temperature�pressure relationships. 
Hence one can transform time history of 
radiation measured from the shock front 
propagating through an indicator to pressure 
history nearby interface.  

Shock waves in samples were generated 
either by impact of Al flyer accelerated by 
detonation products of booster charge or by 
detonation products of HE charge placed in-
contact with the tested sample. Shock 
pressures given below in Figures were 
obtained basing on the known shock 
Hugoniots and parameters of shock wave 
generators. Hugoniots of the tested samples 
were calculated as for non-porous mixtures 
of non-reacting components assuming 
additivity of specific volumes of the 
components.  

In Fig. 2, there are given brightness 
temperature time-histories obtained with LiF 
as the window. Both Al content and 
particles� size were varied. Shock wave was 
generated by RDX charge. Closed symbols 
are for the mixtures with coarse Al, open 
ones - for the mixtures with PP-1; the same 
symbols are used for the compositions with 
the same Al content. (These notations are 
used everywhere below.) As one can see for 
all mixtures measured temperatures lie above 
2400 K - the temperature observed in 
shocked pressed sulphur samples in 0.5 µs 
after shock wave had entered LiF window.  

In the tests with PP-1, one can observe 
slow temperature decrease after first 0.2 µs. 
Variation of the composition from 
stoichiometric one results to temperature 
decrease, but the range within it is varied is 
not large. In case of 35/65 and 55/45 
compositions, there is a slight temperature 
increase within 0.2�0.3 µs. For compositions 
with coarse Al, there was observed sharp 
luminosity flash-up within first 0.15 µs 
followed by slow radiation increase. 
Contrary to mixtures with fine Al, measured 
temperatures grow with Al content increase 
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though variation of the composition from 
the stoichiometric one increase too. For 
compositions 75/25 of different particles� 
sizes, temperatures level off by 0.8 µs (see 
curves 3 and 4, Fig. 2).  

 

 
 
FIGURE 2. Temperature-time history for Al/S 
55/45 measured at the interface with LiF- 
window. 1, 6 - Al/S 35/65 P=33.0 (40.7); 2, 5 - 
Al/S 55/45 P=34.6 (40.3); 3, 4 - Al/S 75/25 
P=36.4 (39.8); (open symbols Al � PP-1; close 
symbols � Al coarse; pressure values of incident 
waves and reflected ones (in brackets) are given 
in GPa) 

 
If the components were non-reacting 

behind shock front, radiation intensity 
would be dictated by the temperature of 
shocked sulphur and the specific area it 
occupies in the sample surface. (We 
eliminate heterogeneous heating-up from the 
consideration.) From this viewpoint 
temperature of mixed samples could not 
exceed the temperature of sulphur samples 
shocked to the same pressure and it should 
decrease with increase of Al content. In the 
course of chemical reaction energy release is 
controlled by specific contact surface. For 
samples with fine Al one could expect 
temperature decrease with increase of Al 
content and its variation from stoichiometric 
composition. For samples with fine Al 
specific contact surface is larger than that 
with coarse Al, thus from this standpoint 
increase of Al content enhance reaction 

proceeding at the initial stage. This is the 
situation we did observe in the conducted 
experiments.  

 
 
FIGURE 3. Temperature-time history for Al/S 
55/45 measured at the interface with water-
window. 1, 2 - P=34.6 (18.2); 3 - P=27.6 (14.7); 
5 � P=21.7 (11.5); 4 - LiF/S (35/65) � P=26 (15) 
(see notations in Fig. 2). 

 

Temperature histories measured nearby 
water-sample interface are shown in Fig. 3. 
Rarefaction reflected from the water-sample 
interface decrease pressure inside the sample 
noticeably. It changes temperatures histories 
of samples containing fine Al powder. 
Except first 0.1 µs, one can observe just 
temperature decrease after shock wave has 
entered the interface. Maximum 
temperatures measured with water-window 
lie below those obtained with LiF window at 
the same initial pressure. For samples 
containing coarse Al, it is seen temperature 
growth after temperature decay at the initial 
part of the records. In approximately 1 µs, it 
leads to the same temperature values as in 
the case of fine Al. It seems that such 
temperature behaviour is related with the 
rarefaction effect on the macroscopic 
kinetics of shock-induced reactions in tested 
mixtures.  

In Fig. 3 it is also shown the temperature 
history obtained for non-reactive LiF/S 
35/65 composition. Parameters of incident 
wave and reflected one are close to those 
occurred in experiments with Al/S 55/45 (see 
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curve 3 in Fig. 3). In spite of larger sulphur 
content in LiF/S samples the measured 
temperatures are 200 K less.  

Experimental pressure histories obtained 
with CCl4 and CHBr3 used as indicators are 
shown in Figs. 4 and 5. Measurement of 
pressure history from shock front in 
indicators can give some information on 
macroscopic kinetics of transformations 
taking place in Al/S mixtures under shock 
loading. 

 

 

FIGURE 4. Pressure-time history in CCl4 
Samples: 1 � Al (D16); 2 � S (pressed); 3 - Al/S 
55/45 (Al � PP-1); 4 - Al/S 55/45 (Al � coarse).  

 

Shock waves in samples were generated 
by impact of Al(D16) flyer (1.9 mm of 
thick) accelerated to the final velocity w = 
3.61 km/s. Thickness of the samples was 3.0 
� 3.5 mm. There were also tests with flyer 
velocities w = 3.2 and 4.51 km/s. In general, 
pressures transmitted through composite 
samples to the indicator liquids exceed those 
transmitted through Al or sulphur. The 
distinctive feature of the pressure histories 
obtained for composite samples of Al/S is 
the presence of clearly defined pressure 
peak at the beginning of the records; its 
value depends on the Al powder dispersity. 
It should be mentioned that for other tested 
sulphur mixtures with Mg, B, Fe, Ti, and Cu 
under the same experimental conditions no 
pressure peak was observed. 

Shock-wave pressure variation in the 
range from 20 to 50 GPa does not lead to 
qualitative changes in the pressure histories. 
The effect of Al powder dispersity on the 
shape of pressure history and transmitted 
pressure is more noticeable than variation of 
Al content in the mixture within the range 
35% - 75% wt. Possibly the peculiarities of 
pressure histories could be explained by 
formation of aluminium sulphide which has 
less density than TMD of mechanically 
mixed initial components. 

 
FIGURE 5. Pressure-time history in CHBr3 
Samples: 1 � S (pressed); 2 - Al/S 55/45 (Al�PP-
1); 3 - Al/S 55/45 (Al�coarse).  

 

Analysing both the results on pressure 
and temperature profiles, one can suppose 
sufficient completeness of the reaction 
resulted in formation of aluminum sulphide 
within first 0.5 µs. However, it is difficult to 
estimate the proper value of reaction 
completeness basing only on experimental 
data and not making some additional 
assumptions, which also need for 
experimental verification. Besides, it should 
be mentioned some contradiction between 
temperature and pressure data on the 
influence of Al dispersity on reaction 
proceeding. Pressure peak measured in 
indicator in case of coarse Al is higher than 
that measured for fine Al. By contrast, 
temperatures of the mixtures with coarse Al 
are lower. One of the possible explanations 
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of this disagreement is the different time 
wanted for particles of different sizes and 
materials to be involved in flow behind the 
shock front; this effect has been previously 
observed for mixtures of non-reacting 
components [11].  

VELOCITY MEASUREMENS 
Basing on the results of the pyrometric 

studies it was supposed that self-sustaining 
detonation-like process could propagate in 
Al/S mixture under certain conditions. There 
was conducted a number of experiments in 
order to measure shock wave velocities in 
Al/S mixtures of different densities.  

In first series of the experiments, there 
were tested samples of pyrotechnic powder 
PP-1 mixed with sulphur: Al/S (55/45; 
40/60) the density of which was 2.17 and 
2.10 g/cc. Samples were initiated by HMX 
(1.80 g/cc) or RDX/TNT (1.65 g/cc) charges 
40 mm in diameter, 20-50 mm in height 
supplied by plane-wave generator made of 
RDX with wax. Total weight of initiating 
assembly was about 60 g. Shock wave 
propagation was recorded by streak camera 
from lateral and end-on surfaces. In all tests 
the lateral luminosity damped out within 
first 5-10 mm of propagation, the luminosity 
from end-on surfaces was not observed. 
Thus the experiments with dense composite 
samples showed decaying character of the 
reaction initiated by HE. Under powerful 
initiation the components have no time to 
react completely enough to support self-
sustaining regime and rarefaction waves 
disperse non-reacted components. So-called 
�over-initiation� is observed for weak 
commercial explosives, e.g. ammonium 
nitrate, for which intense initiation results to 
detonation decay when propagation 
conditions are close to failure ones [12]. 

In second series, there were tested low-
dense charges of Al/S mixture placed in 
thick steel tubes of different internal 
diameters. Experimental assembly is shown 
in Fig. 6. AP/PMMA mixture was used for 

shock wave initiation. Weak initiation was 
made in order to prevent over-compaction of 
the mixture. Mean size of AP particle was 15 
µm and that of PMMA - 3 µm. Both 
initiating and tested explosive mixtures were 
prepared by mechanical mixing in rolling 
mill with porcelain balls. AP/PMMA 
mixture was initiated by electrical detonator. 
In all shots, except first one, initiating 
system was supplied by thin layer of RDX 
(1.5 g) placed between detonator and 
AP/PMMA mixture. The velocity was 
measured with the help of 4�6 contact gages 
over several bases (3�5 in each shot). 

 
FIGURE 6. Experimental assembly for velocity 
measurements in low-dense Al/S mixture. 

 

Data of some shots are given in the Table, 
in which there are made the following 
notations: m (g), d* (mm), ρ (g/cc) � are 
consequently mass, diameter and density of 
AP/PMMA charge; H is the height of tested 
charge; d � are and internal diameter of steel 
tube; ρ0 � initial density of tested mixture (in 
brackets it is referred to TMD in per cents) 
Li � are measuring base; Di � average 
velocity.  

High porosity of the samples tested in the 
second series facilitates relative motion of 
the components and escalates heterogeneous 
heating-up � the processes promoting shock-
induced reactions. Thus, the experiments 
with low-dense samples seem to be much 
more permissible than those performed in 
first series. However in the most tests, there 
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were just recorded the shock-induced 
processes of decaying character with 
average velocity through the last base equals 
to 300 � 400 m/s (see the Table). Stability of 
the process strongly depends on the 
amplitude of initiating impulse and sample 
structure. Slightly variation in Al/S mixture 
density or in intensity of initiating impulse 
resulted either to process attenuation with 
formation of the �plug� consisted of 
compacted mixture of products and reagents 
at the end of the tube or to it transition into 
regime of slow burning. In the Table they 
are noted as �P� and �B� respectively. In the 
conducted experiments the reaction rate was 
not enough to support self-sustaining 
detonation-like regime. One can see several 
ways for reaction intensification. First one is 
in preliminary mixture activation. It can be 
achieved by introduction of more 

chemically active Al particles. Both 
mechanically activated and nano-size Al 
particles were added. Enhancing of 
components mixing under shock loading is 
another possible way of reaction 
acceleration. Adding of more heavy particles 
such as particles of Fe, Fe2O3; or presence of 
Al particles of different batches in the 
mixture can facilitates relative movement of 
components. 

All the aforementioned ways of reaction 
intensification and some other are just under 
investigation. At present, none of them can 
be preferred to. Detonation-like process, if it 
could, run within narrow region of variation 
of experiments� conditions and mixture 
parameters. The best result was obtained for 
the Al/S 40/60 mixture with PP-2 Al powder 
measured velocity was about 1.3 km/s.  

 

Table. Velocities of reaction propagation in low-dense Al/S mixture. 
 

№ AP/PMMA 
m/d*/ ρ Al % wt., ρ0, g/cc 

(%TMD) 
H, 

mm 
d, 

mm 
L1, mm 
D1, m/s 

L2, mm 
D2, m/s 

L3, mm 
D3, m/s 

1 85/15 
3/16/0.8 

40, 
PP-2 

0.75 
(33%) 200 16 50 

720 
50 
360 

50 
“P” 

2 85/15 
4/20/0.8 

40, 
PP-2 

1.10 
(48%) 155 20 35 

1200 
35 
300 

35 
“P” 

3 97/3 
3/20/0.55 

40, 
PP-2 

0.75 
(33%) 155 20 35 

470 
35 
- 

35 
“B” 

4 97/3 
6/29/0.55 

40, 
PP-2 

0.72 
(32%) 120 29 30 

- 
30 

1260 
30 

1330 

5 97/3 
7/30/0.55 

27 - PP-2 + 
13 - PAP-2 

0.62 
(27%) 375 34 70 

450 
140 
250 

140 
“B” 

6 95/5 
8/29/0.55 

40, 
ASD-4 

0.72 
(32%) 180 29 30 

530 
60 
410 

60 
280 

7 85/15 
10/29/0.55 

43 � ASD-4 
+ 14 � Fe2O3 

0.60 
(24%) 180 29 30 

1160 
60 
650 

60 
440 

8 85/15 
10/29/0.55 

38 � ASD-4 + 
17 � Fe 

0.75 
(29%) 180 29 30 

1020 
60 
640 

60 
410 

9 95/5 
10/29/0.55 

45, 
UDA 

0.45 
(20%) 150 29 30 

770 
30 
610 

60 
460 

10 95/5 
10/29/0.55 

40, 
PP-2 (activ.) 

0.53 
(23%) 150 29 30 

730 
30 
560 

60 
420 
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CONCLUSION 
Performed pyrometric studies of high-

dense metal-sulphur mixtures under shock 
compression showed that shock-induced 
reaction significantly increase the 
temperature of Al/S, Ti/S, and Mg/S 
mixtures. For Al/S mixtures there were 
observed complicated shock pressure 
histories looking like detonation ones. Such 
pressure profiles could be explained by 
formation of aluminium sulphide with larger 
specific volume than initial components. 
The obtained data provided some reasons to 
suppose the possibility of the proceeding 
self-sustaining chemical reaction in Al/S 
mixture in detonation-like regime. 
Experimental verification of this assumption 
showed that the reaction completeness is not 
enough to support self-sustaining regime in 
dense samples of 40-mm diameter. There 
was observed only quasi-stationary 
detonation-like process in low-dense 
charges of Al/S mixture. Detonation-like 
process could run within narrow region of 
variation of experiments� conditions and 
mixture parameters, such as: intensity of 
initiating impulse; Al content and mean 
particle size; charge diameter and its density 
etc. The experiments demonstrate principal 
ability for detonation-like processes to occur 
in solid non-explosive mixtures. It is 
anticipated that experimentation currently in 
progress will lead to clearing the conditions 
under which reactions in solids are able to 
propagate in detonation-like regime. 
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Prevention of combustion from going 

into an explosion (CET) and detonation in 
the emergency situations is the urgent prob-
lem of production, storage and transporta-
tion of solid explosives.  To solve this prob-
lem, it is necessary to broaden the knowl-
edge of the nature and mechanisms permit-
ting catastrophic acceleration of combustion 
in crash explosions.  A great benefit can be 
derived from working out the new models of 
approaches making it possible to apply the 
results of the laboratory measurements and 
digital modeling to full-scale explosions. 

Previously, the combustion - explo-
sion transition in solid explosives was 
mainly studied as applied to the conditions 
of a strong confined shell.  However, in the 
emergency situations, the centre of combus-
tion arises more often in the explosives hav-
ing the free surfaces or enveloped in a low-
strength shell or a soft packing material.  As 
a result, development of the combustion 
process in the centre at the initial stage al-
ready suffers an intensive action of the dis-
charge due to dispersion of the explosives 
surrounding the centre of combustion.  The 
action of the discharge is of the greatest ef-
fect when combustion in the centre is lami-
nar or when the arising convective combus-
tion is not sufficiently intensive yet.  In this 
case, the critical conditions of the combus-
tion - explosion transition fixed by the mass 
of the explosives, centre-of-combustion 
pressure, shell strength, etc. as well as the 
period of explosion progress can be varied in 
a wide range. 

The specified peculiarities of the 
process should be adequately reproduced in 
modelling and registration of the critical 
conditions of the crash (broad-scale) explo-
sions.  The traditional methods employed for 
measuring the parameters characterizing the 
explosives tendency to the combustion-
explosion transition, for instance, the length 
of pre-detonation section, do not reflect this 
circumstance in full measure.  Complying 
best of all with this purpose is the method 
called the �method of explosives layer criti-
cal height�.  The point of this method is as 
follows.  If the explosives under test are put 
into a steel pipe with its lower butt closed 
and set on fire, for instance, by the heating 
coil placed under the explosives layer on the 
pipe bottom, then, depending on the layer 
height H, one of the following two results is 
realized.  With  low H being less than some 
critical height Hkp, the combustion process 
is quiet, without explosion; the burning ma-
terial is partially thrown out of the pipe 
through the upper open butt and burns out 
on the support.  However, if H exceeds Hkp, 
then the combustion terminates in an explo-
sion.  The parameters measured in the criti-
cal conditions (the critical height and pres-
sure) can be directly used for realistic esti-
mation of the explosives tendency to the 
combustion - explosion transition.  Apart 
from that, the method is fit for adjustment 
and checking of the mathematical models 
which makes it possible to work out the 
methods for predicting the critical conditions 
of crash explosions. 
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The present talk supplies the results 
of the experimental studies which allowed to 
more clearly understand the mechanism of 
the layer critical height formation, to obtain 
the data bank characterizing the critical con-
ditions of the combustion - explosion transi-
tion for a number of standard explosive ma-
terials in the pipes of various diameters as 
well as to work out and check a rather sim-
ple theoretical model of the process. 

Before proceeding to statement of the 
obtained results, let us note the following.  
At first sight, one might have an impression 
than Hkp does not almost differ from the 
length of predetonation section Lпр - the 
parameter which is traditionally used for 
characterizing the explosives tendency to the 
combustion - explosion transition in a con-
fined shell.  Indeed, the both values are 
measured in the pipes with initiation from 
the closed butt.  However, the principal dif-
ferences exist between these parameters.  
When measuring Lпр, the centre of combus-
tion is protected against the of discharge at 
least at the initial stages of the process so 
long as the visible deformation of the shell is 
not evident.  Apart from that, to ensure the 
required reproducibility of the results, when 
measuring Lпр use is made of a rather pow-
erful igniter which provides development of 
the process immediately in the convective 
combustion conditions past the stage of 
laminar combustion since, with presence of 
the latter, spread of the characteristics rises 
considerably.  Thus, in measuring Lпр, usu-
ally excluded is the stage of centre-of-
combustion going from laminar to convec-
tive one which determines the crash explo-
sions specific nature in many respects.  Con-
sequently, the differences in the conditions 
of measuring Hkр and Lпр are of the princi-
pal nature. 

The experiments were carried out 
mainly with use of granulated nitrocellulose 

(monobasic gun powder) of several grades 
differing in a size of the particles.  Apart 
from that, studied in some experiments were 
octogen with the particles sizing about 0.4 
mm and fine-grained dibasic gun powder 
with the particles having the effective di-
ameter of about 0.45 mm.  The product ar-
ranged in a layer with a free upper boundary 
was put into a steel pipe provided with a 
bottom flange having a hole for the pressure 
transducer.  The diameter of the pipe varied 
from 16 to 500 mm; thickness of the walls 
varied from 5 to 20 mm.  The combustion 
(laminar) was initiated from bottom from 
under the product layer by means of the 
heating coil wound on the celluloid plate 
sizing 4 х 10 mm.  The centre-of-
combustion pressure was registered by a 
piezoelectric transducer, type T-6000, or an 
inductance transducer, type ДДУ-20.  In a 
number of experiments, rapid filming of an 
explosion picture was performed and the 
trotyl explosion equivalent was estimated 
basing on the parameters of an air shock 
wave and sizes of the crater formed after the 
explosion. 

The standard oscillograms of the cen-
tre-of- combustion pressure obtained on the 
granulated nitrocellulose have a pressure rise 
section which can be divided into two 
stages: a stage of initial comparatively slow 
rise of pressure, sometimes with clearly ex-
pressed �plateau�, and a stage of further 
much more greater rise terminating in the 
peak and recession.  The pressure depend-
ence at a maximum on the height of the 
product layer has a specific breakpoint.  Be-
low this point, Pmax does not exceed a few 
atm. and gradually rises with an increase of 
the layer height.  Over this point, Pmax rises 
abruptly by an order of magnitude and more.  
The similar dependences are obtained also 
for other materials studied, the only differ-
ence being in that in case of nitrocellulose 
with a more fine grain, dibasic gun powder 
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and octogen, Pmax rises in a considerably 
higher degree even if the layer height ex-
ceeds the breakpoint only by some mm.  The 
specified breakpoint is selected at the critical 
height of the explosives layer and designated 
as Hkр.  The maximum pressure in the cen-
tre of combustion complying with Hkр is 
designated as Pkр.  These parameters give 
an idea of the lower bound of the conditions 
at which the combustion becomes danger-
ously explosive. 

When examining the dependence of 
Hkp on the pipe diameter it is possible to 
mark out two specific sections: with the di-
ameters of under 300 mm, Hkр rises ap-
proximately linearly with a rise of the di-
ameter; with the larger diameters, the de-
pendence gets saturated. 

With the layer heights exceeding 
Hkр, in all the experiments with use of oc-
togen and in the most part of the experi-
ments with dibasic gun powder, apart from 
those which were carried out in the pipes of 
a small diameter, an explosion terminated in 
transition to detonation.  With the layer 
heights less than Hkр, depending on the pipe 
diameter, the following differences are ob-
served in the picture of combustion devel-
opment in the centre.  If combustion runs in 
one stage with a duration of 1 to 3 s in the 
pipes, dia. under 300 mm, with formation of 
flame, 2 to 3 m high, over the pipe face, 
combustion in the pipes of a larger diameter 
runs in two stages: at the beginning, a fire 
column, 10 to 15 m high, rushed out of the 
pipe, then the flame dropped to 1 - 2 m in 2 - 
3 s, and the remaining material kept on burn-
ing for 1,5 to 2 min. 

Table 1 specifies the similar data ob-
tained after use of dibasic gun powder in the 
pipes, dia. 180 mm.  The values of Pkр were 
determined with the aid of this data.  In case 
of dibasic gun powder, Pkр makes about 2,7 
atm. regardless of the pipe diameter (within 

the limits of the experiment accuracy).  De-
pendence of Pkр on the size of the particles 
was studied with use of granulated nitrocel-
lulose in the pipes, dia. 16 mm.  For the par-
ticles with the effective diameter within the 
limits of 0,8 to 3,3 mm, reduction of Pkр is 
found approximately from 4 to 2,5 atm.  The 
obtained data proved to be sufficient for 
octogen only for rough estimation of the 
value of Pkр which is at the level of 5 to 6 
atm. 

The obtained data allow to construct 
a concept of the mechanism of the combus-
tion - explosion transition in emergency 
combustion of solid explosives in the vol-
umes with free surfaces or in low-strength 
shells.  The concept is based on two compet-
ing processes: accelerating combustion in 
the centre which goes from laminar to con-
vective as the pressure is rising and dis-
charge of the combustion centre which lim-
its a rise of pressure due to dispersion of the 
explosives surrounding the centre.  When 
the discharge prevails, the burning material 
is thrown out of the pipe, the pressure in the 
combustion centre does not exceed  Pkр  and 
no explosion takes place.  If the action of the 
discharge turns to be intensive insufficiently, 
the combustion gets accelerated beyond all 
bounds as a result of a rise of pressure which 
inevitably leads to an explosion. 
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Abstract 
 

Mk 25 Mod 4 Marine Location Marker (MLM) production recently encountered 
production problems, which were identified as a marker-sinking issue.  The cause of the sinking 
was identified via a special flight test and analysis of retrieved markers.  A statistical approach 
was used to identify a "quick solution" to the sinking problem, and resulted in 100% success 
upon re-testing. 
 This paper will discuss the failure analysis technique utilized, the statistical analysis, and 
the screening process that eliminated markers that had the potential for sinking.  The paper will 
also provide the results of the flight test and the planned program to enhance the design to 
eliminate the problem in future production. 
 

Introduction 
 
 The salt-water, battery-activated Mk 
25 Mod 4 Marine Location Marker is 
designed to be launched either from aircraft 
or surface craft and provide both day and 
night reference points on the sea-surface.  
The floating marker, which contains a red 
phosphorus (RP) pyrotechnic candle, 
produces white smoke and a visible flame 
for approximately 15 minutes.  The Mk 25 
Mod 4 consists of an aluminum body 
approximately 19 inches long and 3 inches 
in diameter.  

The pyrotechnic candle is composed 
of ~53% red phosphorus (fuel), ~34% 
manganese dioxide (oxidizer), ~7% 
magnesium powder (fuel), ~3% zinc oxide 
(stabilizer), and ~3% linseed oil (binder). 

 
Background 

 
 The pyrotechnic industry has 
changed considerably over the years, and no 
change has affected the performance of Mk 
25 Mod 4s more than the change in the red 
phosphorus industry1-7.  Most of the RP 
manufacturers concentrate their business on 
the fireworks and flame-retardant industry.  
This leaves very few grades of RP available 
that can be utilized in the RP candles of 
MLMs.  Also, the method of production 
varies between manufacturers, which results 
in physical properties as well as 
performance characteristics varying once the 
RP is pressed into candles.  The particle-size 
distribution, for example, varies between RP 
manufacturers and has a substantial effect on 
candle performance and density. 
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 The most recent production problem 
for Mk 25 Mod 4s occurred during 2001.  A 
lot of markers failed to pass the Lot 
Acceptance Test when 3 of 32 sank shortly 
after impact during the flight test phase.  
Determining a failure mode was not possible 
because the units sank before they could be 
retrieved.  A team of scientists and engineers 
from Crane Army Ammunition Activity 
(CAAA) and Crane Naval Surface Warfare 
Center (NSWC) was assembled to conduct a 
failure analysis on the failed lot. 

 
Experiment 

 
 A special flight-test was conducted 

at the remotely located NSWC Glendora 
Testing Facility (GLF) in order to ascertain 
the cause of catastrophic failure for the 
sinking markers.  The units were dropped 
from a height of 500 ft from a helicopter that 
was hovering over the freshwater lake.  The 
battery wires had been cut prior to this 
special test to ensure that the units could be 
safely and promptly approached after they 
were dropped into the water.  The boatmen 
then attached floats to the units and drug 
them to a different part of the lake away 
from the target area.  Divers were on-site 
after the test to retrieve units that sank 
before the boatmen could attach the floats.  
Thirty-two, individually marked units were 
dropped in the lake then later taken to 
NSWC Crane where they were extensively 
analyzed to determine the failure mode. 

 The first test the retrieved units 
underwent was a leak test which would 
reveal any weaknesses in the outer tube that 
would allow water to flood the unit, and 
possibly cause the unit to sink.  The units 
were submerged under water, subjected to a 
5-psi vacuum, and observed for sixty 
seconds for bubbles to escape from the units.  
 The volume of each unit was then 
measured to calculate the amount of damage 
(loss of volume) the markers received upon 
impact.  This consisted of weighing a 

10,000-milliliter graduated cylinder filled 
with distilled water.  The density of the 
water was calculated by dividing the 
measured weight by the volume of 10,000-
milliliters.  The cylinder was then refilled 
with water; a dried marker was totally 
submerged in the cylinder; the marker was 
removed; and the cylinder was reweighed to 
find the mass of water remaining in the 
cylinder.  The mass of water remaining 
could then be used to calculate the volume 
(Vmlm) of the marker by using the following 
equations: 

 
 Wdw = Wc � Wr Eq (1) 

 
 Vmlm = Wdw / ρwater Eq (2) 

 
where Wdw is the weight of the water 
displaced, Wc is the weight of the cylinder 
filled with water, Wr is the weight of the 
cylinder with the remaining water after the 
unit had been submerged, and ρwater is the 
density of the test water. 
 After the volume measurements were 
made, the units were disassembled and 
examined for any physical defects (e.g. 
cracked inner/outer tubes, faulty o-ring 
seals) that could possibly cause them to 
rapidly take on water.  The individual parts 
were all examined, and the RP candles were 
weighed. 

 
Results and Discussion 

 
 Special Drop Test: Twenty-two 
units were retrieved immediately after they 
were launched while the remaining 10 units 
sank before the boatmen could get the floats 
attached.  Divers later retrieved the 4 of the 
10 units that sank to the bottom.  The 
boatmen noted all the immediately retrieved 
markers were sitting low in the water.  This 
was expected to be a little more evident in 
the fresh water as compared to their 
floatation in salt water, however, the nose of 
the units were merely 1-2 inches out of the 
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water.  This was the first inclination that the 
markers might be heavy enough to 
overcome their designed buoyant force. 
 Upon visual examination, it was 
obvious the units were sustaining a 
significant amount of damage upon impact 
with the water.  Photographs of one of the 
more damaged units from the special flight-
test at GLF are shown in Figure 1.  The 
damage of each unit varied with the unit�s 
orientation at impact.  Some units had slight 
dents near one end, while other units had an 
entire side caved in around the inner tube.  
The significant loss of volume was a second 
indication that the markers� failure mode 
was merely a buoyancy issue.  The 
buoyancy force that is exerted by the water 
on the unit is equal to the volume of water 
displaced by the unit, therefore, the smaller 
the volume of unit the smaller the buoyancy 
force.  The loss of volume upon impact 
results in a unit that wants to sink rather than 
stay afloat.  
 
Figure 1 - Two views of unit #15 tested during 

special test at GLF.  The dent is 
outlined in black marker. 

 

 

 
 

 Leak Test Results: The units 
recovered from the Glendora drop test 
remained in the water for up to an hour, 
which gave time for the unit to take on water 
through the small scuttle holes in the outer 
tube.  Two holes were drilled into each unit 
so that the water could be removed.  The 
two new holes were taped before the units 
went into the leak tester.  None of the units 
showed any signs of leaks during the leak 
test.   
 Weight Results: The units tested at 
GLF had an average weight of 4.138-lbs 

with a standard deviation of 0.022-lbs.  The 
entire lot of markers was then weighed to 
yield the distribution curve found in Figure 
2 with an average weight of 4.122-lbs. and a 
standard deviation of 0.029-lbs. 
 
Figure 2 - Mk 25 Mod 4 histogram unit weights 

for Lot CRA 01C012-001, N = 9000 
units 
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 Volume Results: Table 1 shows all 
the volume data recorded for the 26 
retrieved units.  The volume was measured 
for a non-tested unit and found to be 113.7-
in3.  The volume loss needed to reach 
neutral buoyancy in salt water was 
calculated using the units overall weight and 
density (64.2-lbs/ft3). 
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Table 1 - Volume data for 26 tested units retrieved 
from GLF. 

Weight of 
marker
(lbs.)

Volume of 
unit
(in3)

Volume of 
dent
(in3)

Volume loss needed to 
reach neutral buoyancy 

in salt water (in3)
4.172 111.9 1.8 8.7
4.221 108.3 5.4 7.3
4.180 113.6 0.1 8.5
4.193 112.4 1.3 8.1
4.196 113.1 0.6 8.0
4.171 109.0 4.7 8.7
4.197 108.8 4.9 8.0
4.158 113.7 0.0 9.0
4.157 112.2 1.5 9.1
4.171 112.1 1.6 8.7
4.175 106.1 7.6 8.6
4.160 110.7 3.0 9.0
4.152 107.1 6.6 9.2
4.148 111.6 2.1 9.3
4.129 112.7 1.0 9.8
4.170 109.6 4.1 8.7
4.143 109.5 4.2 9.4
4.199 106.9 6.8 7.9
4.174 111.7 2.0 8.6
4.157 112.2 1.5 9.1
4.166 109.9 3.8 8.8
4.194 108.2 5.5 8.1
4.173 106.3 7.4 8.6
4.188 112.6 1.1 8.2
4.209 112.0 1.7 7.7
4.176 110.5 3.2 8.6  

 
 Physical Defects: No structural 
defects were found when the individual 
components of disassembled markers were 
analyzed.   
 

Analysis 
  

Based on the results of the special 
flight test, it was shown that the Mk 25 Mod 
4 units were sinking because of being too 
heavy and the impact damage reduced the 
volume more than anticipated. 

The engineering team set about to 
develop a quick fix so that the failed lot 
could be screened and/or reworked, and the 
remaining lot, yet to be produced, would 
pass the lot acceptance testing.  An obvious 
target area to reduce the weight of the units 
was the red phosphorus pyrotechnic candle 
that contributes approximately half of the 
unit�s total weight.  However, any change in 
the candle weight by shortening the candle 

length is in potential conflict with the 
technical data package requirement of a 
minimum burn time of 13.5 minutes.    
 The engineering team considered 
four strategies, which are summarized in 
Table 2.  All strategies are based on the 
assumption that the production burn times 
and performance parameters follow normal 
statistics.   This assumption is supported by 
historical burn time data obtained from 25 
units that were from the failed lot.  Results 
are shown in Figure 3.   

  
 This small sample distribution 
selected from the failed lot has the following 
statistics: 
 

Burn Time = x  ± σ = 14:55 ± 0.24 (min:sec) 
                     with n = 25. Eq (3) 

 
The difference in the four strategies then 
becomes a choice of the statistical 
confidence level and the candle parameter 
that will be the basis for the analysis, as 
shown by the summary provided in Table 2. 

0

2

4

6

0:
14

:1
0

0:
14

:2
0

0:
14

:3
0

0:
14

:4
0

0:
14

:5
0

0:
15

:0
0

0:
15

:1
0

0:
15

:2
0

0:
15

:3
0

0:
15

:4
0

N
um

be
r o

f C
an

dl
e s

Figure 3 - Burn Time Distribution (N=25) 
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Table 2 – Statistical Strategy Summary 
Strategy #1 
! Define Max Candle Weight 
! Correlate ∆Weight to 

∆Candle Length 
! Correlate ∆Length to ∆Burn 

Time 
! Use 99.7% (3σ) distribution 

certainty 

Strategy #2 
! Define Max Candle Weight 
! Correlate ∆Weight to 
∆Candle Length 
! Correlate ∆Length to ∆Burn 
Time 
! Use 95% (2σ)  distribution 
certainty 

Strategy #3 
! Start w/ Minimum Burn 

Time requirement 
! Compute ∆Burn Time 

needed 
! Correlate ∆Burn Time to 

∆Candle Length 
! Correlate ∆Candle Length to 

∆Unit Weight 
! Predict losses due to heavy 

units 
! Use 99.7% (3σ) distribution 

certainty 

Strategy #4 
! Start w/ Minimum Burn 
Time requirement 
! Compute ∆Burn Time 
needed 
! Correlate ∆Burn Time to 
∆Candle Length 
! Correlate ∆Candle Length to 
∆Unit Weight 
! Predict losses due to heavy 
units 
! Use 95% (2σ) distribution 
certainty 

 
 Strategy #1 and Strategy #2 both 
started by defining a maximum candle 
weight that a unit could uphold, and the 
change in length necessary to reach the 
desired weight distribution.  The resulting 
change in burn time was calculated, and 
translated into a final burn time distribution.  
The main difference between Strategy #1 
and Strategy #2 is that Strategy #1 had a 
99.7% certainty while Strategy #2 had 95%. 
 Strategy #3 and Strategy #4 first 
looked at the shift in burn time distribution 
needed to make ( x  - 2σ) = 13.5 min.  This 
shift in burn time was then correlated to a 
change in candle length and candle weight.  
Strategy #3 used a 99.7% certainty while 
Strategy #4 used a 95% certainty. 
 The following is provided as an 
example of the analysis used for Strategy #4.  
It is assumed that the statistics in Figure 3 
are normal and a confidence level of 95% is 
desired.  From these assumptions, the 
required decrease in weight needs to be 
calculated. 
 For a sample to still meet the 
minimum burn time requirement, suggests 
the reworked population needs a Minimum 
Average Burn Time computed as follows: 

Population Avg. Burn Time = (Min. Burn Time) + 2σ 
 =   13:30 + 2(24)  
 =   14:18   (min:sec) 

  Eq (4) 
 
It is noted that the above change 
corresponds to the following change in the 
burn time, 
 

(∆ Burn Time) = 14:55 � 14:18 = 37 sec. 
 Eq (5) 

 

  
 The Population Average Burn Time 
found in Equation 4 can be correlated to a 
change in the length of the candles (∆ 
Length).   The change in length is computed 
by using statistics from burn rate 
performance data collected from twenty 
candles belonging to the family of candles 
tested in the GLF special flight-test.  The 
Candle Burn Rate statistics are listed below. 
 
Candle Burn Rate Statistics: 
 x  ± σ = 103.88 ± 4.31 (sec/inch)  

 n = 20 Eq (6) 
 

Future Current 

+2σ1 =  
15:43 

-2σ2 =
13:30 

-2σ1 =
14:07 

+2σ2 = 
15:06 

∆ = 37 sec 

1x  = 14:55 (min:sec) 2x  = 14:18 (min:sec) 

Figure 4 – Required Shift in Lot Burn Time 
Distribution 
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Future Current

+2σ1 = 
4.180 lbs. 

-2σ2 = 
3.982 lbs. 

-2σ1 = 
4.064 lbs. 

+2σ2 = 
4.098 lbs. 

∆ = 0.082 lbs. 

1x  = 4.122 lbs. 2x  = 4.040 lbs. 

Figure 5 – Shift in Weight Distribution The shortest burning candle would have a 
burn rate of, 
 
Fastest Burn Rate = x  - 2σ = 103.88 � 2(4.31) 
 =  95.26 (sec/in)  

 Eq (7)  
 
The change in candle length corresponding 
to the change in burn time found from 
Equation 3 can then be calculated as 
follows, 
 
∆ Length = (∆ Burn Time)/(Fastest Burn Rate) 
 =  (37sec)/(95.26 sec/inch) 
 =   0.39 in 

  Eq (8) 
 
which corresponds to a change in weight (∆ 
Weight) computed from the statistics 
associated with the linear candle density ( x  
± σ = 0.207 ± 0.001 lbs./in). 
 
Max Linear Density = x  + 2σ = 0.207 + 2(0.001) 
  = 0.209 lbs./in 

  Eq (9) 
 
∆ Weight =  (∆ Length)(Max Linear Density) 
 =  (0.39 in)(0.209 lb./in) 
  =  0.082 lbs. 

  Eq (10) 
  

The change in candle weight that 
was found in Equation 10 will shift both the 
candle weight distribution and the marker 
weight distribution.  Figure 5 shows the shift 
in the marker distribution by 0.082 lbs.  As a 
result, 95% of the future marker population 
will fall in the weight range of 3.982 - 4.098 
lbs. 

In the end, Strategy #4 showed the 
producers they could trim 0.39 inches 
(found in Equation 8) off the candle, and 
they could be 95% confident that the 
markers would meet the minimum burn time 
requirement and have a overall weight range 
of 3.982 - 4.098 lbs. 

The producers took the information 
acquired from Strategy #4, and screened the 
failed lot to discard the heavy markers.  The 

lot was resubmitted, and passed the flight 
test phase of LAT with no sinkers.   
 

Conclusion 
 
 Through the special flight test 
conducted at GLF and the failure analysis 
that followed, the engineering team was able 
to identify the failure mode for lot 
CRA01C012-001 as a combination of 
weight and volume loss.  The statistical 
analysis provided information to the 
producers that allowed them to set forth a 
plan of action in a timely manner.  The 
producers also gained knowledge on what 
the markers� weight distribution should be 
for future production. 
 The engineering team has a firm 
grasp on several product improvements that 
would make the marker lighter and more 
robust.  The team proposed these design 
changes to the marker program sponsor.  
 Research was conducted on the 
history of marker production, specifically on 
the history of candle production.  Figure 6 
displays the trend of candle weights and 
shows how they have increased over the 
years.  This increase can be explained by the 
changes in RP density. Modern methods of 
red phosphorus manufacturing have 
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increased the stability and performance by; 
changing dust suppressants, varying the 
stabilizers, and controlling the particle size 
with more precision.  Unfortunately, these 
changes have resulted in more dense red 
phosphorus and heavier RP pyrotechnic 
candles.  Future marker production can 
expect candles to weigh more than they did 
a decade ago.  
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Combustion process of composite propellants and pyrotechnic compositions 
containing aluminum powder is reviewed. Concentration limits of combustion, 
agglomeration of metal particles, burning rate dependency on the Al particle size 
have been studied. The effect on the solid propellant performance of alumina particle 
size is examined. The later is in turn a function of the metal particle combustion 
mechanism. Characterization data of the systems with ultra-fine aluminum and 
modified metal particles are discussed.  

 
 

INTRODUCTION 
 

High-energy heterogeneous condensed 
systems (HCS) have been widely used since 
rapid progress in rocket propulsion 
technologies began at the end of the 1950s 
with a view to increasing the energy content 
of various propellants and solving special 
applied problems. 

Initially, HCS were based on mixtures 
of oxidizers and polymeric fuel-binders. 
Nitrates and perchlorates were considered as 
oxidizers; rubbers and more complex 
polymers, as fuel-binders. Later on, high-
energy powdered metals (such as Be, B, Al, 
Mg, Zr, Ti, etc.) were proposed as fuels to be 
used in HCS. 

F.A. Tsander, a talented Russian 
scientist and engineer, suggested the use of 
metals as fuels for high-altitude vehicles and 
interplanetary spacecraft in 1909 (Tsander, 
F.A., Problems in Jet Propulsion of Missiles, 
(in Russian) Moscow: GNTI Oborongiz, 
1961). 

Depending on the purpose and metal 
concentration, metal-contained HCS that can 
burn in self-sustained combustion regime 

can be tentatively grouped into three 
categories: 
1. Multicomponent rocket and other 

propellants with metal concentration not 
higher than 25 vol%. Their basic high-
energy component is powdered 
aluminum (or aluminum-containing 
compound). High-temperature oxidation 
(combustion) of aluminum relies on the 
use of oxygen contained in air. 

2. Special-purpose highly metallized HCS, 
with concentration of metal or metal-
based compound varying from 30 to 60 
vol% (the remaining components are 
oxidizer and binder). These propellants 
are characterized by distinctly negative 
oxygen balance. Complete utilization of 
their energy potential relies on the use of 
an additional oxidizer (oxygen contained 
in air or water). Combustion of these 
HCS develops in two stages. The first 
stage results in the dispersion of 
condensed matter from the surface of a 
reacting grain and its ejection into a 
secondary combustion chamber. At the 
second stage, complete energy release is 
ensured by means of additional oxidizer 



 

 164

injection into the secondary combustion 
chamber. 

3. Pyrotechnic HCS based on powdered 
metals or metallized compounds, 
including thermites, special-purpose 
formulations, and compositions used in 
self-propagating high-temperature 
synthesis. Combustion in these systems 
is controlled by redox reactions between 
the starting components. 
The composition of HCS is largely 

determined by its purpose and must ensure 
maximum efficiency, optimal output of a 
working medium or a new phase, attainment 
of the highest possible temperature or target 
power output. 

Physical modeling and theories of HCS 
combustion rely on experimental studies of 
combustion of heterogeneous materials, 
high-volatile explosives, and unmetallized 
multicomponent solid rocket propellants 
(SRP). 

Extended gasification and mixing zones, 
non-uniform structure, unsteady heat and 
mass transfer, and dependence of burning 
rate on particle size and initial mixture ratio 
characterize HCS combustion. 

Combustion of metal-based HCS 
involves some specific phenomena that 
make the combustion wave structure even 
more complicated. These phenomena 
include agglomeration of metal particles in 
the condensed-phase reaction zone and 
combustion of dispersed particles in the 
flame zone, which is essentially 
heterogeneous. Chemical reactions are 
extended over time and space. As a 
consequence, an analysis of conversion 
efficiency and two-phase losses is required. 
The burning rate becomes a function of the 
metal particle size and concentration. 

Combustion of HCS of the second and 
third categories leads to the formation of a 
carcass consisting of condensed combustion 

products and resembling the original 
specimen in shape and size. 

In accordance with the specific features 
of metal-based HCS combustion, we have 
developed a special technique designed to 
perform continuous and discrete 
measurements of combustion and ignition 
characteristics of specimens and to capture 
individual stages and phenomena that take 
place in the reaction zone and flame zone. 

The present analysis is focused on 
combustion of aluminum-based HCS. This 
is motivated by the widespread use of 
aluminum as a fuel characterized by a high 
heat of combustion, handling safety, and 
efficiency of high-temperature reaction in 
rocket motors. 
 
EXPERIMENTAL RESULTS 
 
Combustion wave propagation velocity 

 
Generally, the burning rate of an HCS 

depends on the physicochemical properties 
and thermodynamic properties of the starting 
components, their concentrations and 
particle sizes, the structure of specimens, the 
laws of high-temperature kinetics, and the 
ambient conditions (pressure and 
temperature). 

As mentioned above, additional trends 
are observed in the behavior of HCS 
containing metal fuels (aluminum in the 
systems considered here), including effects 
on the burning velocity U. These diverse 
effects should be analyzed together with the 
properties of the basic (i.e., unmetallized) 
system. However, certain trends can be 
attributed specifically to aluminized HCS. 

First of all, they are characterized by 
intricate dependence of burning velocity on 
the aluminum-powder concentration (Fig. 1). 

When the aluminum concentration is 
low (within 5–7 vol %), the effects due  
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Fig. 1. The burning rate dependencies 
on the metal content for the mixtures: 

1- Al/AP/PMMA, 2 – Al/Fe2O3. 
 
to its presence are weak, and the burning 
velocity is close to that characteristic of the 
basic oxidizer–binder (AP/PMMA) 
composition, U0. As the aluminum 
concentration is increased, the burning 
velocity sharply increases, reaching a 
maximum. The maximum point lies in the 
range of concentrations close to a 
percolation threshold. 

With further increase in concentration, 
the function U(% Al) exhibits a plateau-like 
behavior and then drops, terminating at a 
combustion limit. The limit is also 
determined by a threshold concentration of 
the basic AP/PMMA composition. The 
magnitude of the burning velocity is largely 
determined by the basic composition. 
However, the qualitative behavior of U(% 
Al) is similar for different HCS. 

Thermite-type HCS are characterized by 
combustion limits associated with threshold 
concentrations of individual components 
(depending on the specimen's porosity and 
presence of inert additives). 

For HCS of propellant type, U is a 
function of the size of both oxidizer and 
aluminum particles (Fig. 2). 

The burning velocity of the basic 
composition weakly depends on the oxidizer 
particle size when particles are relatively 
coarse or fine. However, when aluminum is 
added, both particle size and the ratio dAl/dox  

 

 

Fig. 2. Burning rate dependency on the 
particle size of oxidizer and aluminum:  

1 - dAl=2µµµµm, 2 - dAl=7µµµµm. 
 

become important parameters. Optimal 
results are obtained when dAl = dox. 

The burning velocity increases with 
decreasing size of aluminum particles when 
other parameters are held constant. 

The HCS burning velocity strongly 
depends both on the size of aluminum 
particles and on the properties of their 
surface. When a thin film of a different 
metal covers the particles, the burning 
velocity may differ by a factor of two to 
three; moreover, the behavior of particles in 
the reaction zone of a combustion wave may 
change (Fig. 3). 

 
 

Fig. 3. Burning rate dependencies on the 
pressure for compositions with 70% 

aluminum coated with: 1 – Cu; 2 – Co; 3 
– Zn; 4 – Cd; 5 – without coating 
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Agglomeration 
 
As noted above, combustion of metal-

based HCS is characterized by a tendency 
toward agglomeration (coalescence) of 
aluminum particles in the condensed-phase 
reaction zone. 

This phenomenon adversely affects the 
performance of motor combustion chambers 
and leads to incomplete reaction, slag 
deposition in combustion chambers, lower 
efficiency of pyrotechnic formulations, and 
poor quality of end products. 

Agglomeration   as well as burning 
rate   is one of the parameters determining 
the scope and feasibility of efficient 
utilization of a metal-based HCS. 

In experimental studies of 
agglomeration, samples of the condensed 
phase to be analyzed are taken directly from 
the burning HCS surface onto a metal or 
glass plate, into an inert liquid, or onto a 
rotating cylinder's inner surface covered by a 
liquid layer. 

The coalescence of particles manifests 
itself when the aluminum concentration in 
an HCS exceeds a certain threshold value. 
The threshold concentration depends on the 
HCS structure and on the size and shape of 
the metal fuel particles. As the concentration 
of aluminum (or another metal fuel) 
increases, so does the degree of 
agglomeration defined as the ratio η = 
Dagg/dAl, where Dagg is the diameter of an 
agglomerate formed on the reaction surface 
or in the condensed-phase reaction zone and 
dAl is the initial particle diameter. 

The process in question is strongly 
affected by the burning rate, its pressure 
dependence U = bpν, and the gasification 
depth of the starting components. These 
parameters control the outflow rate of 
gaseous products and their effect on 
particles. 

Accordingly, the degree of aluminum-
powder agglomeration decreases with 
increasing pressure and burning rate. 

However, the burning rate may also play 
a minor role. The agglomerate diameter 
depends on physicochemical properties of 
the oxidizer and fuel-binder. The buildup of 
melt on the surface of a burning HCS (e.g., 
an SRP) inhibits the growth of agglomerates 
(e.g., when ammonium nitrate or potassium 
perchlorate is used as an oxidizer), whereas 
aluminum particles chaotically moving on a 
solid reaction surface are more likely to 
come in contact (as in the case of an 
ammonium perchlorate–based formulation). 
Formation of carbonaceous decomposition 
products on the burning surface also 
facilitates the particle coalescence and the 
growth of Dagg. 

However, the role played by the 
properties of the burning surface and the 
condensed-phase reaction zone may change 
as the aluminum concentration increases. 
Carbonaceous species, as well as other solid 
decomposition products, tend to block direct 
contact between aluminum particles, 
impeding their coalescence and formation of 
a firm carcass. 

When the burning surface is placed in a 
flow of high-temperature combustion 
products, the degree of agglomeration 
reaches a maximum value at a flow velocity 
W = 15–20 m/s. The value of η increases by 
~ 50% at an Al concentration ≤ 25%. As the 
aluminum concentration in the propellant is 
increased, the effect of high-temperature gas 
flow on the burning surface weakens (unless 
an additional amount of the oxidizer is 
introduced into the flow). 

Finally, the overall HCS structure is 
determined by the ratio of crystalline-
oxidizer to powdered-aluminum particle 
size. The highest uniformity is attained when 
the particles of both reactants are equal in 
size. In this case, agglomeration is almost 
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eliminated at aluminum concentrations 
below the threshold. When the aluminum 
concentration exceeds the threshold value, 
the value of η depends on the ratio of the 
powdered components' particle sizes. This 
dependence becomes stronger as the HCS 
composition approaches the pyrotechnic 
range. 

The structure of large agglomerates is 
not uniform. In addition to aluminum, they 
may contain the products of decomposition 
or incomplete combustion of the binder and 
the oxidizer. However, the structure and 
composition of agglomerates are the key 
parameters determining the burn time and 
combustion efficiency. 

When a bi-disperse or multicomponent 
oxidizer is employed (e.g., ammonium 
perchlorate or hexogen), the agglomeration 
pattern is even more complicated as it 
depends not only on the parameters 
indicated above, but also on the types and 
properties of the basic powdered 
components. In particular, the degree of 
agglomeration η is higher by two to three 
times for HCS containing hexogen. 

The mechanism of agglomeration 
consists of several stages: accumulation of 
particles in the condensed-phase reaction 
zone and on the burning surface, various 
interactions taking place on the burning 
surface, condensed-matter dispersion, and 
combustion in the flame or conversion into a 
firm carcass or loose condensed residue 
characterized by a certain degree of 
conversion. 

When agglomerates are dispersed into 
the gas-phase flame zone where reaction 
between oxidizer and fuel-binder takes 
place, their ignition and combustion are 
controlled by a mechanism similar to that of 
aluminum particle combustion (except for 
effects due to their specific structure). 
 

Ignition and combustion of aluminum 
particles in HCS combustion products 

 
Ignition and combustion of metal fuel 

particles and their agglomerates dispersed 
from the burning surface play an important 
role in the mechanism of HCS combustion 
and determines its practical efficiency. 

These processes have been investigated 
by means of a high-speed frame or video 
camera combined with various methods for 
particle sampling from flames. Aluminum 
particles are ignited as they are heated in the 
reactive high-temperature products of fuel-
binder combustion. The principal oxidizing 
agents are oxygen, water, and carbon 
dioxide. Since aluminum particles are 
initially covered by a protective oxide 
coating characterized by a high diffusion 
resistance, their ignition is attributed to the 
melting of coating subjected to high 
temperature and steep temperature gradient 
or to its disintegration caused by the outward 
expansion of the molten aluminum mass. 

The ignition regime controlled by the 
disintegration of oxide coating is typically 
observed in combustion of solid rocket and 
other propellants when the reactant 
concentrations in the flame brush are 
relatively high (with oxygen content > 20 wt 
%). In this regime, ignition occurs when T = 
1500K is reached, and the ignition 
corresponding delay is estimated as 

 
τ = d2exp(32000/RT) (ms). 
 
The ignition temperature increases with 

increasing aluminum concentration, 
decreasing heat content, and decreasing 
oxidizer concentration and can reach the 
melting point of Al2O3, i.e., to 2300K. The 
ignition delay increases accordingly. 

In the case of a highly aluminized HCS, 
intense chemical reaction can be initiated by 
reaction between oxide coating and liquid 
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metal on the particle surface, Al2O3 + Al → 
AlO + Al2O + …, in which high-volatile 
suboxides are produced. As a result, the 
surface of molten aluminum can come in 
contact with other reactants. This initiation 
mechanism is characteristic of thermite-type 
formulations. The corresponding ignition 
delay is proportional to the ambient or 
igniter temperature. 

In the products of propellant 
combustion, transition from ignition to 
combustion is associated with the 
development of a highly luminous zone 
whose diameter is two to three times larger 
than the initial particle diameter. The 
reaction-zone temperature can be as high as 
3200–3800K, i.e., higher than the reaction 
temperature of the basic unmetallized 
composition by 400–600K. Combustion of 
particles can be accompanied by fluctuations 
caused by rotation of particles or their 
fragmentation due to the overheating of the 
liquid aluminum-particle mass (typically, at 
the final combustion stage). 

The radiation spectrum of burning 
aluminum particles consists of a continuous 
background and a number of lines and bands 
associated with volatile aluminum-
containing compounds (suboxides). At T > 
2000°C, the particle burning time is 
independent of T and is a function of 
pressure, composition, and particle diameter 
d: 

 
τ ~ dn/ak

0.9, 
 
where ak is the concentration of oxygen-

containing reactants. 
As pressure P increases, the pressure 

exponent n may vary from 2 to 1.5 (as P is 
raised from 1 atm to 70 atm) and further to 
lower values. With increasing aluminum 
concentration in an HCS, the initial 
concentration ak of oxygen-containing 
reactants decreases, and so does their 

instantaneous concentration as aluminum 
gradually burns out. As a consequence, a 
transition from vapor-phase to diffusion-
limited heterogeneous combustion is 
observed, the reaction zone approaches the 
surface, and an increasingly important role is 
played by intermediate redox reactions on 
the molten aluminum surface, M + Al + O3, 
in which intermediate volatile suboxides are 
produced. 

As the aluminum content is increased to 
50–70 vol %, the combustion temperature 
and ak drop to T < 1700K and ak < 17%, 
respectively, and the condensed-phase 
products of aluminum oxidation build up on 
the droplet surface. As a result, a transition 
from vapor-phase combustion to a 
combustion regime described by the bubble 
model is observed. 

Particle combustion and ignition 
determine the size of the condensed-product 
(Al2O3) particles. 

At the stage of ignition and developing 
combustion, the molten aluminum oxide that 
initially covered an aluminum particle 
breaks away from the molten-aluminum 
surface in relatively large drops whose 
diameter is proportional to the oxide film 
thickness and the initial particle diameter. 
This is explained by the poor wettability in 
the Al–Al2O3 system. 

The diameter of Al2O3 particles 
produced in the vapor-phase combustion 
zone is an order of magnitude smaller, but it 
is also proportional to the burning-particle 
diameter. The resulting overall particle size 
distribution of combustion products is 
bimodal. This observation is important for 
evaluation of two-phase losses in motors. 

When surface reaction in heterogeneous 
combustion is described by the bubble 
model, the Al2O3 particles obtained have 
diameters close to the original aluminum-
article diameter or the diameter of particles 
at the moment of extinction. 
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Recent studies are characterized by a 
tendency toward utilization of progressively 
smaller powdered-aluminum particles in 
SRP-type HCS, with particle diameter lying 
in the nanoscale range (dAl < 1 µm). 
Investigations have shown that the diameters 
of the resulting condensed Al2O3 particles 
are proportional to (but smaller than) the 
initial particle diameter in this range as well, 

decreasing with increasing oxidizing activity 
of the medium (oxygen concentration). This 
suggests that combustion regimes of both 
nanosized and coarse aluminum particles are 
controlled by similar mechanisms including 
development of vapor-phase flames and 
formation of nanosized aluminum-oxide 
particles (see Fig. 4). 
 

 

 
Fig. 4. Particles of aluminum and products of its combustion:  

a) photo-image of initial Al particles, b) products of its combustion in 
83%argon/17%oxygen mixture c) diagram of the mean particle size (in microns): 1 – initial 
particle of Al, 2 – products of the Al particles combustion in a gas with the oxygen content 

17%, 3 - products of the Al particles combustion in a gas with the oxygen content 41% 
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DISCUSSION 
 

It was noted above that burning rates 
reflect the properties of HCS and the 
mechanisms of their combustion. 

One important factor is the degree of 
HCS heterogeneity. The smaller the particles 
and the better they are mixed, the more 
uniform is the HCS structure and higher the 
burning rate. This trend is particularly well 
manifested in combustion of metallized HCS 
(Fig. 2). The burning rate progressively 
increases with decreasing aluminum or 
oxidizer particle size. When the particles of 
one component are coarser (e.g., dox > dAl, as 
in Fig. 2), the larger particle diameter plays 
the key role. The finer (i.e., aluminum) 
particles aggregate together at the stage of 
HCS formation. As the condensed phase is 
heated in the reaction zone, these aggregates 
melt and merge into larger particles, thus 
determining the degree of agglomeration η. 
Agglomeration not only tends to impede the 
growth of burning velocity as a function of 
concentration, but may also reverse its slope 
from positive to negative. 

Agglomeration affects not only the 
combustion-wave propagation velocity, but 
also the degree of conversion, the reaction 
time, and, therefore, the efficiency of HCS 
utilization. In motors, agglomeration 
generally plays a negative role. In other 
applications, such as SHS processes, 
production of pure gases (H2, CO2, N2, or 
O2) in HCS combustion, thermite 
combustion, agglomeration plays a positive 
role. 

Pre-coating the aluminum particles with 
thin layers of metals or their oxides can 
increase or decrease the rate of 
agglomeration through the effect produced 
on the slow diffusion stage The catalytic 
effect of such a coating on the burning rate 
of the basic oxidizer/binder composition 

and, therefore, on the outflow rate of 
gaseous combustion products intensifies the 
dispersion of aluminum particles from the 
surface reaction zone. As a result, finer 
particles are burned in the flame brush. The 
particle burning time scales as the square of 
the particle diameter or the structure-
dependent effective agglomerate diameter. 

The agglomerate diameter determines 
not only the HCS burn time and combustion 
efficiency, but also directly affects the 
condensed end-product particle size (Al2O3). 
The smaller aluminum particle diameter, the 
smaller the Al2O3 particles and, therefore, 
lower the two-phase losses in a rocket 
motor. 

It should be noted that the mechanism 
of nanosized aluminum combustion in a 
high-temperature oxygen-containing gas 
flow is analogous to the mechanism of 
vapor-phase combustion of coarser particles 
(with d > 10 µm). The diameters of 
produced Al2O3 particles lie in the nanoscale 
range. Accordingly, HCS with nanosized 
components should be expected to exhibit 
high combustion efficiency. 

Combustion of metallized HCS is 
characterized by concentration limits. They 
are manifested by spikes in the graphs of 
burning rates, in particular, at an aluminum 
concentration of 16 to 17%. This 
concentration corresponds to the percolation 
threshold at which aluminum particles 
merge into an infinite cluster. The structure 
and thermodynamic properties of a specimen 
change accordingly. A similar threshold 
condition is observed at a high concentration 
(> 80%), when the concentration of the basic 
components distributed over aluminum 
"matrix" falls below a threshold value (16–
17% by volume). 

Based on these trends in combustion 
behavior of metallized heterogeneous 
condensed systems, several methods of HCS 
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combustion control can be suggested to 
improve utilization efficiency. These 
methods can be classified in terms of their 
influence on the entire process or its stages 
and in terms of their modifying effect on the 
starting components (particularly 
aluminum). 

Optimization of the oxidizer to 
aluminum particle size ratio can be effective 
when it changes the agglomeration 
characteristics of powdered aluminum for 
burning SRP-type and pyrotechnic HCS 
based on high-melting oxidizers. The 
particle size ratio can be optimized at the 
formation stage. 

Selection of the fuel-binder can be 
effective when applied to highly metallized 
propellants and pyrotechnic compositions 
containing species whose decomposition 
products include carbonaceous species 
impeding contact between particles. 

Addition of flammable metals (e.g., 
magnesium or zirconium) reduces the 
residence time of a particle on the reaction 
surface, increases the HCS burning rate, and 
reduces the induction time of aluminum 
combustion. 

Control of surface tension of the liquid-
phase reaction zone. Surface tension can be 
reduced by using alkaline (potassium, 
sodium, and lithium) nitrates (Fig. 5). 

Pre-oxidation or pre-coating of 
aluminum particles with high-melting 

materials. While somewhat inhibiting the 
reactivity of a metallized (aluminum-

containing) fuel, the coating reduces the 
degree of agglomeration by more than an 
order of magnitude (Fig. 7), especially in 
combustion of highly metallized HCS. An 

analogous effect is achieved by using 
additives that promote aluminum surface 
oxidation, such as fluorides (LiF), Cr2O3, 

P2O3, Co, Cr, Zn, Cd, and Cr2–O3–Cu 

coatings. They produce a catalytic effect, 

 
 

Fig. 5  
Agglomerate size (D43) dependencies on 

the pressure for Al composites with 
different oxidizers: (αααα=0,65): 1 – sodium 

nitrite; 2 – potassium nitrite; 3 – 
rubidium nitrite; 4 – strontium nitrite; 5 – 

caesium nitrite; 6 – AP. 
 

increasing the rate of steady HCS 
combustion (Fig. 6) through reduction of η. 

 
 

Fig. 6. Agglomeration degree (ηηηη) 
dependencies on the alumina content on 
the surface of Al particles having radius 

R0 (NaNO3, αααα=0,65, Ar, P=1atm) 
Unconventional methods include pre-

conditioning of metal particles in a dissolved 

µ

µ

µ
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or molten oxidizer (nitrate or perchlorate). In 
this method, aluminum powder is poured 
into an aqueous solution of ammonium 
perchlorate heated to its boiling point, and 
the aluminum-containing solution is 
carefully stirred and rapidly cooled to 20°C. 
As a result, AP crystallizes around 
aluminum particles into a crystal–particle 
system. While precluding direct contact 
between aluminum particles, this pre-
conditioning promotes their oxidation in a 
combustion wave and reduces the degree of 
agglomeration, induction time, and burn 
time. 

The burning rates of formulations that 
contain aluminum pre-conditioned as 
described above are generally lower by 20 to 
30% and similar to the burning rates of the 
basic Al/AP formulations. 

Dispersion of condensed matter in HCS 
combustion is induced by the outflow of the 
gaseous products of fuel-binder and oxidizer 
decomposition. Accordingly, the lower gas-
flow velocity and density attained in 
combustion of highly aluminized 
formulations or carbon-rich binders 
characterized by high decomposition 
temperatures leads to poorer dispersion. 
Dispersion characteristics can be improved 
by adding easily decomposable salts or metal 
hydrides. Figure 8 demonstrates the effect of 
titanium and zirconium hydrides on the 
burning rate of an Al/AP/PMMA-based 
HCS. As a function of the hydride 
concentration, the burning velocity has a 
maximum that exceeds the burning rate of 
the basic composition by a factor of 1.5 to 
2.0. Note that the achieved effect ensures 
complete dispersion even in the case of a 
50–60 vol % aluminum concentration, and 
the diameter of the produced agglomerates 
does not exceed 500 µm (no carcass is 
formed). 
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ABSTRACT 
 
A scalable vehicle has been designed using readily available materials and trialled at two 

sizes (nominally 20 g and 200 g HE) and at two different heating rates (240º C/h and 3.3º C/h). 
The results for RDX, TNT and their mixtures are presented in terms of time to event, temperature 
at event, and the type of response. 

 
 

INTRODUCTION 
 
Some of the results for the fast cook-off program and the results of the slow cook-off 

program of RDX, TNT and RDX/TNT mixtures at nominal 20 and 200 g scales, using the test 
vehicle designed and constructed at the Royal Military College of Science have been published 
[1, 2]. 

This poster brings together all the results so far obtained, comments on the effect of scale, 
and shows the type of fragments retrieved from the various events. 

 
 
 
EXPERIMENTAL 

 
 
All the experimental preliminary testing of the cook-off vehicles and the cook-off testing 

methodology can be found in the referred previous publications [1, 2]. 
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Cook-Off Results 
 
The results obtained for small and medium scale cook-off testing are presented in terms 

of time to cook-off and cook-off temperature for all the samples tested, at both heating rates (see 
Tables I & II). 

 
 

                      FAST COOK-OFF 
 SMALL SCALE MEDIUM SCALE 

Sample t (s) TTC1 (ºC) TTC4 (ºC) t (s) T TC1 (ºC) T TC4 (ºC) 
RDX 1582 191 203 1574 143 203.5 

75RDX/25TNT 1189 166 182 999 117.5 161 
60RDX/40TNT 1324 196.5 186.5 1212 144 177 
50RDX/50TNT 1449 215.5 211.5 1149 219 220.5 
40RDX/60TNT 1626 234.5 230 1423 ---- 220.5 
25RDX/75TNT 1486 226.5 228.5 1558 229 223.5 

TNT 1083 243 148 992 195.5 226.5 
Table I - Experimental results obtained for small and medium scale fast cook-off studies. 

 
 

                            SLOW COOK-OFF 
 SMALL SCALE MEDIUM SCALE 

Sample t (s) TTC1 (ºC) TTC4 (ºC) t (s) TTC1 (ºC) T TC4 (ºC) 
RDX 82920 209 182 80370 209.5 189 

75RDX/25TNT 84533 173 185.5 64813 194 171 
60RDX/40TNT 90532 232.5 207 67040 189.5 188 
50RDX/50TNT 73137 181.5 173 72256 190.5 193.5 
40RDX/60TNT 74237 211.5 174 75309 170.5 169 
25RDX/75TNT 80602 184.5 181.5 83105 182 239 

TNT 121456 236.5 242.5 127595 228.5 225.5 
Table II - Experimental results obtained for small and medium scale slow cook-off studies. 
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Typical examples of the fast and slow cook-off profiles obtained small and medium scale, 

for the same sample, are presented in Figures 1 - 4, respectively. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 1 - Fast cook-off profile of a small scale 50 RDX/50 TNT charge. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 - Fast cook-off profile of a medium scale 50 RDX/50 TNT charge. 
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Figure 3 - Slow cook-off profile of a small scale 50 RDX/50 TNT charge. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4 - Slow cook-off profile of a medium scale 50 RDX/50 TNT charge. 
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A preliminary analysis from the fast cook-off results shows a trend with respect to time to event 
for the RDX/TNT mixtures: for both types of scale size, and in most cases, the higher the RDX 
content in the mixture the shorter the time to event. With respect to the temperatures at event, 
there is similarly a decrease of these with the increase on RDX content in the RDX/TNT 
mixtures. These trends are plotted on Figures 5 and 6. 
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Figure 5 - Time to event vs. RDX content profile for small and medium scale 

fast cook-off tests, with RDX/TNT mixtures. 
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Figure 6 – Temperature at event vs. RDX content profile for small and medium scale fast 

cook-off tests, with RDX/TNT mixtures. 
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For the pure explosives, although RDX presents similar values for both time and 
temperature at event for both scale sizes, there is, however, a reduction in time to event on 
moving from small to medium scale cook-off test vehicles. 

The fast cook-off tests performed with TNT present low values for time to event and 
temperature at event on both scales. These initial tests were performed with 0% ullage. As TNT 
presents a tendency to expand when molten, another series of experiments was attempted with 
15% of ullage. The results obtained for small and medium scale were, respectively: 
 

 
TNT 15% ullage t (s) TTC1 

(ºC) 
TTC4 (ºC) 

Small Scale 2808 318 314.5 
Medium Scale 2670 288.5 288.5 

 
Table III - Experimental results obtained for small and medium scale fast cook-off tests on a 

TNT sample with 15% ullage. 
 
 
Integrating these results into the trends plotted previously on Figures 5 and 6, it is clear 

that significant changes are induced (Figs. 7 and 8): 
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Figure 7 - Time to cook-off vs. RDX content profile for small and medium scale  

fast cook-off tests, with RDX/TNT mixtures. 
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Figure 8 - Cook-off temperature vs. RDX content profile for small and medium scale fast 

cook-off tests, with RDX/TNT mixtures. 
 

Concerning both trends on time to cook-off and cook-off temperature, the mixture 50 
RDX/50 TNT for medium scale seems to be the one presenting an exceptional behaviour.   No 
explanation for this apparent exception has been so far found. 
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 For the slow cook-off results, the trend of time to cook-off vs. RDX content is plotted on 
Figure 9. 
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Figure 9 - Time to cook-off vs. RDX content profile for small and medium scale slow 

cook-off tests, with RDX/TNT mixtures. 
 
Figure 10 shows the correlation of temperature to cook-off vs. RDX content of the trialled 

samples, for the slow cook-off program. 
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Figure 10 - Cook-off temperature vs. RDX content profile for small and medium scale  

slow cook-off tests, with RDX/TNT mixtures. 
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Fragmentation Analysis 

 The violence of event was assessed qualitatively by a simple visual fragmentation 
analysis, on the basis of the types of fragments produced (detonation - small fragments, 
deflagration - large fragments, pressure burst - no fragments but disrupted and distorted vessel, 
pressure release - no fragments and only slight distortion). 
 Some examples of the fragmentation obtained during this series of trials are presented in 
Figures 11 and 14. 
 

 
Figure 11 - Fragmentation analysis of a 50 RDX/50 TNT small scale fast cook-off trial. 
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Figure 12 - Fragmentation analysis of a 50 RDX/50 TNT medium scale fast cook-off trial. 

 
Figure 13 - Fragmentation analysis of a 50 RDX/50 TNT small scale slow cook-off trial. 



 

 285

 
 

Figure 14 - Fragmentation analysis of a 50 RDX/50 TNT medium scale slow cook-off trial. 

The fragmentation analysis results for fast and slow cook-off programmes are shown in 
Table IV and V, respectively:  
 

FAST COOK-OFF 
 SMALL SCALE MEDIUM SCALE 

Sample Type of Response Type of Response 
RDX Detonation Detonation 

75RDX/25TNT Deflagration Deflagration 
60RDX/40TNT Deflagration Deflagration 
50RDX/50TNT Pressure Burst Deflagration 
40RDX/60TNT Deflagration Deflagration 
25RDX/75TNT Deflagration Deflagration 

TNT Pressure Release Pressure Release 
TNT15%void Pressure Burst Deflagration 

 
Table IV - Qualitative assessment on the violence of response of the explosives tested. 
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 SLOW COOK-OFF 

 SMALL SCALE MEDIUM SCALE 
Sample Type of Response Type of Response 
RDX Deflagration Detonation 

75RDX/25TNT Deflagration Pressure Burst 
60RDX/40TNT Deflagration Pressure Burst 
50RDX/50TNT Pressure Release Pressure Burst 
40RDX/60TNT Pressure Release Pressure Burst 
25RDX/75TNT Pressure Release Pressure Burst 

TNT Pressure Release Pressure Release 
 

Table V - Qualitative assessment on the violence of response of the explosives tested on a slow 
cook-off program. 

 
The type of response presented in Tables IV and V should not be taken as definitive for 

these systems. Any study on violence of response necessarily demands a more reproducible 
degree of confinement than the one likely to be achieved in the present study. Therefore, these 
designations represent only the possible qualitative assessment of the violence of response based 
on “hands-on experience” type of assessment. For further studies of fragmentation analysis to be 
conducted in order to adequately assess and quantify the violence of response obtained for these 
systems, a fully confined test vehicle would need to be designed and constructed. 

 
 

DISCUSSION OF THE RESULTS 
 

The small and medium scale fast cook-off results show a trend with respect to time to 
cook-off for the RDX/TNT mixtures: the higher the RDX content in the mixture the shorter the 
time to cook-off. With respect to the cook-off temperatures, there is similarly a decrease of these 
with the increase on RDX content in the RDX/TNT mixtures. 

 
Concerning both trends on time to cook-off and cook-off temperature, the mixture 50 

RDX/50 TNT for medium scale seems to be the one presenting and exceptional behaviour. No 
explanation for this apparent exception has been so far found. 

 
For the pure explosives, although RDX presents similar values for both time and 

temperature of cook-off for both scale sizes, there is, however, a reduction in cook-off time on 
moving from small to medium scale cook-off test vehicles. 

 
As for TNT, tests with 0% ullage showed pressure release for lower values of time to 

cook-off and cook-off temperature on both scales. Further testing with 15% ullage resulted in 
higher values for both time and temperature to cook-off on either scales as well as a higher 
violence of response. 
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The slow cook-off results for the mixtures show that for medium scale cook-off the time 
to cook-off decreases linearly with increasing RDX content. At small scale, however, very 
similar results are obtained for 25%, 40% and 50% RDX, but there was a marked rise to 60% and 
75%, for reasons presently unclear. The trends of time to cook-off vs. RDX content show results 
for pure TNT and for pure RDX very similar at both scales, the small scale result for TNT being 
slightly shorter, and for RDX slightly longer. 

 
The variation of cook-off temperature is more complex. RDX gives similar values at both 

scales, that at small scale being lower than that at medium scale. TNT gives a lower value at 
medium scale than at small scale. The values for mixtures differ sometimes markedly, between 
the two scales. At medium scale the cook-off temperature for 25%, 50%, 60% and 75% RDX 
decrease in a linear fashion, while the result for 40% RDX is very low. At small scale the cook-
off temperatures for 25%, 40% and 50% RDX decrease linearly, and rise at 60% RDX, and then 
fall at 75% RDX. 

 
Concerning both trends for time to cook-off and cook-off temperature, the mixture 

50RDX/50TNT for medium scale seems to be the one presenting an exceptional behaviour.  
 
The basic fragmentation analysis results reflect a qualitative assessment of the violence of 

response. 
The fast cook-off results reflect for small scale cook-off of RDX/TNT mixtures a trend of 

increase in violence of response with increasing RDX content in the mixtures, except for the 50 
RDX/50 TNT and 75RDX/25TNT mixtures, for as yet unknown reasons. 

 
For the medium scale, again the same trend is observable, although the 60 RDX/40 TNT 

mixture appeared to behave somewhat less violently than its neighbours. 
 
The slow cook-off results indicate that at small scale there is no significant difference in 

the violence of response for low to moderate RDX content (25 - 50%). At medium scale a similar 
situation occurs for the mixtures with RDX content varying between 25% and 60%. 

 
Concerning the effect of scale on the violence of response, for both fast and slow cook-

off trials, one can observe that, in most cases, there is an increase of the violence of response 
with the increase in the dimensions of the test vehicles, the exceptions being the 60 RDX/40 
TNT and 75RDX/25 TNT mixtures of the slow cook-off testing. 

 
 

CONCLUSIONS 
 
Results obtained for small and medium scale fast and slow cook-off trials for RDX/TNT 

mixtures show, for both scales, and in most cases, a trend for time to cook-off and cook-off 
temperatures to decrease with increasing RDX content of the same mixtures. The 50 RDX/50 
TNT mixture appears to behave anomalously, for as yet unidentified reasons, in both of these 
series of experiments and at medium scale. Nevertheless, this is not a sample problem as the 
samples were made up every time from the same batch of ingredients for each experiment. 
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More experiments are required to establish the reproducibility of these measurements, 

and to investigate the apparent anomaly of the 50 RDX/50 TNT mixture. The design of the 
equipment makes this a relatively inexpensive undertaking. 

 
Although the experiment is not designed to assess violence of response, there is an 

indication that, as would be expected, mixtures with higher RDX content tend to respond more 
violently, and that response at medium scale is more violent than at small scale. 

 
Further work needs to be developed in order to explain the exceptional behaviour of some 

of the tested explosives and to adequately assess and quantify the violence of response of these 
systems, therefore implying the design and construction of a fully confined test vehicle. 
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ABSTRACT 
 
A low cost cook-off experimental facility has been established at the Royal Military 

College of Science to provide a convenient method of ranking explosives in their response to 
cook-off by the time to event under two widely different heating rates and at two different scales. 
This paper describes the design of the trials vehicles, and the demonstration of its suitability for 
slow cook-off trials with confined explosives. Results are reported for cook-off tests on TNT, 
RDX, and their mixtures. 

The emphasis of the study is on time to event, and temperature at event, but in addition a 
qualitative assessment of the violence of the event was made by examination of the fragments of 
the vehicles, although it is accepted that the relatively light and low cost design of the vehicle 
may lead to variable confinement in the early stages of the explosive event, and hence to a wider 
spread of responses than would be obtained from a more heavily confined and more costly 
vehicle. 

The test vehicles give results which differentiate between the various explosives and 
explosive mixtures trialled and between the scales. More experiments are required to establish 
the reproducibility of the measurements, and to investigate the apparent anomaly of the         50 
RDX/50 TNT mixture. The design of the equipment makes this a relatively inexpensive 
undertaking. 

 
 
INTRODUCTION 
 
One of the main aims of modern munitions design is to minimise the violence of any 

response to a credible accident without compromising the design performance of the weapon. 
Ideally, the entire munition should behave as if it were inert until the designed initiation stimulus 
is provided. The time elapsed between the application of the accidental stimulus and the event is 
also of great practical importance, because this dictates the acceptably safe duration of mitigation 
efforts such as fire fighting. 
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The violence of the event depends critically on the thermal and mechanical properties of 
the munition system. In particular, the strength of the case, the degree of confinement, and the 
available internal free volume affect the extent to which the explosive decomposes in the short 
time leading up to the event [1,2,3,4,5,6]. The experimental determination of the violence of 
event therefore requires a very reproducible set of conditions of confinement, and usually 
requires relatively strong and heavy hardware [6,7,8]. 

The time to event and the temperature at which it occurs under particular heating 
conditions are somewhat less sensitive to the degree of confinement, and can be determined more 
conveniently using less stringently designed and constructed test vehicles. Such vehicles may be 
considerably lower in cost, and therefore more trials can be conducted to allow the results to be 
analysed statistically. 

The starting point of the programme reported here was an existing experimental test 
vehicle capable of holding a nominal 12 g of explosive, and used to establish a baseline design, 
and a convenient and safe trials methodology [9]. This test vehicle was developed into a 
satisfactory small scale test vehicle and then scaled up to 200 g. 
 
 

EXPERIMENTAL 
 

Test Samples - Composition and Formulation 
The test samples consisted of pure explosive compounds RDX and TNT, and a range of 

their mixtures. The pure explosives were obtained from Royal Ordnance Bridgwater to normal 
military specifications.  

For the cook-off test samples, RDX was dried for 3 hours at 100ºC before being used and 
flake TNT was used as received. The RDX/TNT mixtures were prepared by a water bath melt 
casting procedure. The experimental formulations are listed in Table I. 
 

Composition (wt %) 
100 RDX 

75:25     RDX/TNT 
60:40     RDX/TNT 
50:50     RDX/TNT 
40:60     RDX/TNT 
25:75     RDX/TNT 

100 TNT 
 

Table I - Explosive samples tested in small and medium scale cook-off studies. 

 
Design and Construction of a Cook-Off Test Vehicle 
A small scale (nominal 20 g capacity) and a medium scale (nominal 200 g capacity) 

stainless steel cylindrical cook-off vessels with bolt on end caps were designed and constructed 
using readily available materials. For the specific aim of scaling up the test vehicles, particular 
care was taken to maintain the diameter/length ratio constant, as well as all the main features of 
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the test vehicles (manufacturing processes, batches of materials used, number and type of 
components). 

Both test vehicles were then submitted to preliminary tests in order to assess their 
mechanical integrity during cook-off test conditions, and thermal gradients during heating. 

 
Figure 1 - Small and medium scale test vehicles designed and constructed at R.M.C.S.. 

 
Mechanical Stress Failure Tests 
The tensile strength of the bolts used in the small scale vehicle was determined using a 

Houndsfield tensometer. Double nuts at both ends of the bolt ensured that failures occurred on 
the shank of the bolt and not at the nut threads. Sister bolts were tensile tested and failed at 386.8 
± 5 MPa. Therefore, with six such bolts the highest operation pressure of the vehicle structure is 
23.21 kbar before failure of all six bolts [10]. Changing the tensile strength of the bolts can vary 
this. Considering the vehicle structure has an UTS of approximately 390 MPa and that the 
material used is a EN3 mild steel (Ys = 250 MPa), the vehicle structure will yield at 14.5 kbar 
[11]. 

The Houndsfield tensometer could not accommodate the larger bolts used for the medium 
scale, and therefore both sizes were tested using an Instron Universal Testing Machine. Two 
different series of stress failure tests were performed: 

(i) Various combinations of nuts on single bolts were tested to induce failure on the 
shank of the bolt and not on the nut threads; 

(ii) Completely assembled test vehicles were tested at room temperature and at high 
temperature, to assess any effect on the failure mode. 

The results obtained for bolts with various combinations of nuts (single or double at each 
end, single at one end and double at the other) are shown in Table II: 
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 Stress Failure 

(MPa/bolt) 
Nuts’ Configuration Small Scale Medium Scale 

1 + 1 454 468 
1 + 2 475 ---- 
2 + 2 480 468 

Table II - Experimental results obtained for stress failure for small and medium scale bolts. 
The results for completely assembled test vehicles at room and elevated temperature are 

presented in Table III. 
 

 Small Scale Medium Scale 
 Troom T250º C Troom T250º C 

Maximum Load (kN) 

Possible from all Six Bolts 

55 57 138 137 

Pressure to Fail (kbar) 22 29 29 29 

 
Table III - Experimental results obtained for stress failure for small and medium scale 

completely assembled cook-off test vehicles, at different temperatures. 
 

Mechanical Integrity of the Test Vehicles 
The following procedure was adopted to test for leakage of molten TNT. 
The filled vehicle was assembled with the nuts tightened in diagonal sequence to the 

appropriate torque and thereafter: 
(i) The vehicle was placed on a Petri dish, in an oven at 100ºC for 66 hours; 
(ii) The vehicle was checked every 15 minutes for the first hour and every hour for the 

next three hours and then at the end and start of every working day; 
(iii) If leakage was observed the oven was switched off and allowed to cool to room 

temperature. When the sample had cooled to less than 50ºC it was removed from 
the oven and placed in the breakdown facility for disposal. 

Caution should be exercised when performing this test, as TNT has been reported to 
undergo violent thermal degradation under similar test conditions [12]. 

The end caps sealing washers tested were initially made out of copper. However, washers 
recovered after the leakage trial showed significant signs of corrosion by the liquid TNT. 
Aluminium was tried successfully in the small scale vehicle, but reproducible sealing could not 
be achieved at medium scale. The most satisfactory results were found with internal combustion 
engine head gasket seals, which were used for the rest of the programme. 

The ferrule and screw assembly through which the braided leads of the K-type 
thermocouples passed were rendered completely air tight using an explosively compatible long 
curing epoxy resin system. 
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Trials Set Up 
Two K-type thermocouples were positioned on the inside of the test vehicle in order to 

record the temperature of the wall (TC 4) and the centre of the charge (TC 1). The heating rate 
was controlled by the thermocouple at the wall (TC 4), which was simultaneously connected to 
the temperature controller and the data acquisition system. An additional K-type thermocouple 
was placed on the external surface (TC 2) of the test vehicle (clamped between the surface and 
the wrapped insulated heating wire) to monitor the heating wire temperatures and another one 
was clamped on the external surface of the containment box (TC 3), in order to provide an 
insight on the fragment containment box temperature after an event occurs. 

The filled vehicle was wrapped in a glass fibre insulated Nichrome heating wire and then 
in a layer of Rock Wool as thermal insulation. The instrumented vehicle was placed in a welded 
steel box with a well-vented lid designed to contain the fragments for examination. The vehicle 
was positioned in the box on a thick plastic disk to reduce the damage to the bottom of the box. 
A stack of strawboards and steel plates were placed on top of the box to prevent the loss of 
fragments through the vent. 

All firings were conducted in a concrete block enclosure capable of containing the most 
violent event (see Fig. 2). 
 

 
 

Figure 2 – Cook-Off Test Facility – Firing Chamber. 
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The controls for all the sensors and measuring equipment (temperature controller, data 
acquisition system for thermocouples, CCTV system with IR capability and video recorder) were 
placed in the control room separated by protective walls from the firing chamber. A XANTREX 
xkw 80-37 DC power supply unit was used and a Coulton Instruments Temperature PZX4 
Controller controlled the heating rate. A Grant Squirrel 1005 data logger was used to record all 
these temperature readings during the entire duration of a trial. All operations from the start of 
heating on were executed remotely (see Fig. 3). 

 

Figure 3 – Cook-Off Test Facility – Control Room. 
 

The slow cook-off heating profile was: a first heating ramp from ambient temperature to 
100ºC at a rate of 300ºC/h, then a dwelling period of 1 hour at 100ºC, and finally a second 
heating ramp to 400ºC at a rate of 3.3ºC/h. 

If the temperature reached 400ºC without an explosive event, the heating system was 
switched off and the test vehicle left until the temperature fell to room temperature and then for a 
further 30 minutes before access to the building was permitted. The recovered material was 
sealed in plastic bags, placed in cardboard boxes and handled appropriately. 

For comparison of the cook-off results, the experimental conditions and methodology 
were kept rigorously the same for either small and medium scale cook-off test vehicles for all the 
tested samples. 
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Slow Cook-Off Results 
The results obtained for small and medium scale cook-off testing are presented in terms 

of time to cook-off and cook-off temperature for all the samples tested (see Table IV). 
 

 SMALL SCALE MEDIUM SCALE 
Sample t (s) TTC1 (ºC) TTC4 (ºC) t (s) TTC1 (ºC) T TC4 (ºC) 

RDX 82920 209 182 80370 209.5 189 
75RDX/25TNT 84533 173 185.5 64813 194 171 
60RDX/40TNT 90532 232.5 207 67040 189.5 188 
50RDX/50TNT 73137 181.5 173 72256 190.5 193.5 
40RDX/60TNT 74237 211.5 174 75309 170.5 169 
25RDX/75TNT 80602 184.5 181.5 83105 182 239 

TNT 121456 236.5 242.5 127595 228.5 225.5 
 

Table IV - Experimental results obtained for small and medium scale cook-off studies. 
 

Typical examples of the slow cook-off profiles obtained for small and medium scale for 
the same sample are presented in Figures 4 and 5, respectively. 
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Figure 4 - Slow cook-off profile of a small scale 60 RDX/40 TNT charge. 
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Figure 5 - Slow cook-off profile of a medium scale 60 RDX/40 TNT charge. 
 
 
 The trend of time to cook-off vs. RDX content is plotted on Figure 6. 
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Figure 6 - Time to cook-off vs. RDX content profile for small and medium scale cook-
off tests, with RDX/TNT mixtures. 
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Figure 7 shows the correlation of cook-off temperature with the RDX content of the 
trialled samples. 
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Figure 7 - Cook-off temperature vs. RDX content profile for small and medium scale cook-off 

tests, with RDX/TNT mixtures. 
 

Fragmentation Analysis 
 The violence of event was assessed qualitatively by a simple visual fragmentation 
analysis, on the basis of the types of fragments produced (detonation - small fragments, 
deflagration - large fragments, pressure burst - no fragments but disrupted and distorted vessel, 
pressure release - no fragments and only slight distortion).  Some examples of the fragmentation 
obtained during this series of trials are presented in Figures 8 and 9. 

Figure 8 - Fragmentation analysis of a 75 RDX/25TNT small scale slow cook-off trial. 
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Figure 9 - Fragmentation analysis of a 75 RDX/25TNT medium scale slow cook-off trial. 

 
The fragmentation analysis results are shown in Table V:  

 
 SMALL SCALE MEDIUM SCALE 

Sample Type of Response Type of Response 
RDX Deflagration Detonation 

75RDX/25TNT Deflagration Pressure Burst 
60RDX/40TNT Deflagration Pressure Burst 
50RDX/50TNT Pressure Release Pressure Burst 
40RDX/60TNT Pressure Release Pressure Burst 
25RDX/75TNT Pressure Release Pressure Burst 

TNT Pressure Release Pressure Release 
 

Table V - Qualitative assessment on the violence of response of the explosives tested. 
 

The type of response presented in Table V should not be taken as definitive for these 
systems. Any study on violence of response necessarily demands a more reproducible degree of 
confinement than the one likely to be achieved in the present study. Therefore, these designations 
represent only the possible qualitative assessment of the violence of response based on “hands-on 
experience” type of assessment. For further studies of fragmentation analysis to be conducted in 
order to completely assess and quantify the violence of response obtained for these systems, a 
fully confined test vehicle would need to be designed and constructed. 
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DISCUSSION OF THE RESULTS 
 
The results obtained for the mechanical stress failure tests proved that two nuts on each 

end of screw thread resulted in tensile failure on the shank, not on the thread. 
For the small scale test vehicle it was possible to determine that the highest operation 

pressure for the vehicle structure is 23.21 kbar before failure of all six bolts. Changing the tensile 
strength of the bolts can vary this. Considering that the vehicle structure is fabricated out of EN3 
mild steel, calculations show this structure will yield at 14.5 kbar. 

The failure stress per bolt obtained in these tests were 480 MPa and 468 MPa, for small 
and medium scale respectively, thus demonstrating that scale has little or no significant effect on 
the failure stress per bolt. 

The failure load of the bolts has been shown to be independent of temperature over the 
range between room temperature and 250ºC, therefore the stress failure mode is unlikely to be 
affected by the temperature encountered in these tests. 

The mechanical integrity studies conducted with both scale test vehicles proved that the 
design is capable of providing a liquid and air tight seal, therefore achieving the adequate 
confinement for performing the proposed cook-off tests. 

A preliminary analysis from the slow cook-off results shows that for medium scale cook-
off the time to cook-off for the mixtures decreases linearly with increasing RDX content. At 
small scale, however, very similar results are obtained for 25%, 40% and 50% RDX, but there 
was a marked rise to 60% and 75%, for reasons presently unclear. The trends of time to cook-off 
vs. RDX content show results for pure TNT and for pure RDX very similar at both scales, the 
small scale result for TNT being slightly shorter, and for RDX slightly longer. 

The variation of cook-off temperature is more complex. RDX gives similar values at both 
scales, that at small scale being lower than that at medium scale. TNT gives a lower value at 
medium scale than at small scale. The values for mixtures differ sometimes markedly, between 
the two scales. At medium scale the temperature of cook-off for 25%, 50%, 60% and 75% RDX 
decrease in a linear fashion, while the result for 40% RDX is very low. At small scale the cook-
off temperatures for 25%, 40% and 50% RDX decrease linearly, and rise at 60% RDX, and then 
fall at 75% RDX. 

Concerning both trends for time to cook-off and cook-off temperature, the mixture 
50RDX/50TNT for medium scale seems to be the one presenting an exceptional behaviour. No 
explanation for this apparent exception has been so far found, but an anomaly was found for this 
mixture under fast cook-off conditions [13]. 

The basic fragmentation analysis results reflect a qualitative assessment of the violence of 
response. These results indicate that at small scale there is no significant difference on the 
violence of response for low to moderate RDX content (25 - 50%). At medium scale a similar 
situation occurs for the mixtures with RDX content varying between 25% and 60%. 

Concerning the effect of scale on the violence of response one can observe that, in most 
cases, there is an increase of the violence of response with the increase in the dimensions of the 
test vehicles, the exceptions being the 60 RDX/40 TNT and 75 RDX/25 TNT mixtures.  
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CONCLUSIONS 
 
Results obtained for small and medium scale slow cook-off trials for RDX/TNT mixtures 

show, for both scales, and in most cases, a trend for time to cook-off and cook-off temperature to 
decrease with increasing RDX content of the same mixtures. The 50 RDX/50 TNT mixture 
appears to behave anomalously, for as yet unidentified reasons, in both series of experiments: 
slow cook-off and fast cook-off. Nevertheless, this is not a sample problem as the samples were 
made up every time from the same batch of ingredients for each experiment. 

More experiments are required to establish the reproducibility of these measurements, 
and to investigate the apparent anomaly of the 50 RDX/50 TNT mixture. The design of the 
equipment makes this a relatively inexpensive undertaking. 

Although the experiment is not designed to assess violence of response, there is an 
indication that, as would be expected, mixtures with higher RDX content respond more violently, 
and that response at medium scale is more violent than at small scale. 

Further work needs to be developed in order to explain the exceptional behaviour of some 
of the tested explosives and to adequately assess and quantify the violence of response of these 
systems, therefore implying the design and construction of a fully confined test vehicle. 
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ABSTRACT 
 

The preparation and characterization of energetic composite materials containing 
nanometer-sized constituents is currently a very active and exciting area of research at 
laboratories around the world.  Some of these efforts have produced materials that have shown 
very unique and important properties relative to traditional energetic materials.  We have 
previously reported on the use of sol-gel chemical methods to prepare energetic nanocomposites.  
Primarily we reported on the sol-gel method to synthesize nanometer-sized ferric oxide that was 
combined with aluminum fuel to make pyrotechnic nanocomposites.  Since then we have 
developed a synthetic approach that allows for the preparation of hybrid inorganic/organic 
energetic nanocomposites.  This material has been characterized by thermal methods, energy-
filtered transmission electron microscopy (EFTEM), N2 adsoprtion/desorption methods, and 
Fourier-Transform (FT-IR) spectroscopy, results of which will be discussed.  According to these 
characterization methods the organic polymer phase fills the nanopores of the composite 
material, providing superb mixing of the component phases in the energetic nanocomposite.  The 
EFTEM results provide a convenient and effective way to evaluate the intimacy of mixing 
between these component phases.  The safe handling and preparation of energetic 
nanocomposites is of paramount importance to this research and we will report on studies 
performed to ensure such. 

 
Introduction 

 
As the field of nanoscience grows so does the continued demonstration of the 

preparation, characterization, and utility of hybrid organic/inorganic nanocomposite materials (1-
3).  Nanocomposites can be described as being composed of a host matrix phase, in which, a 
second distinct guest phase that has dimensions of less than 1000nm (4). Energetic 
nanocomposites are a class of material that have both a fuel and oxidizer component intimately 
mixed and where at least one of the component phases meets the size definition.  A sol-gel 
derived pyrotechnic is an example of an energetic nanocomposite, in which metal-oxide 
nanoparticles react with metals and or other fuels in very exothermic reactions.  The fuel resides 
within the pores of the solid matrix while the oxidizer comprises all of, or at least a portion, of 
the skeletal matrix.  

The sol-gel methodology has proven to be a useful approach to the engineering and 
preparation of such hybrid materials and there are many examples of its successful 
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implementation in this area (3-5).  Sol-gel methods are frequently utilized to synthesize 
inorganic/organic hybrid nanocomposites, as the technique is applicable to a wide variety of 
materials and can be performed under ambient conditions.  A hybrid material can be loosely 
defined as a composite of organic species (either polymeric or molecular in nature) and inorganic 
species that are intimately connected with one another through chemical bonding (e.g., 
electrostatics, hydrogen bonding, covalent bonding) or physical entwinement (5).  Such materials 
often posses very unique and fascinating physical and chemical properties and are applicable to 
many technological fields (e.g., sensors, ceramics, thin films, optics) (2,5).  It is certain that 
hybrids will have applications in the area of energetic materials. 

Potential benefits of hybrids to energetic materials include, but are not limited to, 
enhanced mechanical properties (e.g., ease of pellet pressing, robust energetic thin films), more 
profound mixing of oxidizer and fuel components to augment reactivity and power output, and 
energetic materials with new and useful characteristics for specialty or designer applications (6-
9).  We have been actively investigating the application of sol-gel methods to the synthesis and 
formulation of energetic nanocomposites for the past three years (10-12).  Here we report the 
preparation and characterization of a new hybrid organic/inorganic energetic nanocomposite, 
with a microstructure like that shown in Figure 1.  The material consists of a sol-gel derived 
Fe2O3 phase thoroughly mixed with nanometer-sized ultra fine grain (UFG) Al and molecularly 
entwined with Viton A fluoroelastomer.  This unique energetic material can only be formulated 

using sol-gel techniques.  This material can be processed into a variety of forms.  Fine powders, 
pressed pellets, freestanding cast monoliths, and thin films of this energetic material have been 
prepared using the sol-gel methodology.  One potential use of this hybrid is as a high-
temperature stable gas-generating material. 

 
 

Figure 1.  Schematic representation of the microstructure of a sol-gel derived 
Fe2O3/Viton hybrid material. 



 229

Experimental 
 
Preparation of sol-gel Fe2O3/Al/Viton A hybrid organic/inorganic energetic 

nanocomposites.  Ferric chloride hexahydrate, FeCl3•6H2O  (98%), and acetone were obtained 
from Aldrich Chemical Co. and used as received.  Absolute (200 proof) ethanol from Aaper was 
used as received.  Viton fluoroelastomer was acquired from E.I. duPont de Nemours Chemical 
Co.  The ultra fine grain aluminum (UFG Al) used in this study was provided by the Indian Head 
Division of the Naval Surface Warfare Center and was prepared via dynamic vapor phase 
condensation.  Transmission electron microscopy analysis indicated that the UFG had a large 
distribution of particle sizes from ~10 to ~100 nm in diameter.  The aluminum content of this 
material was ~70% by weight as determined by thermal gravimetric analysis. 

In a typical experiment, 1.34 g of FeCl3•6H2O (5.0 mmol) was dissolved in 16 g of a 
mixed solvent (70% ethanol/30% acetone by weight) to give a clear red-orange solution that 
remained unchanged upon storage, under room conditions, for several months.  If instead, a 4.8 g 
portion of propylene oxide was added to the solution it turned dark red-brown color (it has been 
our experience that a variety of different 1,2- and 1,3-epoxides are suitable for this step of the 
synthesis).  (CAUTION:  the color change is accompanied by significant heat generation, which 
in some cases led to rapid boil over of the synthesis solution.)  To prevent a flash boil the 4.8 g 
of propylene oxide was added in four separate 1.2 g amounts over the period of about one hour. 

A Viton A-containing solution was prepared by dissolving 5 g of Viton A 
fluoroelastomer in 85g of acetone (although acetone is used in this description, Viton is soluble 
in a variety of low molecular weight esters and ketones, which are also suitable solvents for this 
synthesis).  After the Viton A had completely dissolved 50g of ethanol was added to the solution.  
Four grams of this solution was added to the propylene oxide containing Fe (III) solution from 
the previous paragraph.  Then 0.48 g of UFG Al was added to this solution while stirring with a 
magnetic stir bar.  The resulting mixture was stirred until the gelation occurred.  Typical gel 
times were between 15-240 minutes. 

Some nanocomposites were also made without Al.  Some were also prepared using 
conventional µm-sized Al.  Clearly other oxophillic fuel metal powders (e.g., boron, magnesium, 
zirconium etc.) could be used in this process.  In addition this method is versatile enough that it 
could be extended to other sol-gel oxide systems (e.g., MoO3, NiO, CoO, WO3, WO2, MoO2, 
MnO2, CuO, V2O5, Ta2O5).  Finally, this is a general method for the incorporation of polymers 
into inorganic matrices with the only requirement being the solubility of the polymer in a chosen 
solvent.  Thus, the general application of this method to a multitude of other polymers or organic 
molecules is clearly possible. 

Processing Fe2O3/Al/Viton A and Fe2O3/Viton A nanocomposites.  Aerogel samples 
were processed in PolaronTM supercritical point drier.  The solvent liquid in the wet gel pores 
was exchanged for CO2(l) for 3-4 days, after which the temperature of the vessel was ramped up 
to ~45°C, while maintaining a pressure of ~100 bars.  The vessel was then depressurized at a rate 
of about 7 bars per hour.  For aerogel processing we preferred to use polyethylene vials to hold 
the gels during the extraction process.  This was done because much less monolith cracking was 
observed than when Fe2O3 gels were processed in glass vials.  Drying in a fume hood at room 
temperature for 14-30 days processed Xerogel samples.  Under these conditions high vapor 
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pressure solvents, like ethanol, were evaporated and the wet gels were converted to xerogels.  
Drying at elevated temperatures under flowing N2 atmosphere also produced Xerogels. Inert 
atmospheric drying of xerogels was done under ambient and elevated (~100°C) conditions. 
(CAUTION: In our hands, the wet pyrotechnic nanocomposites cannot be ignited until the 
drying process is complete.  However, once dry, the materials will burn rapidly and vigorously if 
exposed to extreme thermal conditions. In addition, the autoignition of energetic nanocomposites 
has been observed upon rapid exposure of hot ~100°C material to ambient atmosphere.) 

Physical characterization of Fe2O3/Al/Viton A and Fe2O3/Viton A nanocomposites.  
Fourier transform-infrared (FTIR) spectra were collected on pressed pellets containing KBr (IR-
grade) and a small amount of solid sample.  The spectra were collected with a PolarisTM FTIR 
spectrometer.  Surface area determination and pore volume and size analysis was performed by 
BET (Brunauer-Emmett-Teller) and BJH (Barrett-Joyner-Halenda) methods using an ASAP 
2000 Surface area Analyzer (Micromeritics Instrument Corporation). Samples of approximately 
0.1 – 0.2g were heated to 200° C under vacuum (10–5 Torr) for at least 24 hours to remove all 
adsorbed species.  Nitrogen adsorption data was taken at five relative pressures from 0.05 to 0.20 
at 77K, to calculate the surface area by BET theory.  Bulk densities of both xerogels and aerogels 
were determined by measuring the dimensions and mass of each monolithic sample. 

High resolution transmission electron microscopy (HRTEM) of dry Fe2O3 gels was 
performed on a Philips CM300FEG operating at 300Kev using zero loss energy filtering with a 
Gatan energy Imaging Filter (GIF) to remove inelastic scattering.  The images where taken under 
BF (bright field) conditions and slightly defocused to increase contrast. The images were also 
recorded on a 2K x 2K CCD camera attached to the GIF. Differential thermal analysis (DTA) 
was performed on energetic nanocomposites that were contained in an open platinum pan.  
Samples were heated under both room and inert (nitrogen) atmospheres from room temperature 
to 1250°C at a heating rate of 20°C/min.  Powder X-ray diffraction (PXRD) experiments were 
performed on samples powders mounted on quartz slides and loaded into a CPS120 Curved 
Position Sensitive Detector unit that utilizes CuKα radiation.  

Small-scale safety testing.  The standard energetic material safety characterization 
techniques including the drop hammer, spark, and friction tests were performed on these 
materials. Using a type 12 drop hammer apparatus, 2.5 kg weight is dropped from a preset height 
onto a 35 mg pressed pellet of the material.  A threshold acoustical response from diagnostic 
equipment determines if an explosive event occurred.  Friction tests were performed by striking a 
ceramic stub across a portion of the material that was spread on a ceramic stage.  The stub was 
attached to a 36 kg weight.  Spark testing was performed on small amounts of the materials using 
an apparatus that delivered a spark with a maximum of 1 J of energy with 510-ohm resistance.  
The purpose of the spark test is to exceed the maximum static energy that could be generated by 
a person under ideal conditions (approximately 0.1 J).  With all of the safety tests at least ten 
replicates were performed. 
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RESULTS AND DISCUSSION 
 

Synthesis of organic/inorganic hybrid energetic material nanocomposites.  We have 
reported previously on the formulation of Fe2O3/Al energetic nanocomposites via the insitu sol-
gel synthesis of Fe2O3 in a suspension of Al nanoparticles (10-12). In this case the sol-gel Fe2O3 
phase grows around and encapsulates the solid Al particles to form an energetic nanocomposite 
like that shown in Figure 1.  With the inorganic/organic hybrid nanocomposite described here 
one more component has been added: Viton A fluoroelastomer. 

Viton is a highly fluorinated polymer made commercially by du Pont.  It is also known as 
vinylidine fluoride-hexafluoropropylene copolymer and is commonly used in energetic materials 
formulation. Viton has several useful properties that make it an attractive component of energetic 
materials.   Viton has excellent heat and chemical resistance as well as possessing lubricant 
properties in processes such as pressing or extruding.  It is also highly fluorinated (60-69% F by 
mass), which makes it a strong oxidizer under high temperature and pressure conditions.  At high 
temperatures the fluoroelastomer decomposes to gaseous byproducts.  Finally, it is one of the 
few highly fluorinated polymers that has significant solubility in common organic solvents.  
Viton is soluble in several low molecular weight ketones, esters, and ethers.  This last property 
makes the use of Viton in sol-gel derived hybrid materials possible. 

Previous work had focused on defining the parameters of the sol-gel synthesis of 
nanometer-sized Fe2O3 from simple inexpensive Fe (III) inorganic salts, using the epoxide 
addition method developed at LLNL (13-15).  One parameter that was examined was the 
different types of solvents in which the synthesis was compatible.  Results from this previous 
work were useful in determining that a common solvent system could be used as both a solvent 
for Viton and a medium for the sol-gel Fe2O3 synthesis.  One solvent system that works very well 
is a co-solvent that is 70% ethanol and 30% acetone by weight. 
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Figure 2. FT-IR spectra of Viton fluoroelastomer and a sol-gel Fe2O3/Viton nanocomposite.



 

In this co-solvent system sol-gel Fe2O3 can be made while keeping the Viton dissolved.  
After formation of the porous Fe2O3 gel network slow evaporation of the solvent leads to 
precipitation of the Viton polymer throughout the interconnected cavities of the material to, in 
effect, entwine the organic polymer in the inorganic glass.  This structure is an interpenetrating 
network of both the organic and inorganic components, like that shown in Figure 1.  The degree 
of mixing and contact between the two phases is superb.  Any type of mechanical mixing of the 
two preformed components could not prepare this type of material.  Physical characterization of 
the hybrid Fe2O3/Viton material supports the proposed degree of mixing of the phases. 

Figure 2 contains the Fourier Transform infra-red (FT-IR) spectra of Viton A and a sol-
gel Fe2O3/Viton A xerogel nanocomposite.  There are clear strong vibrational bands at 883 cm–1, 
1205 cm–1, and 1398 cm–1 in the spectra of both materials (note asterisks in Figure 2).  This is 
plain evidence that the synthetic process described above has resulted in a sol-gel Fe2O3 material 
that contains Viton.  Even though the FT-IR evidence indicates the presence of Viton in the 
composite material it provides no information as to the distribution and degree of mixing of the 
fluoroelastomer in the glassy inorganic matrix.  For that information the pore volume and surface 
area of the inorganic/organic nanocomposites were measured. 

Nitrogen adsorption/desorption experiments were performed on sol-gel Fe2O3/Viton 
xerogel and aerogel composites that were 80% Fe2O3/ 20% Viton and 100% Fe2O3/ 0% Viton by 
weight.  The surface area, pore volume, and average pore size for the three materials are shown 
in Table 1.  The nitrogen adsorption data in Table 1 indicate that the Viton-containing samples 
have significantly smaller surface areas and pore volumes than control samples with no polymer 
present.  This is most obvious in the xerogel sample and occurs to a smaller extent in the more 
open network (e.g., larger pore sizes and volume) aerogel material.  This observation is 
consistent with our contention, that the Viton in the dried samples has effectively filled in the 
pores of the Fe2O3 sol-gel nanostructure, as is shown in Figure 1.  Further interpretation of this 
data suggests that the Viton is very well distributed throughout the nanostructure.  If instead, the 
Viton were present in large (µm-sized) localized domains there would logically be significant 
areas consisting of the highly porous sol-gel Fe2O3, and one would expect both the surface area 
and pore volumes to be much higher, especially for the xerogel sample.  The extremely uniform 
and fine entrainment of Viton into the porous Fe2O3 network results in a true nanocomposite. 
That is, the size of the components and the dimensions of contact between those phases are in the 
tens of nanometers range (i.e., on the order of the size of the pore diameters (15-40 nm).  With 
the addition of a fine fuel metal, such as UFG Al, one would expect an energetic material with 
interesting and potentially unique properties. 
Table 1.  Summary of N2 adsorption/desorption data for sol-gel Fe2O3/Viton hybrid materials. 
Material B.E.T. Surface 

Area (m2/g) 
B.H.J. Pore  

Volume (cm3/g) 
Fe2O3 xerogel 453 0.25 

Fe2O3/Viton xerogel 6.5 <0.005 

Fe2O3 aerogel 506 3.55 

Fe2O3/Viton aerogel 219 1.66 
232



 233

We have utilized energy filtered transmission electron microscopy (EFTEM) at LLNL to 
more fully elucidate the close contact between Viton and Fe2O3 in this material.  EFTEM can be 
used to construct an elemental specific map of a given image.  The EFTEM technique is 
performed using a conventional TEM microscopy in conjunction with very precise magnetic 
filters (16).  Use of the magnetic image filtering system allows the construction of an image from 
inelastically scattered beam electrons of a given energy.  The energy of the inelastically scattered 
electrons is related to the identity of the elements that it interacts with.  By only allowing 
scattered electrons, of a given energy, through the filter, elemental specific maps of an image can 
be identified.  Figure 3a contains a TEM image of a Fe2O3/Viton A xerogel and Figures 3b and 
3c show the EFTEM maps for fluorine and Fe respectively. 

 

a) b) c) 

   

 

Figure 3.  a) Transmission electron micrograph of sol-gel Fe2O3/Viton xerogel on a 
carbon grid.  The particle is ~ 600 nm in diameter. b) Energy filtered transmission electron 
micrograph (EFTEM) map for Fe in the sample.  c) EFTEM map for fluorine. 

 
From these images it is evident that fluorine, from the Viton, and iron, from the Fe2O3 

xerogels are uniformly present throughout the sample.  The EFTEM results indicate that F-
containing Viton to be present throughout the sample indicating superb mixing of both the 
inorganic and organic phases, likely similar to that shown in Figure 1.  Again, if the Viton were 
present in larger localized domains the fluorine EFTEM image would not indicate such uniform 
dispersion. 

One of the integral features of the sol-gel method is its ability to produce materials with 
special shapes such as monoliths, fibers, films, and powders of uniform and very small particle 
sizes.  We have successfully produced very fine powders of the hybrid sol-gel Fe2O3/UFG 
Al/Viton xerogel composite.  There is also the potential of ambient temperature or supercritical 
drying to produce free-standing dry energetic composites pellets from their wet gels, without any 
pressing.  We have demonstrated this possibility with Fe2O3/UFG Al aerogel composites like that 
shown in Figure 4. 
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Figure 4.  Photo of a freestanding cast Fe2O3/UFG Al aerogel nanocomposite monolith. 

The importance of this particular aspect of our account cannot be overstated.  It 
potentially allows the synthesis and shape casting of low-density energetic materials 
compositions, to make monolithic materials in a variety of shapes and sizes.  This might 
eliminate the need for time-consuming, expensive, and potentially dangerous pressing and 
machining of the solids to make energetic materials with precise sizes, densities, and geometries. 

Pressing of nanocomposite powders into dense monoliths is an important process for the 
potential use of such materials applications where higher energy density is required.  An 
energetic nanocomposite powder consisting of (all values are weight percentages) 40% sol-gel 
Fe2O3, 38 % UFG Al, 11% Viton A, and 11% organic oligomers was prepared as described in 
the Experimental.  The organic component of the materials is the byproduct of the sol-gel 
synthesis method.  A portion of this powder was pressed using a remote apparatus, at a 
temperature of 80°C, to a pressure of 30,000 psi, with a dwell time of 3 minutes.  The resulting 
right circular cylinder part is shown below in Figure 5.  The measured density of the pressed part 
is 1.93 g/cc.  This value is between 74-77% of theoretical maximum density (TMD) for the 
material which is 2.5–2.6 g/cc. 

 
 
Figure 5. Photo of pressed part of sol-gel Fe2O3 /UFG Al/Viton A nanocomposite.  

Density of this part is 1.93 g/cc (~75% TMD). 
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The sol-gel process is very amenable to dip-, spin-, and spray-coating technologies to 
coat surfaces.  We have utilized this property to dip-coat various substrates to make sol-gel 
Fe2O3/Al/Viton coatings.  The energetic coating dries to give a nice adherent film.  Preliminary 
experiments indicate that films of the hybrid material are self-propagating when ignited by 
thermal stimulus. 

Some of the thermal properties of the sol-gel Fe2O3/UFG Al/Viton nanocomposite have 
been investigated.  Figure 6 contains the differential thermal analysis (DTA) trace for this 
material in ambient air. 

 
Figure 6.  Differential thermal analysis trace of sol-gel Fe2O3/UFG Al/Viton 

nanocomposite performed in room air atmosphere with a heating rate of 20°C/minute. 
 

The sol-gel nanocomposite DTA has thermal events at ~260, ~290, and ~590°C.  We 
have determined that the two lower temperature events are related to a phase transition and 
crystallization of the amorphous Fe2O3 phase.  The exotherm at ~590°C is the most interesting as 
it corresponds to the thermite reaction (confirmed by powder X-ray diffraction of reaction 
products).  This exotherm is very narrow and sharp, possibly indicating a very rapid reaction.  
One intriguing point to be made here is that the thermite reaction takes place at a temperature 
markedly below the melt phase of bulk Al (Tm = 660°C).  This is very significant as in 
conventional thermite mixtures it is commonly thought that thermite reactions are initiated by the 
melting or decomposition of one of the constituent phases (17-18). 

Phenomenological burn observations indicate that the material burns very rapidly and 
violently, essentially to completion, with the generation of significant amounts of gas.  This 
reaction is very exothermic and results in the production of very high temperatures, intense light, 
and pressure from the generation of the gaseous byproducts of Viton decomposition.  Future 
work will focus on characterization of the products and measurement of pressure generated by 
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such composites. The burn behavior of the material qualitatively, appears to rely heavily on how 
dry the composite is.  Figure 7 is a still image of the ignition of one such nanocomposite. 

 

 
 

Figure 7.  Still image of the thermal ignition of a 40 mg sample of sol-gel Fe2O3/UFG 
Al/Viton energetic nanocomposite. 

 

The safe preparation and handling of energetic nanocomposites is of overriding 
importance to this research and we have performed small-scale safety testing on this material and 
the results are presented in Table 2.  These results indicate that under ambient conditions the 
hybrid inorganic/organic energetic composite is very stable to impact, is spark insensitive, and 
only very slightly friction sensitive. 

 
Table 2.  Summary of small-scale safety testing results 

Material DH50 
(cm) Spark  B.A.M. Friction 

Fe2O3/UFG Al/Viton xerogel 101 0/10 @ 1J 1/10 @ 36 kg 
 

As was mentioned in the Experimental section of this report, in our hands wet hybrid 
nanocomposites are safe to handle and difficult to thermal ignite.  However, once dry the 
material burns very vigorously and rapidly with the evolution of significant amounts of gaseous 
species.  We have observed the autoignition of the sol-gel Fe2O3/UFG Al/Viton nanocomposite 
under certain conditions.  An example of an observed autoignition event is given below. 

A nanocomposite of sol-gel derived Fe2O3/UFG Al/Viton A, had been prepared.  The 
sample was air dried for one day under room atmosphere in a fume hood and then transferred to 
an oven where it was dried at 95 °C for 3 days and at 103 °C for 3 days under flowing nitrogen. 
The sample was removed from the oven, while still at elevated temperature, and after a 25-40 
second delay it autoignited in the room air.  We have observed this behavior with sample sizes as 
small as 2 grams.  At this time it does not appear to occur with sample sizes smaller than the 2 g 
amount. 
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The reason(s) for the autoignition is not known at this time.  The thermal analyses of the 
composite showed no major thermal events until ~600 °C (Figure 6) and thermal analyses of the 
pure UFG Al in air showed no thermal event until ~580 °C.  To this point we have only observed 
this behavior in composites that contain UFG Al.  Strong efforts have been and will continue to 
be focused on determining the cause of this event. 

 

SUMMARY 
 
Here we have reported the synthesis of a new inorganic/organic energetic nanocomposite 

using the sol-gel methodology.  Careful analysis reveals the material to consist of 
interpenetrating inorganic sol-gel Fe2O3 and organic Viton networks with well dispersed UFG Al 
embedded in it.  The material is energetic and burns very vigorously with gas evolution when 
thermally ignited.  Under ambient conditions it has very favorable small-scale safety 
characteristics.  Nonetheless, we have observed that rapid exposure of portion of sol-gel 
Fe2O3/UFG Al/Viton nanocomposite from a hot (~100°C) inert environment to ambient 
atmosphere can in some cases, result in autoignition of the material.  At this time, the reasons for 
this behavior have not been fully resolved.  We want to make it clear to persons interested in 
preparation and use of these materials to exercise caution.  That being said, the processing 
options for sol-gel derived energetic materials are very versatile.  We have prepared fine 
powders, pressed pellets, cast monoliths, and thin films of the hybrid inorganic/organic energetic 
nanocomposite. 
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Many papers describe the influence of preheating on TATB based compositions sensitivity [1] 
[2] [3]. The influence of temperature on Pop plot and on projectiles impacts sensitivity is clearly 
established. Several assumptions were made to bring an explanation to this sensitization 
phenomenon: TATB thermal expansion, microstructural defects creation, generation of 
intermediate decomposition products more sensitive than TATB(furazans). 
This work is part of a larger study the aim of which is to identify and quantify the sensitization 
origin. It is devoted to the analysis of explosive decomposition and furazans generation due to 
the thermal stimulus. 
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 A TATB decomposition scheme has been suggested in literature for thermal stimuli: 
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The aims of this study are to check the decomposition reaction scheme and to determine 
the kinetics parameters as well as to quantify the kinetics of the formation of by products.  In 
order to compare, we have characterized the behaviour under thermal stimuli of preheated TATB 
and furazans/TATB mixtures. 
 
 The decomposition kinetics was studied using TGA (ThermoGravimetric Analysis). An 
on-line multi-detectors GPC (Gas Phase Chromatography) allowed us to identify and quantify the 
decomposition gases. This was performed at different temperatures and different reaction rates. 
From the quantification of the solid residue composition, we checked that we assessed the nature 
and the amounts of all the products. 
 
 The generation of degradation products (mono and di furazan) was also studied using 
high pressure liquid chromatography after these products were extracted from the partially 
decomposed TATB solid phase. 
 

The TATB decomposition and furazans generation kinetics parameters were determined. 
 

 In order to do this, we set up the synthesis of mono and difurazan with such purity as to 
allow calibration curves determination for the titration of intermediate decomposition TATB 
products. This needed the reduction of furazan N-oxide function without altering the other 
chemical functions of the molecule. 
 
 The analyses and kinetics determinations were confirmed by thermal tests on pure TATB 
previously heated to 250°C and on furazans/TATB mixtures. The amounts of furazans in these 
mixtures were determined using the previously determined kinetics, taking into account the 
prehating thermal profile applied to pure TATB samples. The tests were performed using the 
TLT (Thermomechanical Limit Test) device developed in our laboratory.  This device allows to 



 

291

apply various kinds of thermal stimuli to samples maintained under  given pressures (max. 
temperature: 400 °C; max. pressure: 3500 bar). The scheme of TLT device is presented below. 
 
These experiments showed that preheated TATB samples and TATB/furazans mixtures exhibited 
close behaviors and that the influence of furazans was small (but significant). Some conclusions 
were derived about the potential influence of these products on preheating TATB sensitization. 
 

 
 
 The determined kinetics were implemented in the ABAQUS computer code in order to 
calculate explosive decomposition and furazans generation in TATB structures submitted to 
thermal stimuli.  We show good correlation between the experiments and our calculations. 
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Abstract. This paper is concerned with the problem of use of phenomenological kinetic model 
of chemical reactions in the porous powder mixtures under high velocity impact and in condition 
of electrothermal explosion. Numerical calculations were carried out by the finite element 
method. 
 
In the first part of the paper modelling of chemical reactions in porous Ti-C and Ti-B powder 
mixtures under high velocity impact in three-dimensional statements is considered. Effects of 
high shock pressure and high temperature are presented by variation of constants involved in the 
model. A powder mixture is treated as a single distended solid having thermomechanical 
properties based upon the mass-averaged quantities of the powder mixture. The density changes 
resulting from chemical reactions were considered. The energy from the heat release is included 
in energy conservation equation and contributes to pressure increases through the equation of 
state. 
 
In the second part of the paper modeling of electrothermal explosion is considered in two-
dimensional statement. According to the experimental ETE data the rate of the first and main 
stage of the reaction for Ni-Al multi-layered sample is assumed to be limited by dissolution of 
nickel in melted aluminum. The temperature at the faces of the cylinder is assumed to be 
constant and equal to the temperature of electrodes, heat loss at the lateral surface of the cylinder 
is described by the Stefan-Boltzmann law. Process of melting of aluminum during heating is 
described with using of the phase diagram. The intensity of Joule heating and the parameter of 
heat exchange at the lateral surface are varied in wide range. The dependence of the critical 
conditions of ignition on the varied parameters is investigated. The distributions of temperature 
in the cylinder at different times are presented. The computations show that when the intensity of 
Joule heating is low the reaction is initiated at the central part of the axis of the cylinder and 
propagates to the boundaries. When the intensity of heating is high the electrothermal explosion 
of Semenov regime takes place. In the intermediate region of the heating intensity a propagation 
of the wave with super high velocity takes place. 
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1. Modeling of Ti-B and Ti-C systems under high velocity oblique impact 
 
Introduction. Shock-wave treatment of powder mixture is very promising for producing 
modified materials. Particular interest attaches to chemical reactions (synthesis) accompanied by 
shock-wave processing. The products may have improved properties as a result of high-pressure 
treatment. Chemical reactions in mixtures of elemental powders are often accompanied by rapid 
release of large amount of energy. The energy release, unlike that in detonation of explosives, is 
generally manifested by the generation of high temperature, often exceeding the melting 
temperature of reaction products. Chemical changes in shock-wave loaded inorganic powder 
mixtures have been investigated by variety of modern analytical techniques [1,2]. The results of 
these analytical observations have revealed not only complexity of shock effects on chemical 
reactions in powder mixture, but also the possibility that only a few of the many possible 
parameters and mechanisms that could effect the process control the final outcome of chemical 
reactions. Severe plastic flow, shock-wave compression and exothermic reactions in solids may 
cause melting and vaporisation of some components. From the view of chemical changes, 
important effects of high dynamic pressure and high strain rate are greatly enhanced reactivity 
through the generation of defects and the unique mixture of powder constituents.  
 
Statement of the problem. Consider a model of a damageable medium that is characterized by 
microcavities (cracks and pores) [3]. The total volume of the medium W consists of the 
undamaged part, which occupies the volume Wc and is characterized by the density ρc, and the 
microcavities, which occupy the volume WT; the density of the microcavities is assumed to be 
zero. The mean density of the damageable medium is related to the parameters introduced by the 
formula ρ = ρc(Wc/W). The degree of the damage of the medium is characterized by the specific 
volume of cracks VT = WT/(Wρ) [4]. The set of equations describing time-dependent adiabatic 
motion of a compressible medium (in the case of both elastic and plastic deformation), taking 
into account the growth and accumulation of microdamages and chemical reaction consists of 
equations of continuity, motion, energy, the equation that describes the variation of the specific 
volume of cracks and the kinetic equation of chemical reaction: 
 

 dt/dv j, iji σ=ρ ,                                                                  (1) 

( ) 0=ρ+∂ρ/∂ vdivt ,                                                           (2) 
tdQd)1(tdEd rijij += εσρ ,                                                   (3) 

,tddHtdQd r η∆=  

( )P,Tftdd ηη = ,                                                                     (4) 

( )










<≥
<≥

=
<<

=

),1andPP(or
)1andTT(if,K

1or
)PP(or)TT(if,0

P,Tf

T

m0

Tm

η

η
ηη  

(5) 
where ( ),VV/VPP 1T1k +=∗  ρ is the density, iv  are the components of the velocity vector, E is 
the specific internal energy, ijε  are the components of the deformation-velocity tensor; 
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( ) ijijij SQP ++= δσ  are the stress-tensor components, η  is the fraction reacted, rQ  is the 
specific heat deposit from the chemical reaction, H∆  is the specific heat release of TiC or TiB2 
formation, cP  is the pressure in the continuous component of the substance, ( )ccPP /ρρ=  is the 
mean pressure, Q  is the artificial viscosity [5], and 4k21 K and ,P ,V ,V  are the material constants 
that are obtained experimentally. In the tensor product formulas written in the index form, 
summation over repeated indices is assumed. 
 
Fracture simulation is performed by means of the kinetic model of destruction of active type, 
which defines the growth of microcracks that continuously change the material properties and 
cause the stress relaxation. The pressure in an undamaged substance is a function of the specific 
volume, internal energy, and the specific volume of cracks; and in the whole range of loading 
conditions; it is defined by the equation of state of the Mie-Gruneisen type according to the 
formula 
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where 0γ  is the Gruneisen coefficient, V and V0  are the initial and current specific volumes, a 
and b are the constants of the Hugoniot adiabat, which is defined by the linear relation [6]: 

,mubaD +=  
 

here D is a shock-wave velocity, and mu  is a mass velocity of the substance beyond the shock-
wave front. 
Deviatoric components of the stress tensor are obtained from the following relation: 
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where .x/vx/vW2 ijjiij ∂∂−∂∂=  The parameter λ is identically equal to 0 in the case of elastic 
deformation and can be found using the von Mises yield criterion 
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in the case of plastic deformation. Here, G is the shear modulus, and σ is the dynamical fluidity 
limit; these parameters are obtained by the relations 
 

( ) ( )[ ]
( )









>
≤+

−+++
=

,T T when,0
,TT when ,VV/V*
*300Td1/cP1G

G

m

m3T3

3/1
0 µ

 
 

( ) ( )[ ]
( )


















≤
>>

≤

≤≤
≤

≤−
−+++

=

).p(
or)V (Vor  )T (Twhen  ,0

),TT(

and)VV (V when ,
),V(V

and)T(Twhen,V/V1*
*300Td1/cP1

frsw

4T m

m

4TTKp

4T

m4T

3/1
0

σ

σ

µσ

σ

 
Here, mT  is the substance melting temperature,σsw is the stress in shock wave, and 

43 V and V d, ,c  are the material constants defined experimentally. The temperature is calculated 
according to [6]: 
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where pc is the specific heat, and x0E is the cold component of the specific internal energy. The 
finite-element method is used for solving the problem [5, 7]. 
 
Results and discussion. The steel capsule with the outer diameters of 7.62 mm and length of 
22.86 mm with stoichiometric powder mixture (80% Ti + 20% C and 68.9% Ti + 31.1% B) 
impacts rigid wall. The angle of impact was varied in range from 0o up to 15o. Impact velocity 
was varied up to 1500 m/s. The stoichiometric mixture was formed into cylinder 5.08 mm in 
diameter and 16.33 mm long. A cylinder was inserted into the capsule. The high-velocity 
reaction starts if the mixture temperature attained 1944 K or the pressure exceeded 7 GPa. Under 
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favourable conditions the maximum rate of heat deposit from chemical reactions was equal to 
313 GJ/(kg*s) up to complete conversion of the reactants. The initial porosity of the powder 
mixture was 0, 50 and 70 %. The characteristics of the titanium carbide employed in calculations 
were [8, 9, 10]: ρ0 = 4930 kg/m3, a = 7000 m/s, b = 1.4, γ0 = 1.8, G0 = 196 GPa, σ0 = 0.5 GPa, c = 
206 GPa-1, h=-1.6*10-4K-1, cp  = 559.4 J/(kg*K), Pk =-0.75 GPa, V1 = 3.04*10-6 m3/kg, 
V2 = 2.03*10-7 m3/kg, V3 = 4.06*10-5 m3/kg, V4 = 12.2*10-5 m3/kg, K4 = 0.07 m*s/kg, 

H∆ = 2.94*106 J/kg.  The characteristics of the titanium diboride were: ρ0 = 4510 kg/m3, 
a = 6710 m/s, b = 1.19, γ0 = 1.38, G0 = 215 GPa, σ0 = 0.5 GPa, c = 206 GPa-1, h = 0.0 K-1, 
cp = 643.7 J/(kg*K), Pk =-0.75 GPa, V1 = 1.1*10-6 m3/kg, V2 = 1.66*10-7 m3/kg, V3 = 4.4*10-

5 m3/kg, V4 = 13.3*10-5 m3/kg, K4 = 0.07 m*s/kg, H∆ = 4.19*106 J/kg. 

X Yt = 0 mks X Yt = 15 mks  
Fig. 1. Interaction of the capsule (length 22.86 mm, diameter 7.62 mm) filled with Ti-C powder 
mixture and high-strength plate at 0 and 15 µs (υ0 = 1000 m/s, angle 15o, porosity 50%).  
 
Computation results are given in the figures. Fig. 1 shows configurations of projectile and plate 
during interaction for impact velocity 1000 m/s (the area of inserted reagent mixture is marked 
by bold line). The effect of chemical reaction on the pressure and temperature histories is shown 
in Fig. 2 and Fig. 3. As illustrated (in Fig. 2), the heat of reaction is not large enough to cause 
observable changes in pressure curve. The temperature of the mixture (Fig. 3) is observed to rise 
slowly after the initial jump resulting from the shock heating. The temperature rising are much 
greater when the reaction near impact interface is observed. 
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Fig. 2. Histories of pressure near the contact 
surface in the Ti-B powder mixture. 

Fig. 3. Histories of temperature near the contact 
surface in the insertion filled with Ti-B and Ti-C 
mixture (upper index "c" is used for Ti-C system). 

 
The calculations showed that the chemical reaction takes place for the velocity 1000 m/s and 
higher; the reaction goes in already compacted area only; an initiation of the chemical process 
occurs due to the pressure criterion. 
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Fig. 4. The histories of force of interaction for Ti-C mixture 1 - υ0= 1000 m/s, porosity 50%; 2 -

 υ0 = 1000 m/s, porosity 0%; 3 - υ0= 1000 m/s, porosity 70%; 4 - υ0 = 1200 m/s, porosity 50%; 5 

- υ0 = 500 m/s, porosity 50%. 
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It is interesting to mark the moment of time ~15 µs: the rear part of the steel capsule approaches 
to the rigid wall. The increasing of the average density in the cross-section of the projectile near 
the contact surface leads to blunt growth of force of interaction (Fig. 4) and pressure in the 
capsule that initiate a second stage in the process of chemical reaction - the reaction in the rear 
part of insertion. 
 

t=10   sµ

      

t=25   sµ

 
Fig. 5. The surfaces of rate of chemical conversion in the Ti-C powder mixture insertion (length 
16.33 mm, diameter 5.08 mm) in the different moments of time (υ0 = 1000 m/s, porosity 50%). 
 
To further investigate the process of chemical reaction in the porous mixture the surfaces of rate 
of chemical conversion were obtained (Fig. 5). One can see that at 10 µs only a little part of the 
insertion near the contact surface has reacted because exactly in this area the maximum values of 
pressure and temperature are observed. 
 
Conclusion. An investigation of three-dimensional problem of interaction of steel projectiles 
with Ti-C and Ti-B stoichiometric powder mixture inside with steel and high-strength plates was 
numerically studied using finite element codes. The influence of chemical reaction and initial 
porosity of the powder on the process was investigated in velocity range up to 1500 m/s. Effect 
of the intensification of the process during interaction of rear part of projectile with plate was 
revealed. Analysis of results allows to distinguish three stages of process. At first stage the 
compaction of porous powder is occurred near the contact surface. At second stage the chemical 
reaction in compacted mixture is observed near the contact surface. At third stage the chemical 
reaction near rear end of powder insert is initiated. 
 
 
2. Modeling of electrothermal explosion in layered Ni-Al system  
 
Introduction. A study of kinetics and macrokinetics of rapid and high-temperature reactions in 
heterogeneous condensed systems enabling gasless combustion is interesting not only 
theoretically but also important from practical point of view. It is obviously that the laws of such 
processes govern not only velocity and limits of combustion of corresponding mixtures, but they 
influence on depth of reactions and thus on the quality of the SHS products obtained. It is known 
that the study of mechanisms of gasless combustion of a range of condensed systems including 
gasless SHS mixtures has been restrained for a long time due to absence of corresponding 
methods. In the last few years the method of electrothermal explosion (ETE) is widely used for 
these purposes [11�15]. The essence of the ETE-method consists of the rapid Joule heating of the 
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green mixture followed by switching off the electrical current and continuos registration of 
increase of the sample temperature. Due to high rate of self-heating this temperature increase 
occurs in condition close to adiabatic one. Computations of kinetic parameters are correct if the 
part of a sample where the temperature is measured is heated without considerable non-
homogeneity of temperature field, i.e. there is so called �homogeneous heating�. Meanwhile the 
authors of the ETE-method have noted that depending on conditions of Joule heating (perfection 
of the contact between the electrodes and surface of the sample, the ratio of the sample length 
and diameter and so on) ETE may occurs as spatially inhomogeneous process and even as a 
combustion wave [13]. In this connection for correct estimation of ETE conditions that provide 
obtaining the dependence Т=Т(t) which is valid for kinetic computation based on the simple 
differential equation of heat balance it is necessary to carry out mathematical modeling of time-
dependent ETE process in two-dimensional statement. This problem is considered in this paper. 
 
Statement of the problem. A model of heating of a cylindrical sample, which consists of rolled 
aluminum and nickel foils in atomic ratio 1:1 by electric current, is considered. The electrodes 
are connected to the end faces of the cylinder and when the voltage is applied an electric current 
is flowing in the cylinder and is heating it. The heating intensity is varied by changing the current 
power. 
 
It is well known [11, 16] that chemical reaction in Ni-Al system starts after melting of aluminum, 
therefore since that moment intensive release of chemical heat begins. In one-dimensional 
approach it has been shown analytically [1] that in case of very intensive heating chemical 
reactions occurs in Todes-Semenov regime, i.e. the temperature distribution is practically 
uniform in the middle part of the sample. 
 
For mathematical formulation of the problem it is assumed that the sample is homogeneous and 
effective thermal characteristics of the material are determined as follows (where µ is mole 
mass): 
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The problem is considered in axisymmetrical statement. In this case the governing equation for 
temperature distribution and its history is the non-steady equation of heat transfer with heat 
sources due to Joule heating and chemical reaction in cylindrical coordinates [17]: 
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It is assumed that the rate of chemical reaction in the system is governed by the following 
equation [11]: 

dη/dt = k(C0+α Θ − η),     (7) 
where η is depth of chemical conversion, k = 180 c-1 is the constant of chemical reaction 
conversion, α =1.15 and C0 = 0.02 are approximation coefficients obtained from an analysis of 
phase diagram [11], Θ = (T-TM)cP/Qchem  is dimensionless temperature, TM is melting temperature 
of aluminum, Qchem is chemical reaction heat. In this case the chemical heat source in the 

equation (6) may be written as: 
dt
dQq chemchem
ηρ= . 

Due to symmetry of the problem the solution region is ¼ of the whole axis section of the 
cylinder (Fig. 6). To formulate the boundary conditions we assume the following. Due to high 
thermal conductivity and capacity of the electrodes the temperature at the end faces of the 
cylinder is considered to be constant. The heat loss at the lateral surface of the cylinder is 
realized by radiation and described by the Stefan-Boltzmann law. Then the boundary conditions 
may be written as follows. At the end face: T = T0 (z = H). At the lateral surface: λ⋅∂T/∂r = σ(Ts

4-
Te

4) (r = R), where σ =5.67⋅10-8 Wt/m2K4 is the Stefan-Boltzmann constant, Ts is temperature at 
the lateral surface of the cylinder, Te is temperature of the surrounding which assumed to be 
equal to 293°К. At the axis: λ⋅∂T/∂r = 0 (r = 0). At the plane of symmetry: λ⋅∂T/∂z = 0 (z = 0).  
The finite-element method is used for solving the problem [5, 7]. 
 
 
Results and discussion. Heating and chemical reactions were modeled in a cylinder with length 
of 60 mm and diameter of 15 mm made from Ni and Al foils. Computation mesh had 50x100 
nodes (10,000 triangular elements). Computations were made for four values of heating rate, 
which are presented in the Table 1: 
 

Table 1. Variants of computations with corresponding values of heating rate.  
Variant No Time of heating to Tm of Al 

t*(s) 
Heating rate  

q (K/s) 
1 1.0 0.934·103 
2 0.5 1.868·103 
3 0.01 0.934·104 
4 0.05 1.868·104 

 
Modeling without taking chemical reaction into account. The projections of temperature 
distribution surfaces onto the plane TOZ (in other words a view from lateral surface of the 
cylinder) at the time when maximal temperature of the cylinder reaches the value of melting 
temperature of aluminum Tm = 934 К are shown in Fig. 7. In figures we use dimensionless 
temperature which obtained by dividing by the melting temperature of aluminum. The upper 
curve corresponds to temperature at the axis of the cylinder. One can see that the higher is 
heating rate the more uniform is temperature distribution (the greater part of the sample reaches 
Tm) and heating lost zone near the end faces of the cylinder become smaller. 
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Fig. 6. Solution region for the problem. 

 
 
 
 
 

q = 0.934·103 K/s

q = 1.868·104 K/sq = 0.934·104 K/s

q = 1.868·103 K/s

Fig.
 7. Distribution of dimensionless temperature 
in the sample at the moment of reaching the 
melting temperature of aluminum. 
 

 
In Fig. 8 the same projections are shown for steady state of the process. Obviously, that the 
higher is heating rate the higher is the maximal temperature of the sample. Note, that variant 1 is 
very close to such minimal value of heating rate when the sample can not reach Tm due to heat 
loss to the surrounding. General view of temperature distribution for variant 4 is presented in 
Fig. 9. 
 

Fig. 
Fig. 8. Projections of steady distribution of 
dimensionless temperature in inert sample. 

VIEW

 
Fig. 9. Steady distribution of temperature in 
inert sample.  
 

 
Modeling with taking chemical reaction into account. Computation results for the case of taking 
chemical reaction between nickel and aluminum into account are presented as history of 
temperature distribution for the variant 1 (q = 0.934·103 K/c) in Fig. 10 and for the variant 4 
(q = 1.868·104 K/c) in Fig. 11. These figures allow to conclude that process of thermal 
explosion occurs only in the second case. One can see that the processes are different in 
principle. If in case of high heating rate the reaction takes place all over the sample then in case 
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of lower heating one can see a combustion wave propagation from the center of the sample to its 
end and lateral surfaces.  
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Fig. 10. Evolution of temperature distribution 
(high heating rate). 
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Fig. 11. Evolution of temperature distribution 
(low heating rate). 
 

 
 
In Fig. 12 there are time dependencies of the average and maximal temperatures at lateral surface 
of the cylinder for variants 1 and 4. One can see that in the first case difference between peaks of 
the average and maximal temperatures is much greater than in the second case. It may be 
explained by higher contribution of chemical reaction to heating at low Joule heating rate. 
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Fig. 12. Histories of surface temperature. 

 
Conclusion. The computations without taking chemical reaction into account show that if the 
heating rate is enough low the specimen can not attained melting temperature due to heat loss to 
the surroundings. The higher is heating rate, the more uniform is temperature distribution (more 
part of the cylinder gets to Tm), and the thicker is heat loss region. The computations with taking 
chemical reaction into account show that when the intensity of Joule heating is low the reaction 
is initiated at the central part of the axis of the cylinder and propagates to the boundaries. When 
the intensity of heating is high the electrothermal explosion of Semenov regime takes place. 
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Abstract 
With a resurgence of an interest in 

low toxicity and environmentally-friendly 
propellants, hydrogen peroxide in 
concentrations of greater than 98 percent has 
recently become commercially available 
again.  Hydrogen peroxide has the ability to 
replace existing highly toxic/carcinogenic 
propellant systems.  It can be used as a 
monopropellant and in both bipropellant and 
hybrid rocket engines.  Applications include 
attitude control thrusters, gas generators, and 
main propulsion systems for launch 
vehicles. Sandia National Laboratories has 
developed prototype thin-film catalyst beds 
for decomposing hydrogen peroxide and 
hypergolic fuels for bipropellant engines.  
This paper will give an overview of 
hydrogen peroxide and current programs at 
Sandia National Laboratories. 
 

Introduction 
“The king is dead, long live the 

king”.  Those words apply very well to 
hydrogen peroxide.  It was a favored 
propellant at the start of the liquid rocket 
propellant revolution.  It was usurped by 
hydrazine and its derivatives.  It died when 
the last domestic manufacture, ceased 
production as a result of lack of demand.  It 
has recently been re-born and is not only 
readily available but also better than ever!  
 

Hydrogen peroxide was first reported 
by Thenard in 1818.  Interest in hydrogen 
peroxide as a propellant began in earnest in 

the 1930’s by the US Navy where it saw use 
in torpedo propulsion.  Similarly the 
Germans embraced hydrogen peroxide in 
both monopropellant and bipropellant 
propulsion applications.  It was a favored 
underwater propellant for U boats and 
probably the most significant application 
was in the design of the type 26 U boats.  
The design specification for this submarine 
(900 tons displacement) was 90 tons of 
hydrogen peroxide for propellant, which 
translated to a performance of 7500 shaft 
horsepower for 6 hours with a submerged 
speed of 24 knots in 1936!  Hydrogen 
peroxide was used as a monopropellant in 
the reusable catapult gas generators for 
launching the V-1 “buzz bomb” (the first 
cruise missile) and in power turbines in the 
V-2 missile (the first exo-atmospheric 
ballistic missile).  It was used in a 
hypergolic bipropellant application with a 
mixture of hydrazine hydrate and methanol 
in the ME 163 aircraft (the first operational 
rocket plane).  WWII, hydrogen peroxide 
saw use in the early fifties by the British in 
de Havilland Engine Companies Sprite and 
Super Sprite engines (turbo pump fed and 
regeneratively cooled with hydrogen 
peroxide) and in the 225 ft submarine 
Explorer that burned diesel fuel and 
hydrogen peroxide when submerged.  After 
WWII, interest was spurred on in the United 
States by the work of the Germans, as well, 
as from captured-high concentration 
hydrogen peroxide.  The United States 
found many uses for hydrogen peroxide in 
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propulsion systems until 1970.  The 
Redstone, Mercury, and Scout rocket 
systems all employed hydrogen peroxide 
(for guidance and control) as well as the 
Lunar Landing Simulator (main propulsion), 
the first telecommunications satellites, 
SYNCOM and COMSAT (station keeping), 
and the first exo-atmospheric reusable high 
speed research aircraft, the X-15 (reaction 
control thrusters).  There are numerous other 
historical applications of the use of 
hydrogen peroxide.  These are but a few 
important examples of the contribution 
hydrogen peroxide has had in the history 
and advancement of liquid rocket 
propulsion. 
 

The death knell for hydrogen 
peroxide was sounded in 1963 with the 
NASA sponsored development of the Shell 
405 catalyst, which caused spontaneous 
decomposition of hydrazine. Prior to 1963, 
starting of non-spontaneous catalytic 
hydrazine thrusters was accomplished with 
the injection of a hypergolic slug.  The Shell 
405 catalyst opened the door for use of 
hydrazine systems requiring rapid-response 
and multiple starts.  Flight success of 
hydrazine systems in the late 60’s led to the 
phase out of hydrogen peroxide for 
practically all applications.  The success and 
high performance of the bipropellant 
hypergolic nitrogen tetroxide and hydrazine 
systems similarly eliminated hydrogen 
peroxide from the bipropellant propulsion 
arena.  The only known remaining flying 
hydrogen peroxide system to date is a 
variant of the Bell Aerospace rocket pack… 
its use has been relegated to commercial 
exhibition flights at popular events (most 
notable was the “flyover” of the 1984 
Olympics) and the occasional movie or TV 
début, hardly a fitting end for the propellant 
entrenched in the liquid propulsion 
revolution! 
 

As we enter the new millennium 
hydrogen peroxide has resurrected itself, not 
because of some advance in engineering, but 
because of a concern for environmental 
health and safety issues (which ultimately 
translate to added cost and liability).  
Hydrazine is extremely toxic and 
carcinogenic.  Furthermore, the 
infrastructure associated with manufacture, 
storage, and use of hydrazine adds 
additional expense to the already expensive 
aerospace propulsion field.  Interest in 
hydrogen peroxide has come about as a 
partial solution to the quest for “green 
propellants” (environmentally friendly).  As 
a result of this renewed interest, high 
concentration (99.2%) propellant grade 
(“clean”) hydrogen peroxide is once again 
available from a domestic manufacture 
(FMC, Bayport Texas) in 30-gallon drum 
quantities.  Most notable in terms of scale is 
the recent firing of an 800,000-pound thrust 
bipropellant engine by Beal Aerospace 
Incorporated (a private self-funded 
company) in McGregor Texas using FMC 
hydrogen peroxide.  This was the second 
largest engine ever built and test fired in 
history.  Numerous private and domestic 
government agencies are once again 
involved in hydrogen peroxide propulsion 
research that includes both the design of 
propulsion systems, evaluation of fuels with 
hydrogen peroxide, materials compatibility 
and catalyst development. 
 

Hydrogen peroxide possibly has the 
broadest range of propulsion system options 
of any propellant:  Monopropellant, high-
energy monopropellant, igniter-fired 
bipropellant, catalyst bed bipropellant 
propellant, hypergolic bipropellant, igniter 
fired hybrid, catalyst bed hybrid, and 
hypergolic hybrid. 
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Hydrogen peroxide can be used as a 
catalytically decomposed monopropellant 
from a low concentration of approximately 
70% (performance is very poor at this 
concentration) up to approximately 93% by 
catalytic decomposition through silver 
screens to steam and oxygen.  In its initial 
development, it was decomposed by the 
injection of a liquid catalyst (calcium 
permanganate dissolved in water) or over 
“refractory beds” (a permanganate mixed 
with concrete).  These older techniques are 
of rather limited performance and 
application.  Typically, 90% is the practical 
limit, as melting of the silver screens 
becomes a problem.  A maximum mass flux 
of 0.5 pounds per square inch of silver 
screen platform area is the limit to prevent 
catalyst bed flooding.  With 90% hydrogen 
peroxide, decomposition temperatures of 
approximately 1300 degrees F are reached 
and a specific impulse of 140 seconds can be 
delivered at 500-psi chamber pressure.  
These benign conditions and decomposition 
products allow use of conventional 
engineering materials in engine designs.  
Higher concentrations exhibit better 
performance with the requirement of a 
catalyst bed that can operate at higher 
temperature in an oxidizing atmosphere.  
The “holy grail” of catalyst bed design is an 
economical material that does not poison 
with use, has a high mass flux before 
flooding, minimal thermal expansion, low 
bed pressure drop, good cold start 
performance, rapid decomposition at start 
up, and a high melting point!  Research in 
this area is being conducted by numerous 
organizations at present.  
 

High-energy monopropellants are an 
enhanced performance monopropellant 
formed by the addition of a soluble fuel 
directly to hydrogen peroxide that can be 
either ignited by a catalyst or igniter in the 
combustion chamber.  While this may look 

like an elegant solution to a high 
performance one-tank propulsion system, it 
has been historically demonstrated that this 
system is a thermodynamic engineering 
disaster!  Simply put, this propellant system 
invariably results in the formation of an 
unstable, shock-sensitive liquid explosive 
(with drop heights typically less than 
nitroglycerin in most cases, making them 
rather useless as explosives too!) rather than 
a useable propellant.  
 

Bipropellant hydrogen peroxide 
systems can be engineered in three distinct 
forms:  The first is a bipropellant engine 
employing an igniter (pyrotechnic, 
hypergolic or electrical) to initiate the 
combustion process between the hydrogen 
peroxide and the fuel.  The second is a 
bipropellant engine where the hydrogen 
peroxide is catalytically decomposed to 
steam and oxygen and the fuel injected 
down stream of the catalyst bed which 
ignites on contact with the hot oxygen.  The 
last bipropellant configuration is one in 
which the fuel spontaneously ignites on 
contact with the hydrogen peroxide. Ideally, 
the fuel may be directly hypergolic with the 
hydrogen peroxide or it may have catalysts 
or reactive compounds added to the fuel to 
render it hypergolic or reduce any ignition 
delay. 
 

Hybrid rocket engines traditionally 
employ a liquid oxidizer that is injected into 
a combustion chamber where a solid fuel is 
installed.  Similarly to the bipropellant 
engine, the engine can be configured with an 
igniter, with a catalyst bed, or with a 
hypergolic fuel (typically a solid 
hydrocarbon seeded with a catalyst or 
hypergolic compound). 
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Discussion 
In the late 90’s, Sandia National 

Laboratories became interested in hydrogen 
peroxide for propulsion applications.  
Sandia’s Aerospace Space Systems 
Department funded the initial research for its 
“Virtual Rail” program.  The concept behind 
virtual rail was to provide initial guidance to 
a launch vehicle immediately after it leaves 
the launch rail to minimize range dispersion.  
At that time a source of readily available of 
high concentration hydrogen peroxide did 
not exist, the historical catalyst technology 
was lost or not consistent (after review of 
the literature it was either poorly 
documented, a trade secret, or an 
unfortunate combination of alchemy and 
sorcery).  Sandia National Laboratorie’s 
program started with no hydrogen peroxide 
infrastructure in place, no propellant grade 
hydrogen peroxide, no rigorous catalyst 
recipe, and no engine design.  About six 
months from the inception of the project, 
Sandia National Laboratories had fired a 200 
pound thrust test engine in house, developed 
its own catalyst bed and produce up to 96% 
hydrogen peroxide!  Thirty percent 
semiconductor grade hydrogen peroxide 
from FMC was vacuum distilled to produce 
up to 96% material (typically 90% was 
made).  The advantage of this starting 
feedstock was that it was exceptionally clean 
(parts per trillion) material.  This resulted in 
no poisoning of the catalyst, and 
surprisingly, an increase in performance of 
the catalyst with use (this was unheard of in 
the past).  This “clean” material exhibited 
exceptionally low decomposition rates.  Two 
catalyst beds where evaluated.  The first was 
a simple silver screen bed that was prepared 
by washing in a dilute solution of nitric acid 
followed by rinsing with 30% hydrogen 
peroxide.  The second was a sputter-
deposited silver film on a stainless steel 
screen.  Both screen beds produced near 
theoretical performance.  The advantage of 

the sputter deposition process is that a 
minimal amount of catalyst is needed, a 
1000 angstrom film in this case, the surface 
roughness can be controlled, exceptionally 
pure catalyst can be deposited, finally no 
“activation” is required (e.g. acid wash and 
hydrogen peroxide dip) and the process is 
exceptionally reproducible.  It should be 
noted that the application of modern 
technologies is a tangible breakthrough in 
hydrogen peroxide catalyst development and 
that other catalysts may easily be deposited 
in this manner.  Unfortunately, traditional 
silver screen catalysts employed 
technological “history” in their fabrication.  
Typically, electrochemical plating 
processes, wire brushing, acid etching, grit 
blasting and various chemical activations 
where employed.  These processes were 
unique to the manufacturers and to the 
operators involved.  The significance of all 
this is the user-friendly nature of hydrogen 
peroxide, its ready ability to be decomposed, 
and a wealth of historical literature on its 
application and use.  To reiterate, liquid 
propulsion capability was created at Sandia 
National Laboratories from absolutely 
nothing, with no accidents in six, months!  
This is truly a miraculous achievement, 
probably only achievable by using hydrogen 
peroxide as a propellant.  
 

With the advent of the availability of 
a domestic source of high concentration 
hydrogen peroxide, Sandia National 
Laboratories began to investigate hypergolic 
fuels for use in bipropellant engines through 
laboratory directed research and 
development (internal funding) in 2001.  
These fuels fall into the following 
categories: miscible, and non-miscible and 
those that are directly hypergolic with 
hydrogen peroxide, and those that are 
hypergolic with the addition of a soluble 
catalyst or reactive compound (typically no 
more than 5%).  The miscible fuels are those 
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that are soluble in hydrogen peroxide and 
the non-miscibles are those, which are not 
soluble in hydrogen peroxide.  There are 
advantages and disadvantages to both.  The 
miscible fuels are much easier to screen for 
reactivity than the non-miscibles and are not 
as dependent on mixing with the hydrogen 
peroxide during injection in the combustion 
chamber.  Unfortunately, the miscible fuels 
easily form detonable compositions when 
mixed with hydrogen peroxide.  This is 
especially a problem with long ignition 
delay bipropellant systems.  It is important 
to note the importance of a soluble catalyst 
or reactive material in either miscible or 
non-miscible fuels.  While insoluble 
catalysts have been employed by other 
organizations, they have the decided 
disadvantage that they are prone to settling 
out of suspension over time and the high 
catalyst loading (reported as high as 20%) 
required to obtain hypergolic performance 
degraded overall propulsion performance.  
Actual catalytic activity is a function of both 
available surface area and catalytic activity 
of the material. In other words, given an 
equal volume or mass, a poor catalyst of 
high surface area may equal or exceed the 
performance of a superb catalyst of low 
surface area simply because the catalytic 
activity is limited to the surface area of the 
material.  Dissolving catalysts or reactive 
materials within the fuels provides the 
highest possible active surface area and 
eliminates the issues of settling during 
storage.  The “holy grail” of fuels is a low 
toxicity, environmentally friendly, low 
vapor pressure, low viscosity, low heat 
capacity, low ignition temperature, low 
freezing point, high density, high heat of 
combustion material that produces benign 
exhaust products and a good specific 
impulse when combusted with hydrogen 
peroxide.  At present Sandia National 
Laboratories has identified several candidate 
fuels, catalysts, and reactive compounds for 

use in liquids hypergolic bipropellant 
engines and hypergolic hybrid engines.  A 
mixture of furfural alcohol, ethanolamine, 
and copper chloride has been successfully 
test fired in a ten pound thrust engine.  
Future plans involve the evaluation of 
anhydrous ammonia with suitable catalysts 
and the testing of a solid fuel “doped” with 
reactive metal hydrides.  

 
Conclusion 

Hydrogen peroxide offers one 
advantage over all existing propellant 
systems. It is an earth-storable, 
environmentally-and user-friendly, 
monopropellant and oxidizer.  While it 
cannot compete on a one for one specific 
impulse standpoint with cryogenic 
propellants, high performance hypergolic 
nitrogen tetroxide hydrazine systems or 
inhibited red fuming nitric acid hydrocarbon 
systems; it can offer a lower cost, safer 
solution to certain propulsion systems.  
Specifically, Sandia National Laboratories 
typically requires specialized propulsion 
systems for a variety of projects usually 
requiring “flight” demonstration.  In this 
case ultimate performance is not required, 
but proof of principle is. Hydrogen peroxide 
can provide a safe low cost solution to the 
rapid development of a propulsion system.  
Other organizations have, or are evaluating, 
the use of hydrogen peroxide for use in a 
range of applications from jet rotor 
helicopters and manned rocket backpacks to 
aerospace booster engines. 
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Abstract 
Pellets of Fe/KClO4 mixtures are used 

as a heat source for thermally activated 
(“thermal”) batteries.  They provide the 
energy necessary for melting the electrolyte 
and bringing the battery stack to operating 
temperature.  The burning and ignition 
characteristics of a number of pyrotechnic 
blends based on Fe/KClO4 were measured as 
a function of density and composition.  The 
effects of FeO impurities on these 
characteristics were also measured.  This 
report summarizes the results of that work. 

 
Introduction 

Thermal batteries use a molten salt in the 
separator to provide an ionically conductive 
path between the Li(Si) anode and FeS2-based 
cathode commonly used for these power 
sources.  The high ionic conductivity of the 
molten salt allows these batteries to deliver 
high levels of power.  These batteries are inert 
as long as the electrolyte remains solid and 
only provide power after activation and 
melting of the electrolyte.  Each cell contains 
a pyrotechnic pellet (heat pellet) to provide the 
thermal energy needed to raise the temperature 
of the battery stack above the melting point of 
the electrolyte.  These pyrotechnic materials 
use Fe as the fuel and KClO4 as the oxidizer.  
This particular pyrotechnic combination was 
selected for use in thermal batteries after an 
extensive evaluation of many potential 
combinations showed the Fe/KClO4 system to 
be almost gasless, dimensionally stable after 
burning, easy to pelletize, relatively easy to 
ignite, and electronically conducting after 
burning.1,2  These are all key properties that 

are important for proper functioning of 
thermal batteries. 

 
The battery components are all fabricated 

from powders pressed to various densities.  
The physical and chemical properties of the 
pyrotechnic have a major impact on the rate 
and quantity of heat generation that, in turn, 
affect the functioning of the thermal battery.  
For example, the burn rate of the heat pellets 
controls the rise time of the battery or how 
soon power can be drawn.  The calorific 
output determines the initial stack temperature 
of the battery and how long it will function 
when not capacity limited.  The ignition 
sensitivity is important as it determines how 
readily the heat pellets can be ignited by an 
electrical igniter or percussion primer.   

 
In earlier work, McCarthy et al. 

examined the effect of pellet density on the 
burn rates of Fe/KClO4 heat pellets.3  
However, only two compositions (88%/12% 
and 86%/14% by weight of Fe/KClO4) were 
examined in that work and no ignition-
sensitivity measurements were made.  Similar 
work was done using high-speed photography 
to measure the burn front on Fe/KClO4 heat 
pellets by Reed et al. but, again, over a limited 
composition range.4  In this work, we report 
on the study of the five compositions of 
Fe/KClO4 heat pellets (88/12, 86/14, 84/16, 
82/18, and 80/20) as a function of four levels 
of pellet density (nominally 55%, 65%, 75%, 
and 80%-85% of theoretical).  The burn rates 
were measured using a photodiode assembly 
and the ignition sensitivities were determined 
using a solid-state 20-W diode laser.  The 
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effects of FeO impurities in the heat powder 
on the function characteristics of the heat 
pellets were examined.  The impact of pellet 
density and composition on these parameters 
will be presented and the implications for 
performance in thermal batteries will be 
discussed. 

 
Experimental 

Materials – The Fe/KClO4 heat  powders 
were obtained from Unidynamics/Phoenix, 
Inc. (UPI, now Pacific Scientific, Inc.) 
(Chandler, AZ).  The source of Fe used for the 
UPI heat powders is NX-1000 (formerly made 
by Pfizer, now Ametek).  The Fe/KClO4 
weight ratios for the compositions in this 
study were:  88/12, 86/14, 84/16, 82/18, and 
80/20.   
 

The 80/20 material was made in house by 
addition of KClO4 to an existing 84/16 blend.  
The KClO4 was from Barium & Chemicals 
(Steubenville, OH) and was made to Mil-P-
217A specifications.  Two one-pound batches 
of 80/20 Fe/KClO4 heat powder were prepared 
by adding the appropriate amount of KClO4 to 
increase the calorific output.  This involved 
blending 476.2 g of the 84/16 material  with 
23.8 g of KClO4 in a grounded 1-pt steel paint 
can in a Turbula blender for 30 min.  The 
KClO4 was passed through a 60-mesh screen 
before adding, to break up agglomerates.  
After blending, the resulting mixture was 
passed through a 100-mesh sieve to eliminate 
any agglomerates. 

 
Processing – Pellets used in the study 

were 1.25” (38 mm) in diameter and weighed 
~3.80 ± 0.03 g.  The thickness was varied to 
obtain the desired pellet densities of 55% to 
85% TD.  Materials were processed, 
pelletized, and stored in a dry room where the 
relative humidity was maintained at levels of 
<3%.  The burn-rate and ignition-sensitivity 
measurements  were  also  conducted  in  the 
dry room. 

Chemical Analysis – The oxygen level 
in the Fe used in the various heat powders 
was measured using inert-gas fusion (IGF).  
In earlier work,2 it was demonstrated that this 
provided equivalent results to fast-neutron 
(14 MeV) activation analysis.  Furthermore, 
the IGF technique was much quicker and less 
expensive. 

 
Particle-Size Analysis – The Sedigraph 

5000 was used for measurement of the 
particle size of the Fe and, in a limited 
number of tests, that for KClO4.  Sedisperse 
A-13 was used as the medium for 
measurement of the particle-size distribution 
of the Fe powders.  Because of the magnetic 
nature of the Fe, a magnetic stirrer could not 
be used to maintain the materials in 
suspension.  Instead, the Fe powder was 
mixed with the medium and then 
ultrasonically agitated for ten minutes prior 
to a run.  To obtain the Fe samples, the heat 
powders were leached in deoxygenated water 
to remove KClO4.  The slurry was then 
quickly filtered and washed with acetone and 
vacuum dried at room temperature.   

 
In the case of tests with KClO4, the 

samples were stirred in toluene or absolute 
ethanol using a magnetic stir bar to collect 
the Fe.  The KClO4 slurry was then decanted 
from the beaker and the medium removed by 
evaporation.  Sedisperse P-11 was used for 
measurement of the particle-size distribution.  

 
Supplemental particle-size information 

was also obtained by scanning electron 
microscopy (SEM). 

 
Burn Rate – The original test fixture 

presented problems when trying to determine 
the burn rate of the heat pellet.  The cool 
surface adjacent to the heat pellet resulted in 
condensation of KCl, which interfered with 
the light to the photodiode.  In addition, the 
more energetic heat pellets—those with more 
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than 16% KClO4 present—tended to come 
apart violently when ignited without any 
restraining support.  Thus, it was not feasible 
to measure both the ignition sensitivity and 
the burn rate with the same experimental 
setup.  Instead, a separate test fixture was 
devised for the burn-rate measurements.  This 
is shown schematically in Figure 1.  The 
setup was designed to also record the peak 
temperature of the pellet during burning.   

 

Al Top Plate

Al Bottom Plate

Min-K Disc

Min-K Disc

TC

To Photodiode

(Setup1.pre)

Quartz Rods

To Photodiode

Mica Discs

 
Figure 1.  Schematic Diagram of Test Fixture 
for Measurement of Burn Rate and Peak 
Temperature of Fe/KClO4 Heat Pellets. 

 
The heat pellet was held between two 3-

mm-thick squares of Min-K  TE1400 to 
insulate it.  A piece of mica was inserted 
between the Min-K  pads and the heat pellet 
to protect the Min-K  and the quartz rods that 
served as light guides for the photodiode 
fiber optic cable inserted in the top aluminum 
plate.  (The photodiode had incorporated into 
it a fiber optic cable, which greatly facilitated 
construction and design of the test fixture.)   

 
A flattened 0.315-mm dia. type-K 

(Chromel-Alumel ) thermocouple was 
inserted between the mica and top Min-K  
pad to measure the temperature during 
burning.  For the more energetic 
compositions, a flattened 0.381-mm dia. 
type-S (10% Rh-Pt/Pt) thermocouple was 
used.  A picture of the unassembled cell is 
shown in Figure 2 and the fully assembled 
unit connected to the electronics interface to 

the photodiodes is shown in Figure 3.  The 
interface provided a TTL signal output when 
the photodiodes were triggered by the light 
emitted from the burning heat pellet.   

 

 
 

Figure 2.  Unassembled Sample Holder for 
Burn-Rate Measurements, Showing the Type-
K Thermocouple. 

 

 
 

Figure 3.  Assembled Test Fixture for Burn-
Rate Measurements and Electronic Interface 
Box Containing the Photodiodes and 
Associated Circuitry for TTL Outputs. 

 
A propane torch was used to initiate the 

burning of the heat pellet by application to 
the exposed tip of the heat pellet extending 
from the test fixture  2 – 3 mm.  The spacing 
between the photodiodes was 12.7 mm, so 
the time to burn between the two quartz rods 
allowed the calculation of the velocity of the 
burn front.  A computer-controlled HP7090A 
3-channel data-acquisition system was used 
to record the output voltages from the two 
diodes.  From the voltage-time traces, the 
time for the burn front to traverse the fixed 
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spacing between the diodes was determined 
and used to calculate the burn rate.  The third 
channel was used to record the output of the 
thermocouple that was then converted to 
degrees Centigrade by the software.   

 
Typically, each test condition was 

replicated twice and the three data points 
were averaged to obtain a mean burn time.  A 
total of 1,000 data points were collected over 
a 2-s period, for a sampling rate of 2 
ms/point.  This proved to be more than 
adequate to obtain the required resolution in 
the data for accurate timing. 

 
Ignition Sensitivity Measurements – The 

ignition sensitivity was determined using a 
20-W solid-state diode laser whose output 
was controlled by a constant-current power 
supply.  The laser and power supply were 
designed and built by Quantic Industries, Inc. 
(Hollister, CA).  The solid-state unit was very 
repeatable in output and showed no drift with 
time of use.  The laser energy was controlled 
by the amplitude and width of the current 
output pulse, which could be varied from 100 
to 400 ms.  

 
A 25-mm surface-absorbing disc 

calorimeter (Scientech Model AC2500) with 
an optical diffuser was used for the energy 
meter.  It was used to calibrate the laser diode 
output with the corresponding current setting 
of the power supply and to periodically 
measure the energy during testing.  It was 
used with an energy/power readout 
(Scientech Model S310).  The stability of the 
laser was excellent so that it was not 
necessary to measure the energy after each 
firing.  This greatly extended the lifetime of 
the diode laser.  There was no measurable 
drift after over 100 firings of the laser.  

 
A welded aluminum box was designed 

to hold the laser, energy meter, and sample 
holder.  The box was designed to be light 

tight for safety concerns and incorporated a 
foam-gasket seal in the lid.  A microswitch 
was incorporated into the lid to short the 
output of the laser when in the open 
position.  This prevented the firing of the 
laser when the lid was open.   

 
Although the laser diode is itself listed as 

a Class IV device, it qualified as a Class I 
unit because it was imbedded in a protective 
enclosure that prevented any light from 
escaping.  That removed many of the safety 
concerns that otherwise would have resulted.  

 
A schematic of the laser and sample 

setup used for ignition-sensitivity tests is 
shown in Figure 4.  A new glass slide was 
used in front of the sample for each run to 
protect the laser from any KCl evolved or 
pellet debris should the pellet come apart 
when the Fe/KClO4 heat pellet fired.  A 
schematic of the overall setup used for the 
ignition testing of heat pellets is shown in 
Figure 5.   

 

Aluminum Baseplate

Laser Diode

Glass
Slide

Sample Holder Sample Disc 

Beam

 
 
Figure 4.  Schematic of Laser and Sample 
Setup for Ignition-Sensitivity Measurements. 

 
A modified Bruceton method was 

adopted for the ignition-sensitivity 
determinations.5  An energy increment of 
0.05 J was used for the tests, with up to six 
shots allowed per pellet before the pellet 
was discarded.  (The pellet was rotated 45o 

between shots.)  When possible, up to 20 
pellets were used to define the data set for a 
given set of conditions (e.g., composition 
and density).   
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Figure 5.  Schematic of Overall Experimental 
Setup used for Ignition Testing of Heat 
Pellets. 

 
Results and Discussion 

Physical Properties of Fe – The 
morphology of the Fe used in the heat 
powders is shown in the SEM  
photomicrograph of Figure 6.  The Fe has an 
elongated particle morphology.  The 
particle-size distributions of several lots of 
Fe powder are presented in Figure 7.  The Fe 
morphology and average particle size can 
have a major impact on its reaction with 
KClO4.   
 

 
 
Figure 6.  SEM Photomicrograph of NX-1000 
Fe Powder. 
 

The reaction of Fe and KClO4 occurs 
according to the following equation: 
 
4Fe   +   KClO4    ---->   4FeO   +   KCl    [1] 
 
The   stoichiometic   composition   for   this 

reaction is 61.7% Fe/38.3% KClO4 and 
produces 710.9 cal/g of mixture.   
 

 
Figure 7.  Particle-Size Distribution of 
Several Lots of NX-1000 Fe Powder. 

 
After burning, porous Fe discs result.  

These act as electrical conductors between 
adjacent cells in a thermal battery stack 
because of the excess Fe present over the 
stoichiometric requirement for complete 
reaction with KClO4 (eqn. 1).  This is critical 
for proper functioning of a thermal battery.  
Consequently, only fuel-rich compositions 
are used as heat sources.  
 

Burn Rate – The burn rates for various 
lots of 88/12 Fe/KClO4 heat pellets are 
shown in Figure 8.  The broad peak in burn 
rate with pellet density corroborates earlier 
work for this composition.3,4,6  The material 
with the smaller particle size of Fe (lot PFB-
0406) showed the highest burn rate, 
although the trend in the relative burn rates 
did not always follow that of the Fe particle 
size.  The particle size of the KClO4 for the 
various materials could be different, which 
could account for some of this difference.  
There was a trend for the maximum in burn 
rate to be shifted to higher densities as the 
particle size was reduced.  At sufficiently 
high pellet densities (>85%), the 88/12 
pellets could not be ignited by the laser. 

 
Similar burn-rate data for the 86/14 and 

84/16  heat  pellets are  presented in Figure 9 
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Figure 8.  Burn Rate of 88/12 Fe/KClO4 Heat 
Pellets for Various Lots of Material. 
 
and 10, respectively.  The same general 
trends in burn rate were observed with pellet 
density as for the 88/12 pellets.  The highest 
burn rate for the 86/14 pellets was for the 
material with the smallest Fe particle size.  
Particle-size effects were not as pronounced 
for the 84/16 heat pellets.   
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Figure 9.  Burn Rate of 86/14 Fe/KClO4 Heat 
Pellets for Various Lots of Material. 
 

Data for only one particle size were 
available for the 82/18 and 80/20 heat 
pellets.  The burn rates dropped off more 
rapidly with increase in density with these 
materials than for the compositions lower in 
KClO4 content, as shown in Figure 11 and 
12, respectively.  The 80/20 heat pellets 
burned almost violently, breaking apart into 
smaller pieces at times.  These two 

compositions were the only ones that could 
still be ignited by the laser at 85% TD.   
 

The reason for the drop in burn rate at 
the higher pellet densities is believed due to 
quenching of the burn front as a result of 
enhanced thermal transfer (improved heat 
sinking) by the excess Fe present in the heat 
pellets.  This effect was evident for all heat-
powder compositions. 
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Figure 10.  Burn Rate of 84/16 Fe/KClO4 
Heat Pellets for Various Lots of Material. 
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Figure 11.  Burn Rate of 82/18 Fe/KClO4 
Heat Pellets. 
 

The effects of composition on the burn 
rate for various pellet densities are 
summarized in Figure 13.  Data for samples 
with comparable particle size were used 
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whenever possible.  The rate of increase in 
burn rate with oxidant content rose 
dramatically above 18% KClO4 at the lower 
densities, where burn rates were optimum. 
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Figure 12.  Burn Rate of 80/20 Fe/KClO4 
Heat Pellets. 
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Figure 13.  Burn Rate of Fe/KClO4 Heat 
Pellets as a Function of Oxidant Level for 
Various Pellet Densities. 

 
Peak Temperature – The peak 

temperature during combustion of 
representative pellet samples of the various 
heat-powder compositions are shown in 
Figure 14 for a nominal pellet density of 55 
% TD.  Due to some heat loss where the tip 
of the pellet protrudes from the sample 
holder, these temperatures are expected to 
be slightly low.  Nevertheless, the trends in 
the data should still be valid.  As expected, 
the peak temperatures rose rapidly as the 

oxidant level in the heat pellet was 
increased.  The time to peak temperature 
correspondingly shifted to lower values.  
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Figure 14.  Peak Pellet Burn Temperatures as 
a Function of Composition at 55% TD. 
 

The effects of added FeO on the burn 
rate of 84/16 heat pellets at 55% TD are 
shown in Figure 15.  The burn rate began to 
drop monotonically with FeO content after 
3%.  This is most likely due to interference 
with propagation of the burn front due to 
reduced particle-particle contact throughout 
the pellet.  A level of 3% FeO in the heat 
powder corresponds to an oxygen level of 
0.791% O in the Fe.  This increases to 
2.37% O in Fe at 9% FeO in the heat 
powder.  Analysis of the Fe used in the heat 
pellets showed levels of between 0.90% and 
2.36%, with one value of 4.74%.  Thus, the 
level of 9% FeO is consistent with what one 
might expect as typical for Fe used in heat 
powders.   

 
It should be cautioned, however, that 

physical addition of FeO may not result in 
the same effects as bulk oxidation of the Fe 
in the heat powder.  For example, the burn 
rate for lot 86043 of 86/14 heat powder was 
higher than one might expect based on both 
the larger particle size and much higher 
oxygen level of the of 4.74%O in the Fe 
(Figure 9).   
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Figure 15.  Burn Rate of 84/16 Fe/KClO4 
Heat Pellets at 55% TD as a Function of 
Added FeO. 
 

Ignition Sensitivity – The ignition 
sensitivity in Joules for the 50th percentile of 
several lots of 88/12 heat pellets are shown 
as a function of pellet density in Figure 16.  
The energy required for ignition increased in 
a nonlinear fashion with increase in pellet 
density.  The ignition energies for the pellets 
with the larger particle size of Fe (9.9 µm) 
were slightly greater and offset from the 
pellets with the smaller particle size of Fe 
(6.3 – 6.4 µm).  Similar trends were 
observed at the 90th percentile. 
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Figure 16.  Ignition Sensitivity for 50th 
Percentile for 88/12 Fe/KClO4 Heat Pellets as 
a Function of Pellet Density. 

 
The results of tests with the 86/14 heat 

pellets are shown in Figure 17.  In contrast 

to the 88/12 composition, the ignition 
sensitivity of 86/14 heat pellets was almost 
linear with pellet density.  The relative 
differences in the particle size of the Fe (5.6 
µm vs. 9.8 µm) did not make a large 
difference in the ignition sensitivities in this 
case. 
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Figure 17.  Ignition Sensitivity for 50th 
Percentile for 86/14 Fe/KClO4 Heat Pellets as 
a Function of Pellet Density. 
 

The ignition sensitivity of 84/16 heat 
pellets is shown in Figure 18 and includes 
the effect of added FeO.  The particle sizes 
of the Fe used in these heat powders ranged 
from 8.4 to 11.3 µm.  As can be seen, the 
presence of up to 9% FeO did not impact the 
ignition sensitivity, although it did adversely 
influence the burn rate (Figure 15).   

 
The ignition sensitivity for the various 

compositions, including 88/12 and 80/20 
blends is summarized in Figure 19 as a 
function of density.  The higher calorific 
outputs (82/18 and 80/20) showed a linear 
dependency of ignition sensitivity with 
increase in pellet density as was observed 
for the 86/14 blend.  The ignition 
sensitivities were comparable for the 86/14 
and the most energetic (80/20) composition.  
Thus, there is not an obvious relationship 
between the oxidant level and the ignition 
sensitivity of Fe/KClO4 heat pellets.  The 
density effects appear to dominate the 
ignition process. 
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Figure 18.  Ignition Sensitivity for 50th 
Percentile for 84/16 Fe/KClO4 Heat Pellets as 
a Function of Pellet Density. 
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Figure 19.  Ignition Sensitivity for 50th 
Percentile for Fe/KClO4 Heat Pellets as a 
Function of Composition and Pellet Density. 

 
Thermal-Battery Implications – The 

results of this work have intrinsic 
implications for the use of Fe/KClO4 as a 
heat source for thermal batteries.  The use of 
compositions with higher oxidant contents 
would result in a higher calorific output per 
unit weight and volume.  (Nominal calorific 
outputs for the various compositions in this 
work are summarized in Table 1).  This 
would result in a shorter thermal battery 
stack, which would also reduce battery 
weight.  Increased levels of KClO4 will 
increase the burn rate but would not have a 
significant effect on the ignition sensitivity.   

 

Table 1.  Calorific Output Specifications 
for Various Fe/KClO4 Heat Powders 

 
Fe/KClO4 Wt. Ratio Calories/Gram Mix 

  
88/12 221.7 ± 2.0 
86/14 259.0 ± 2.0 
84/16 297.3 ± 2.0 
88/12 340.0 ± 2.0 
80/20 372.7 ± 2.0 

 
The density of the Fe/KClO4 heat 

pellets is the dominant factor that will 
influence both burn rate and ignition 
sensitivity.  If the density is increased above 
~60% TD, the burn rate is reduced.  In 
addition, the ignition energy increases.  
Higher energy requirements for ignition will 
increase the likelihood of an ignition failure.  
If one pellet in the battery stack does not 
fire, then the performance could be seriously 
compromised.  Autoignition would occur, 
but the delay could result in the battery 
failing to meet its rise-time requirements. 

 
The use of heat powders with higher 

calorific output, while attractive, has several 
pitfalls.  Such materials are difficult or 
prohibitive to ship across the country 
because of rigorous Department of 
Transportation (DOT) requirements.  In 
addition, they are more static sensitive in the 
powder form than the conventional thermal-
battery heat powders.  Lastly, the rapid input 
of heat to the battery stack can damage the 
cathode pellet that is directly in contact with 
the heat pellet.  In the case of pyrite (FeS2) 
electrodes, this can initiate thermal 
decomposition of the cathode causing loss of 
active material.  Under severe conditions, 
enough sulfur could be released to react very 
exothermically with the Li(Si) anode, which 
could lead to a thermal runaway reaction 
where the battery destroys itself. 
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Conclusions 
The burn rate and ignition sensitivity of 

five compositions of Fe/KClO4 heat pellets 
were measured as a function of composition 
and density.  Higher gravimetric calorific 
outputs are possible with higher levels of 
KClO4 in the heat pellets.  As the KClO4 
content of the mixture increases, the burn 
rate also increases, especially at 55% and 
65% TD.  The KClO4 content has minimal 
effects on the ignition sensitivities of the 
pellets.   

 
The density of the heat pellets has a 

major impact on the burn rate, peaking near 
55% – 65% TD.  Burn rates of between 7 
and 55 cm/s were observed.  Heat pellets 
pressed to 85% TD could only be ignited for 
the 88/12 and 80/20 compositions.  The 50% 
percentile ignition energies of the Fe/KClO4 
heat pellets range from 1.7 – 7.7 J.   
 

The average particle size of the Fe in 
the heat powder influences the burn rate.  In 
some cases, the burn rate increases with the 
smaller Fe particle size.  However, a 
correlation was not consistently obtained 
over the range of experimental conditions 
examined.  Similar effects were observed 
with regard to ignition sensitivity.  No 
correlation of oxide content in the Fe 
powder on ignition characteristics was 
discernible.  However, the addition of FeO 
contaminant to 84/16 heat powder results in 
reduced burn rates at levels >3%.  There is 
no effect on the ignition sensitivity, 
however.   

 
Since a single lot of Fe or KClO4 was 

not used for all the various lots of heat 
powder, other factors in addition to pellet 
density and composition may also be 
influencing the burn characteristics.  These 
include differences in KClO4 particle size 
and source, or slight morphological 
differences in the Fe powder.  The 

sedimentation technique may not provide a 
good measure of the average particle size of 
the Fe because of the sample morphology, 
which is not spherical.  The elongated shape 
of the Fe results in entanglement of the 
particles, which would be expected to affect 
sedimentation properties. 

 
From a thermal-battery perspective, it is 

desirable to improve the calorific properties 
of Fe/KClO4 heat powders by using material 
with higher KClO4 content, since these 
materials burn faster and can be ignited 
more readily at higher densities.  However, 
DOT shipping restrictions, safety concerns, 
and possible negative impacts on battery 
performance caused by the high thermal 
impulse upon battery activation will likely 
limit the upper suitable Fe/KClO4  
composition to 82/18.  Pellet densities 
should be in the range of 55 % – 65% for 
optimum burn rate and satisfactory ignition 
sensitivity.  It is desirable to minimize the 
oxygen level in the Fe that is used in the 
heat powders, as that will affect the final 
gravimetric calorific output of the mixture 
and can potentially adversely impact 
performance of the heat powder under 
certain conditions. 
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ABSTRACT 

 
Laser diode ignited devices have inherent safety advantages when compared to conventional 

initiators, but have been limited in use due primarily to their inability to promptly initiate 
explosives.  This paper describes preliminary experimental research that seeks to reduce the 
function time of laser diode ignited devices to the microsecond regime.  To accomplish this, the 
power density of the incoming laser light was maximized, achieving a level on the order of 1 
MW/cm2.  Eight different powder configurations using CP and BNCP were investigated in an 
effort to determine the effects of mean particle size, carbon black doping percentage, and density 
on ignition delay and function time. 

Initial tests revealed that problems with confinement and laser spot size produced 
inconsistent results, as multiple tests within the same powder configuration yielded non-
repeatable data.  As a result, conclusions concerning the effect of mean particle size, carbon 
black doping percentage, and density could not be drawn; however, two devices exhibited 
function times considerably faster than those achieved in past research, and are discussed in 
detail. 

 
 

INTRODUCTION 
Laser diode ignition (LDI) of high 

explosives has emerged as a promising 
technology in recent years.  In a typical LDI 
system, light from a fiber-coupled laser 
diode is directly coupled (sometimes using 
optics) to a pyrotechnic, explosive, or 
propellant.  This method eliminates the 
bridgewire used in more conventional 
explosive systems, allowing for complete 
electrical isolation of the energetic material 
from the fireset.  This significantly increases 
the safety of the device, since it is immune 
to the typical hazards associated with 
bridgewires, including electrostatic 
discharge (ESD) and electromagnetic 
interference (EMI). 

Unfortunately, past research has shown 
that the function times of LDI devices are 
typically in the millisecond regime.  This 

relatively slow function time has limited the 
application of LDI to devices with lenient 
function time requirements, such as 
actuators and ignitors.  Recent work at 
Sandia National Laboratories has focused on 
the development of a prompt laser diode 
initiator.  This ongoing research seeks to 
reduce the function time of a laser diode 
detonator to the microsecond regime.  If this 
target is reached, such a device could be 
considered as an alternative to conventional 
prompt initiation devices, such as the 
explosive bridgewire (EBW), the 
semiconductor bridge (SCB), and possibly 
the exploding foil initiator (EFI or slapper). 

This paper presents the initial results of 
this ongoing research.  It includes a 
discussion of the laser diode system, the 
experimental set-up, and preliminary 
experimental results. 
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BACKGROUND 

LDI, like all other initiation methods, is 
essentially a thermal process of ignition.  
The illuminated area of the energetic 
material is directly heated by the laser 
radiation until the auto-ignition temperature 
is reached, after which ignition and self-
sustained propagation of the reaction is 
achieved.  Since ignition occurs through 
thermal heating and not from shock heating 
(as with the EBW and EFI), the explosive 
first deflagrates, and must undergo a 
deflagration-to-detonation transition (DDT) 
in order to reach detonation.  As a result, the 
explosive should possess a low auto-ignition 
temperature and should lend itself to fast 
and efficient DDT.  Past LDI research1-10 
has demonstrated that CP and BNCP are 
good candidates for use in LDI devices.  CP 
and BNCP have relatively low auto-ignition 
temperatures (approximately 280°C and 
250°C, respectively) and readily undergo 
DDT.  Unfortunately, both materials are 
nearly transparent to the near infrared light 
emitted by high-power laser diodes (~800 
nm).  Thus, CP and BNCP must be doped 
with a suitable absorber, such as carbon 
black, to increase the absorptivity of the 
powder.   

Research conducted by R. G. Jungst et 
al. at Sandia National Laboratories resulted 
in the threshold plot shown in Fig. 1.2  This 
plot illustrates a critical characteristic of 
laser-initiated devices.  For relatively low 
power densities (Region I), ignition never 
occurs.  In this region, a significant amount 
of heat is conducted away from the 
illuminated area.  The illuminated area is 
initially heated, but eventually heat is 
conducted away as fast as it is absorbed, and 
the illuminated area reaches a steady state 
temperature.  Since this steady state 
temperature is lower than the auto-ignition 
temperature, ignition is not achieved.  In 
Region II, conduction still plays a role, but 

the auto-ignition temperature of the 
explosive is reached before the steady state 
temperature; thus, ignition occurs.  As 
power density is increased in Region II, the 
effect of heat conduction away from the 
illuminated area is reduced.  The reason for 
this is simple: since the higher power 
density heats the explosive more quickly, 
there is less time to conduct heat away 
before the auto-ignition temperature is 
reached.  The energy required for ignition is 
therefore reduced, since less energy is 
“wasted” due to conduction.  Energy 
continues to decrease as power density 
increases until a minimum energy is 
achieved.  After this point, energy remains 
essentially constant (Region III).  In Region 
III, ignition occurs before an appreciable 
amount of heat can be conducted away.  
Thus, very little, if any, energy is wasted 
due to heat conduction away from the 
ignition region. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Laser diode ignition threshold 
data for CP doped with 1% carbon black 

(adapted from Ref. 2) 
Obviously, to optimize an LDI system, it 

is essential to recognize which region the 
proposed system falls into, since the 
importance of any given parameter could 
vary from region to region.  Given that this 
program seeks to reduce the function time of 
an LDI device to the microsecond regime, 
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the current work was conducted in Region 
III, where the parameters of principal 
importance are power density and 
absorptivity.  Power density should 
obviously be maximized, while still ensuring 
that the spot size is large enough to heat a 
sufficient volume (and corresponding mass) 
of the material to the auto-ignition 
temperature.  Likewise, absorptivity should 
be maximized, while ensuring that the 
energetic material is not “diluted” by the 
addition of the non-energetic dopant.   

Based on these tenets and past LDI 
research, the power density of the incoming 
laser light was increased to the maximum 
level possible while maintaining a spot size 
no smaller than 30 microns.  Next, critical 
parameters were identified for experimental 
study.  Based on past research, three 
different parameters were chosen for 
investigation for both CP and BNCP: mean 
particle size, carbon black doping 
percentage, and powder pressing density. 

 
EXPERIMENTAL SETUP 

Figure 2 depicts a schematic of the 
experimental set-up.  The system consists of 
a fiber-coupled diode laser, a dual fiber optic 
cable assembly, focusing optics, a photo-
detector, and the explosive powder. 

The fiber-coupled diode laser, 
manufactured by Apollo Instruments, Inc. 
(model F14-808-1), produces over 14 W of 
power from a 100 µm core diameter fiber, 
yielding a power density of roughly 175 
kW/cm2.  The fiber is terminated in an ST 
connection.  The dual fiber optic cable 
assembly consists of two 100 µm fibers.  
One fiber is ST-connected to the laser diode, 
and delivers the 808 nm laser light to the 
focusing optics, and, ultimately, to the 
explosive powder, while the other fiber 
“watches” the ignition event, which is 
detected by the silicon detector.  The 
focusing optics, also manufactured by 
Apollo Instruments (model OP-031), focus 

the light from the optical fiber to a spot 
approximately 35 µm in diameter, yielding a 
final power density (including losses) on the 
order of 1 MW/cm2. 

 
 
 
 
 
 
 
 
 
 

Figure 2: Schematic of experimental set-up 
 
Due to the aggressive time goals of the 

program, an OEM-type laser power supply 
was needed in order to reach high current 
levels in extremely short rise times.  To this 
end, a Directed Energy, Inc. power supply 
was used (model PCO-6130).  This power 
supply is capable of supplying 125 A pulses 
with rise times faster than 200 ns, and pulse 
widths which vary from 600 ns to DC.  In 
order to reduce ringing (and any associated 
damage to the laser diode) the rise time of 
the system was set to 2 µs. 

Since it was critical to characterize the 
power density of the light delivered by the 
laser, both the optics and the laser pulse 
were closely analyzed.  Spot size of each 
optics assembly was measured by imaging 
the spot on the surface of the window onto a 
CCD array at high magnification.  Visible 
light from a low power laser diode was 
coupled into the fiber optic cable that was 
connected to the optics and the spot size was 
then determined by using measurements of a 
100 µm fiber as a reference.  The laser 
power delivered through the optics was 
determined by measuring the energy 
delivered by a 1 ms laser pulse just prior to 
the explosive test (using the high-power 
laser).  The energy was then differentiated 
with respect to time to obtain power. 
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Data gathered from the photo detector 
were used to detect the onset of laser output 
as well as the onset of chemical reaction in 
the explosive by self-light of the explosive.  
Thus, the photo detector was able to 
measure the time required to reach the auto-
ignition temperature once the explosive was 
subjected to the laser radiation.  This time, 
commonly referred to as ignition delay, is a 
critical parameter in LDI devices, and must 
be measured to fully understand the 
performance of the device.  Another 
important parameter is function time, 
defined here as the time required for 
detonation output from the output pellet 
after the explosive is subjected to laser 
radiation.  This was measured using a pulse 
switch, which contains a shock switch and a 
dent block. 

 
RESULTS AND DISCUSSION 

Experimental data were obtained for 
several different explosive powder 
configurations.  (It should be noted that 
these data are preliminary in nature).  Due 
to the limited number of units tested, 
conclusions cannot be made with statistical 
certainty; however, the data presented herein 
provide evidence that a laser diode-initiated 
detonator is capable of obtaining function 
times in the microsecond regime. 

The laser diode-initiated detonator 
consists of an explosive column that 
contains the initial pressing (IP), a DDT 
column, and an output pellet.  The IP 
consists of the mixture of the explosive and 
carbon black, and is subjected to the laser 
energy.  The DDT column and output pellet 
were identical for all units tested.  In the 
preliminary tests, the explosives were loaded 
into the explosive column, after which a 
locknut secured the column to the optics 
device.  This was done to avoid pressing 
powder directly on the optics, which may 
have resulted in window failure or 
misalignment of the optics.  Unfortunately, 

testing revealed that this set-up provided 
insufficient confinement to the IP, as some 
units did not fire when subjected to the laser 
pulse.  These units did show evidence of 
reaction (burning) when analyzed post-
mortem, but it is thought that the lack of 
confinement led to extinction.   Likewise, it 
is thought that insufficient confinement led 
to slower function times for units that 
showed extremely slow function times (on 
the order of milliseconds). 

The experiments conducted also 
suggested the existence of a critical spot size 
for the tested explosives.  All of the optical 
components that produced a spot size of 30-
35 µm resulted in no-fires, while most that 
produced a 35-40 µm spot size resulted in 
fires.  This suggests that a minimum 
effective spot size exists in this range; 
however, since these results are convoluted 
by the suspected problem with confinement, 
no strong conclusions can be drawn. 

The results presented in this paper are 
for fast functioning devices that appeared to 
have sufficient confinement and spot size 
with the present experimental set-up.  Only 
two devices fell into this category.  One 
used CP with 25 µm mean particle size, 1% 
carbon black (by weight), pressed at 80% 
theoretical maximum density (TMD, 
approximately 2.0 g/cm3 for CP and BNCP).  
The other used BNCP with 2 µm mean 
particle size, 4% carbon black, pressed at 
60% TMD. 

 Figure 3 shows the data gathered from 
the photodiode and the pulse switch for the 
device that contained CP.  The signal level 
initially recorded by the photo-detector is 
approximately 0.8 volts due to the ambient 
light in the laboratory.  The signal rises 
sharply when the explosive is irradiated with 
the laser light and rings slightly before 
reaching an essentially constant level of 1.3 
volts.  During this period, the illuminated 
region heats until it reaches the auto-ignition 
temperature of the explosive.  Next, the 
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explosive begins to react, and the light 
produced by the reaction causes an 
associated voltage increase in the photo-
detector output.  The signal then decreases 
sharply, after which the output detonation 
wave reaches the pulse switch, causing the 
voltage spike in the pulse switch curve on 
Figure 3.  It is thought that the sharp dip in 
light output preceding the detonation output 
is due to broadband absorption by plasma 
formed in the reacting explosive. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3: Photodiode and pulse switch data 
for CP  (25 µm particle size, 1% carbon 

black, 80% TMD) 
 

Several important pieces of information 
can be gathered from the data depicted in 
Fig. 3.  The ignition delay, or time from 
laser output to reaction in the explosive, is 
13.9 µs.  The function time, or time from 
laser output to detonation output, is 17.8 µs.  
This implies that it takes 3.9 µs to burn 
through the IP, DDT column, and output 
pellet.  The output pellet produced a 0.345 
mm deep impression in the stainless steel 
dent block, which is indicative of full 
detonation output. 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4: Photo diode and pulse switch data 
for BNCP (2 µm particle size, 4% carbon 

black, 60% TMD) 
 
Figure 4 shows the photodiode and pulse 

switch data for the BNCP device.  Overall, 
the photodiode curve looks similar to its CP 
counterpart; however, the voltage output 
from the photodiode does appear to decrease 
slightly as the BNCP is heated in the 
ignition delay region.  Upon reaction in the 
explosive, the photodiode voltage rises 
sharply, but does not reach the initial plateau 
exhibited by the CP device.  The curve does, 
however, exhibit a voltage drop similar to 
the CP device just prior to detonation output 
(the pulse switch voltage output is lower for 
this unit due to differences in the power 
supply used in these two experiments).  
Measurements of the dent block confirmed 
high-order explosive output.  Noteworthy 
parameters are tabulated in Table 1 for both 
devices. 

Due to differences in the two 
experiments, it is difficult to compare and 
contrast the two devices; however, some 
general observations are worth noting.  
Overall, the CP device functioned slightly 
faster than the BNCP device.  This is 
somewhat surprising, since the auto-ignition 
temperature of CP is slightly higher than for 
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BNCP.  Also, it was expected that smaller 
particle size would lead to shorter ignition 
delay times, contrary to these data.  The 
BNCP device takes slightly less time to 
transition from burning to detonation output 
(3.6 µs versus 3.9 µs), as expected, since 
BNCP burns faster than CP and also has 
greater explosive output.  As a result, the 
dent depth produced by the BNCP device is 
slightly greater than for the CP device. 
 

Table 1: Table summarizing detonator 
performance 

 
 CP BNCP Units 
Particle size 25 2 µm 
Carbon black 1 4 % 
Density 80 60 %TMD 
Power 5.83 7.07 W 
Spot size 35.5 35.8 µm 
Power density 0.59 0.70 MW/cm2

tign 13.9 19.6 µs 
tfxn 17.8 23.2 µs 
tign-fxn 3.9 3.6 µs 
Dent depth 0.345 0.375 mm 

 
 

SUMMARY AND FUTURE WORK 
Experiments were conducted with a 

newly developed experimental set-up that 
allows for the use of optical diagnostics in 
the LDI testing of confined explosives.  
These experiments were conducted with 
laser diode power densities significantly 
higher than in previous work, with the 
expectation of fast function times.  The set-
up was used to successfully measure ignition 
delay, but it was suspected that problems 
with full confinement of the pressed 
powders affected the repeatability of results.    

Despite this problem, limited testing 
showed that an LDI device is capable of 
achieving function times in the microsecond 
regime.  This preliminary work 
demonstrated a function time of 19.6 µs for 
a CP device and 23.2 µs for a BNCP device.  

These function times, while significantly 
faster than those of previous LDI devices, 
must still be lowered significantly in order 
to compete with conventional prompt 
initiators, such as the EBW, SCB, and EFI. 

Because of the suspected problems with 
confinement and laser spot size, only two of 
the tested devices performed as expected.  
As a result, conclusions concerning the 
effects of changing particle size, carbon 
black doping percentage, and density could 
not be drawn with statistical certainty.  In 
future devices, the initial pressing will be 
pressed directly on the window of the optics 
components to ensure proper confinement.  
In addition, the spot size of the incoming 
laser light will be maintained at 35 µm or 
above.  With these problems addressed, it is 
expected that future devices will yield 
function times less than 10 µs. 
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METHOD FOR THE ESTIMATION OF HEAVY METAL DEPOSIT RANGE OF THE 
OPEN SURFACE MASS EXPLOSIONS 
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Explosives and NBC Defence Division 
P.O. Box 5, 34111 Lakiala 

Finland 
1. INTRODUCTION 
 

Expired explosive materials have been destroyed by the Finnish Defence Forces in open 
surface detonations in municipality of Kittilä, Lapland, since 1988.  The mass detonation camp 
takes 30 days in the autumn and one charge is detonated each day.  The gross weight of the 
charge is about 150 to 200 tons in average, including 15 tons of explosives.  The explosives are 
mainly of TNT, but may also contain smaller amounts of amatol and hexotol. As a booster, 3-5 
tons of dynamite is used per charge. 
 

The effects of the heavy metal deposit on the environment of this area have been studied 
by analysing the heavy metal contents of soil, water, spruce needles, berries and deposits 
samples.  The gaseous pollution of the open detonations, which mainly consist of NOx and COx, 
have also been studied as well as the organic trace compounds of the explosives in soil of the 
detonation area. 
 

On the surface of the spruce needles there is a thin layer of wax working as a trap for the 
heavy metal deposit.  By collecting the spruce needle samples as a function of the distance 
measured from the detonation area and analysing the metal contents of the wax layer, the range 
of the deposit can be estimated. 
 
2. THE SPECIMEN 
 

Several spruce needle samples were gathered at different distances measured from the 
detonation area.  The needles were not classified by their age and their were collected before the 
detonation period, lasting normally one month at autumn, was started.  The dust of the open 
detonations of the previous year was partly leached by the rains during the winter.  The wax 
layers of the samples were extracted by chloroform and the solutions were poured into the 
weighted glass vessels.  The dissolvent was evaporated to dryness and the samples were 
dissolved in 10 ml of concentrated supra pure nitric acid on a hot plate.  Finally the samples were 
diluted by water into the final volume of 100 ml. 
 
3.  INSTRUMENTS AND CALIBRATION 
 

All the analysis were carried out by Perkin Elmer Elan 6000 ICP-MS-instrument installed 
in Åbo Akademi in Turku.  Five elements were analysed.  The calibration curves were prepared 
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by diluting Perkin Elmer Multielement Verification Standard II in 1 % nitric acid.  All the 
analysed samples were stored in 1 % nitric acid. 
 

The analysis were carried out in two different groups because of the instrumental drift 
observed during the measurements.  The internal standard wasn't used and there were also some 
problems with the calibration curves of aluminium and iron. 
 
Calibration parameters: 
 
Calibration curve:   y = bx + a 
 

Error of constant (a);    
 

      
 
Limit Of Detection: LOD  LOD = 3 sa

b  
 
Limit Of Quantification: LOQ LOQ = 10 sa

b  
 

Regression coefficient (r)  
 

Table 1.  Instrumental parameters 
Element Range R LOD LOQ Sensitivity 

 µg/l  µg/l µg/l cps/µg 
63Cu 0-10 0,99668  0,67 2,2 8 468 
52Cr 0-10 0,99840  0,47 1,6 12 685 
60Ni 0-10 0,99890  0,38 1,3 8 010 
63Cu 0-40 0,99964  0,91 3 7 660 
52Cr 0-40 0,99995  0,48 1,6 11 356 
60Ni 0-40 0,99973  0,78 2,6 7 314 
27Al 0-40 0,99332  3,91 13 6 751 
57Fe 0-40 0,99922  1,33 4,4 325 
27Al 0-40 0,99322  5,6 19 7 003 
57Fe 0-45 0,98151  6,6 22 378 

 
4.  RESULTS 
 

On the surface of the spruce needles there is a thin layer of wax which works as a trap for 
the heavy metal emissions of the open surface detonations.  The surfaces of the spruce needles 
were also studied by the Scanning Electron Microscope (SEM) as well as the chemical 
composition of the particles by the X-Ray Micro Analyser (EDX). 

s y/x = Σ i=1
n yi−yi,hav

2

(n−2)

sa = sy/x
Σi=1

n xi
2

n Σi=1
n (xi−xave )

r = Σi=1
n [(xi−xAve )(yi−yAve )]

Σi=1
n (xi−xAve )2 Σi=1

n (yi−yAve )2
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Picture 1. Tip of the spruce needle. The surface of the needle was coated by a very thin layer of 
gold. 
 

 
Picture 2. Surface of the spruce needle. 
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Picture 3. Surface of the spruce needle and an unknown particle. 
 

 
Picture 4. X-Ray Micro Analysis of the particle 7 in picture 3.  The particle mainly consists of iron 
but also contains small amounts of copper and silicon.  The sample was coated by a very thin layer 
of gold (20 nm) which can be seen from the picture. 
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The metal concentrations of the wax layers are presented in Table 2. 
 

Table 2.  The metal concentrations of the wax layers. 
Sample Distance Fe Al Cu Cr Ni 

 (m) (µg/g) (µg/g) (µg/g) (µg/g) (µg/g) 
425/97A 300 4 300 2 100 44 22 26 
426/97A 400 3 600 1 700 33 20 18 
427/97A 500 1 500 520 18 8,6 9,6 
428/97A 700 1 500 550 18 11 12 
429/97A 900 760 320 13 5,2 7,9 
430/97A 1 100 820 340 18 5,9 11 
431/97A 1 500 820 450 14 5,3 7,6 
432/97A 1 800 510 300 9 3,7 5,9 
433/97A 2 200 460 320 7 3,7 4,8 
434/97A 2 500 370 240 6 3,4 3,3 
435/97A 2 800 390 390 9 3,5 6,9 

 
In Figures 1 and 2 the concentrations are presented as a function of the distance measured from 
the detonation area. 
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Figure 1. Iron (Fe) and aluminium (Al) concentrations of the wax layer of the spruce 
needles samples as a function of distance measured from the detonation area. 
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Figure 
2. Copper (Cu), chromium (Cr) and nickel (Ni) concentrations of the wax layer of the 
spruce needles as a function of distance measured form the detonation area. 
 
 
5. CONCLUSIONS 
 

The range of the heavy metal deposit can be estimated on account of Fig. 1 and 2 and is 
about three kilometres.  The total area of the heavy metal emission is around 27 km2. 
 

In this work this method has been used to estimate the effective range of the heavy metal 
deposit of the open surface detonations, but it can also be easily adopted to estimate the pollution 
area of the fall out of spot like heavy metal sources such as smelting plants and metal foundries. 
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ESTIMATION OF THE EFFECTS OF HEAVY METAL EMISSIONS ON SOIL 
CAUSED BY THE OPEN SURFACE MASS DETONATIONS 

 
Ph.Lic M. Hagfors & Lab. Tech. M. Hokkanen 

 
Finnish Defence Forces Technical Research Centre 

Explosives and NBC Defence Division 
P.O. Box 5, 34111 Lakiala 

Finland 
 

Abstract 
The Finnish Defence Forces have destroyed old ammunition in mass detonations at 

Hukkakero fell in Kittilä, Lapland, since 1988.  The mass detonation camp takes 30 days in the 
autumn and one charge is detonated each day.  The gross weight of the charge is about 150 to 
200 tons in average, including 15 tons of explosives.  The explosives are mainly of TNT, but 
may also contain smaller amounts of amatol and hexotol.  As a booster, 3-5 tons of dynamite is 
used per charge. 

The effects of the heavy metal deposits on the environment of this area have been studied 
by analyzing the heavy metal contents of soil, water, spruce needles, berries and deposit samples.  
The gaseous pollution of the open detonations, which mainly consist of NOx and COx, have also 
been studied as well as the organic trace compounds of the explosives and their conversion 
products in soil of the detonation area  

The soil samples were gathered from the immediate vicinity of the detonation site.  They 
were collected from the main and intermediate compass points, as well as a trail stretching 
towards the northeast, which is the direction of the prevailing southwest wind.  Both surface and 
low-level soil samples were obtained from the sampling sites.  Low level samples were taken 
from the depth of 10 cm.  All samples consisted of sandy moraine and they were treated using 
aqua regia extraction method, as introduced by the Geological Survey of Finland. 

The measured results were compared to the values for contaminated land found in 
literature as well as the maximum values as published by the Ministry of the Environment of 
Finland. 

 
1. INTRODUCTION 
The Finnish Defence Forces have destroyed old ammunition in mass detonations at Hukkakero 
fell in Kittilä, Lapland, since 1988.  The mass detonation camp takes 30 days in the autumn and 
one charge is detonated each day.  The gross weight of the charge is about 150 to 200 tons in 
average, including 15 tons of explosives.  The explosives are mainly of TNT, but may also 
contain smaller amounts of amatol and hexotol.  As a booster, 3-5 tons of dynamite is used per 
charge. 

 

The effects of the heavy metal deposits on the environment of this area have been studied by 
analysing the heavy metal contents of soil, water, spruce needles, berries and deposit samples.  
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The gaseous pollution of the open detonations, which mainly consist of NOx and COx, have also 
been studied as well as the organic trace compounds of the explosives and their conversion 
products in soil of the detonation area. 
 
2. SPECIMEN 
The soil samples were obtained from the immediate vicinity of the detonation site.  They were 
collected from the main and intermediate compass points, as well as a trail stretching towards the 
northeast, which is the direction of the prevailing southwest wind.  Both surface and low-level 
soil samples were obtained from the sampling sites.  Low level samples were taken from the 
depth of 10 cm.  All samples consisted of sandy moraine and they were treated using aqua regia 
extraction method, as introduced by the Geological Survey of Finland. 
 
3. INSTRUMENTS AND CALIBRATION 

All the analyses were carried out by Perkin Elmer Elan 6000 ICP-MS-instrument installed in Åbo 
Akademi in Turku.  Nine elements were analysed.  The calibration curves were prepared by 
diluting Perkin Elmer Multielement Verification Standard II in 1 % nitric acid.  All the analysed 
samples were stored in 1 % nitric acid. 
 
The analyses were carried out in several different groups because of the big concentration 
variation of the elements as well as because of the instrumental drift observed during the 
measurements.  The internal standard wasn't used.  The Limit Of Detection (LOD) and the Limit 
Of Quantification (LOG) were calculated from the calibration curves as well as the regression 
coefficients. 
 
4. RESULTS 
All the results are represented in Fig. 1 and 2 and Table 1.  The tables of the Figures contain 
information about Measured concentrations, Background values from the studies of Geologial 
Survey of Finland, Guiding and Limiting concentration values for polluted soil according to 
Ministry of the Environment of Finland. 
 
The metal concentration above the Guiding value means that some changes have obviously 
occured in the environment, but the soil is not regarded to be polluted yet.  If the concentration 
exceeds the Limiting value, the soil has to be regarded as polluted. 
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Table 1. The concentration differences between the surface and the low level soil samples. 

ELEMENT Fe Al Cr Cu Ni Pb Ba Zn Mn 
Concentration          
Change (%) -38 -58 -38 -47 -59 -70 -4 -21 -17 

 
5. CONCLUSION 
According to Fig 1 and 2, there have, obviously, occurred some changes in the composition of 
soil in the immediate vicinity of the detonation area.  In the case of nickel and chromium, the 
metal concentrations exceed the Guiding values of the elements, but are, however, below the 
Limiting value for the polluted soil. 
 
The soil of the detonation area consists of sandy moraine.  According to table 2 it seems that 
sandy moraine is able to filtrate the heavy metals in a way that they are not leached by the rains 
into the deeper parts of the soil.  Therefore the effects of the heavy metal emissions of the open 
surface detonations on soil seem to be restricted to the surface layers of the soil in the immediate 
vicinity of the detonation area. 
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Figure 1. The metal concentrations of the surface 
soil samples from the immediate vicinity of 
detonation area 
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Figure 2. The metal concentrations of the low level soil 
samples from the depth of 10 cm. 
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Introduction 

Due to the end of the cold-war era the 
Swedish Armed Forces� ammunition stock-
pile is being reduced. HC (Hexachloro-
ethane) smoke ammunition is part of this 
stockpile, and consequently needs to be de-
militarised. The main components of HC 
smoke is hexachloroethane and zinc. Hexa-
chloroethane is a toxic chemical which nor-
mally is disposed of by incineration. Due to 
the high chlorine content this is a difficult 
and expensive operation (SAKAB, 2002). 
Zinc is a valuable resource. 

These two facts clearly call for eco-
nomic and environmentally friendly alterna-
tives. In this paper two alternatives have 
been studied. The first idea was to collect 
the reaction product zinc chloride in an 
aqueous phase and recycle it into the pro-
duction of new zinc chloride. The second 
idea was to separate the two components 
zinc and hexachloroethane and recycle or 
dispose of them individually. 

In this paper the results from small scale 
tests to determine the quality of the recov-
ered materials and their potential for recycle 
is presented. 
 
The canisters 

Most smoke grenades consist of a set of 
cylindrical hollow canisters made of plated 
steel. They are filled with a pressed mixture 
of zinc, hexachloroethane and additives. In 
the grenade the canisters (usually three) lie 
adjacent to each other with the hole in the 
centre, as illustrated in Figure 1. Ignition is 

accomplished by a time-delayed black pow-
der ignition charge. The generated hot gases 
ignite the smoke canisters, which burn from 
the inside and outward during approximately 
one minute. 

In Table 1 the composition of the smoke 
canisters is shown. When the smoke compo-
sition is ignited zinc and hexachlororethane 
reacts to form zinc chloride: 

3 Zn + C2Cl6 → 3 ZnCl2 + 2 C(s) 
 
Zinc chloride is hygroscopic and ab-

sorbs the humidity in air to form an obscur-
ing aerosol in its application on the battle-
field. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Smoke grenade 
 
Table 1. Composition of smoke canisters 
Component Mass (grams) 
Steel canister 500 
Hexachlororethane (C2Cl6) 480 
Zinc (Zn) 480 
Magnesium oxide (MgO) 27.5 
Potassium bichromate 
(K2Cr3O7) 

10 

Potassium nitrate (KNO3) 2.5 
 

Black powder igni-
tion charge 

Smoke compo-
sition 

Smoke ignition 
charge 

Smoke ignition and es-
cape holes 
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Recycling potential 
Both zinc and zinc chloride are manu-

factured on large scale with numerous appli-
cations all over the world, e.g. zinc chloride 
is used as filling material in batteries. On the 
other hand, hexachloroethane is a chemical 
that is targeted to be phased out from its ap-
plications according to the environmental 
goals of the Swedish Government. 

Zinc chloride is shipped in various 
qualities. In Table 2 the specification of ana-
lytical grade as well as high purity zinc chlo-
ride is along with specifications from a 
manufacturer and a retailer. 

 
Method #1: Burning of smoke canisters 
under water 

This approach is based on four prem-
ises: 

•  The zinc chloride that is formed dur-
ing the reaction is highly soluble in 
water and does have a potential for 
recycling. 

•  Combustion of hexachloroethane 
leads to the formation of dioxins and 
hexachlorobenzenes. To minimise 

this formation, rapid quenching of 
the reaction products and limited 
oxygen concentration are favour-
able. 

•  Zinc chloride at high temperature in 
a furnace creates corrosive gas. 

•  Zinc and hexachloroethane react 
without oxygen � hence reaction un-
der water is possible. 

To test the approach smoke canisters 
from dismantled smoke grenades were ig-
nited both above water prior to dropping and 
in plastic bags under water. To ignite the 
grenades pyrotechnic charges as well as pi-
lot flames were used. Pilot flames proved to 
be less effective, as the zinc chloride quickly 
clogged the burner nozzle.  

Afterwards, the water, fumes coming off 
the water and solid residues in the water 
were analysed to determine the purity of the 
zinc chloride solution and possible environ-
mentally hazardous by-products. 

In Table 3 the results from the chemical 
analysis of the water, the solid residue and 
the fumes formed during the burning of 
smoke grenades under water were compiled. 

 
Table 2. Quality specifications for zinc chloride (Ullmans)
Component Analytical-grade 

ZnCl2 (ACS, ISO) 
High-purity ZnCl2 

(DAB, BP, JP) 
Manufacturer 

 
Retailer 

Zinc chloride ≥98% 98-100.5% 30% >98.5% 
Ph (10% aq.) - 4.6-5.5 - 2.5 (50% aq) 
SOx ≤0.002% <0.01% - - 
Total N ≤0.001% <0.01% - - 
As - <0.0002% - - 
Ca ≤0.001% <0.01% - 0.5% 
Fe ≤0.0005% <0.001% <1.5% 0.002% 
K ≤0.001% 0.001% <0.05% 0.5% 
NH3 ≤0.001% 0.02% <0.2% <0.05% 
Na ≤0.001% - <0.05% 0.5% 
Oxychloride (as 
ZnO) 

≤1.2% In accordance with 
tests 

- 1-2% 

HCl - - < 5% - 
Melting point - - - 262oC 
Boiling point - - - 732 oC 
Mn - - - 0.003% 
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Table 3: Chemical components in the samples from the burning of smoke grenades under 
water (Carlsson (1998), Carlsson&Dyhr, 1999, Carlsson et al (2001)) 
Component Filtered con-

centrated wa-
ter 

Water sam-
ple I 

Water sam-
ple II 

Fumes Solid residue 
in water 

K 2440 mg/l - 0.008% - - 
ZnCl2 - - 0.43% - - 
HCl - - 0.00% - - 
NH4Cl - - 0.020% - - 
Fe - - 0.00% - - 
Mg  1300 mg/l - - - - 
Na  42.1 mg/l - - - - 
Cr  32 mg/l <0,1 mg/ml - - - 
Zn  62000 mg/l 24,3 mg/ml - - 2.7% 
Cl - 30,56 mg/ml - - 2.95% 
C - 0,05 µg/ml - - 34.65% 
Dioxins 
(TCDD-equivalents) 

- 0.817 ng/l - - - 

Tetrachloroethylene - 4.4 mg/l - 50 mg/m3 - 
Hexachloroethane - 0.06 mg/l - 218 mg/m3 - 
Hexachlorobenzene - - - - 6.0 mg/g 
Hexachloroethane - - - - 0.2 mg/g 
 
Method #2. Separation of zinc and hexa-
chloroethane 

The second approach is based on the 
idea to separate zinc and hexachloroethane 
and try to recycle them individually. 

This approach was tested in small scale 
on 150 grams of smoke composition ob-
tained from an opened smoke canister. 

This was carried out in the following 
steps: 

1. Grinding of smoke composition. 
2. Dissolution in water in order to dis-

solve potassium, chromium and 
magnesium compounds. 

3. Filtration 
4. Dissolution of the filtrate in ethanol 

in order to dissolve hexachloro-
ethane. 

5. Filtration 
6. Crystallisation of hexachloroethane 

by adding the ethanol solution to wa-
ter. 

After this sequence, three phases re-
mained: 

1. The water phase from the first filtra-
tion. 

2. The zinc phase from the second fil-
tration 

3. The crystallised hexacholorethane 
from the last step. 

These three phases were analysed. From 
the chemical analysis of the three phases the 
mass balance of Table 4 was constructed. 
 
Conclusions 
The first approach - to burn smoke grenades 
under water - avoids the high cost associated 
with the incineration of hexachloroethane.  

Whether it will be an economically vi-
able approach will depend on the extra capi-
tal and operational cost associated with the 
under water burning versus the price of zinc 
chloride in relation to the cost of hexa-
chloroethane. 
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Table 4: Mass balance of zinc/hexa-
chlororethane separation approach 
(Carlsson et al (2001)) 
Compo-
nent 

Water 
phase 
(14 g) 

Zinc 
phase 

(504 g) 

HC- 
phase     

(480 g) 
Cr3O7

- 7.8 g - - 
NO3

- 1.5 g - - 
K+ 3.2 g - - 
Mg+ 0.5 g - - 
Cl- 0.6 g - - 
Zn 0.2 g 480 g - 
MgO - 24 g - 
HC - - 480 g 

 
The results of the chemical analysis in-

dicate that it will be difficult to meet the 
specifications of commercial zinc chloride. 
However, by adding it upstream in the zinc 
chloride production process the possibly 
negative value of zinc chloride would 
probably still be significantly less than the 
negative value of hexachlororethane. 

The operational and capital cost of the 
under water burning-process will, among 
others, depend on the cost of disposal of 
burned-out canisters and the necessity to add 
an afterburner to destroy the fumes. In addi-
tion, an effective method to ignite and proc-
ess the canisters will have to be developed. 

The second approach - to separate the 
ingredients of the smoke composition and 
recycle them individually � will probably 
not avoid the cost associated with incinera-
tion of hexachloroethane. Hence, whether 
this approach will be economically viable or 
not will depend on the positive value of rela-
tively pure zinc versus the cost of reclama-
tion. The reclamation cost is associated with 
grinding cost, solvent evaporation cost, 
waste water treatment cost etc. 

As a concluding remark it can be stated 
that both processes have advantages from an 
environmental point-of-view. However, be-
fore realisation, first a market analysis and 

secondly a cost analysis will have to be 
made. 
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Abstract 
 

PvTT and Finnish Institute of Occupational Health have developed an in vitro method for the 
assesment of the toxicity of pyrotechnically produced smokes. In the present study the test 
method was applied for the evaluation of the toxicity of the orange signalling smoke. The 
composition of the smoke is potassium chlorate/lactose/orange dye (1,4-dihydroxyantraquinone) 
/ talcum. In the tests cultured human broncial epitelial cells were exposed to the smoke. Several 
concentrations of the smokes and exposure times were applied. The tests were carried out in a 
laboratory scale aerosol chamber (volume 150 l) and in a big container (volume 56 m3). The 
acute toxicity and genotoxicity (DNA single strand breaks) were analyzed using the Trypan blue 
exclusion and Comet assay methods, respectively. 
 
The orange smoke showed to be acutely toxic and it had pronounced genotoxicological 
properties, too. The number of DNA strand breaks increased with the concentration and thus a 
clear dose response was detected.  
 
 
 INTRODUCTION 
 
Because of the health risks connected with the use of hexachloroethane/zinc-smoke a project was 
started in the Finnish Defence Forces  to find a non toxic replacement for this traditional smoke. 
As a part of the project a in vitro test pattern was developed for the evaluation of the acute 
toxicity and the genotoxicity of the smokes. The results of the earlier tests have been reported 
earlier (1). In this study the method was applied for the evaluation of the toxicity of the orange 
signalling smoke.  
 
The smoke composition contains potassium chlorate, lactose, orange dye (1,4-
dihydroxyantraquinone) and talcum.. There is no published data available concerning the toxicity 
of the orange signalling smoke. However, among the antraquinone dyes there are potentially 
carcinogenic substances (2). In the safety profile of 1,4-dihydroxyantraquinone found in the 
literature (3) mutation data has been reported.  
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MATERIALS 
 
The smoke formulation used in the tests was as follows: 
 
- dye    40 % 
- potassium chlorate  25 % 
- lactose   23 % 
- talcum   12 %  
 
The composition is pressed and packed in a steel container. The net weight of the smoke 
composition is 220 g. The formulation was manufactured by Finnish Army Haapajärvi Depot. 
 
 
EXPERIMENTAL PROCEDURE 
 
The tests were conducted in the laboratory scale aerosol chamber of the volume 150 l and in a 
large container (V = 56 m3) situated on the proving ground area of the NBC School of Defence 
Forces at Keuruu. In the laboratory scale tests 0.15 – 1 g pressed samples were burned. In the 
container tests a whole canister (220 g) was burned. 
 
Human broncial epitelial cell cultures (BEAS-2B) were exposed to the smoke. The cells were 
grown in tissue culture dishes in BEMG medium (Clonetics, Ca). Several concentrations and 
different exposure times were applied. The acute toxicity as well as the genotoxicity (DNA 
strand breaks) was analyzed. A 20 mM hydrogen peroxide solution was used as a positive 
control. The negative control cultures were kept unexposed in the chambers for five minutes. 
 
48 hours after the exposure, cells were collected by trypsinazation and the number of living cells 
remaining was assessed using the Trypan blue exclusion method. Viability was expressed as the 
percentage of living cells in the test cultures compared to the unexposed cultures (= 100 %) set 
up in each experiment. 
 
In the Comet assay, the exposed cells were resuspended in preheated low melting agarose. The 
cell suspension was put on to dry microscope slides, precoated with 1 % normal melting agarose. 
The slides were immersed in cold lysing solution for at least 1 h. The slides were placed in an 
electrophoresis tank, and DNA was allowed to unwind for 20 min in alkaline electrophoresis 
buffer. Electrophoresis was conducted at room temperature (24V, 300 mA). The slides were then 
neutralized and stained with ethidium bromide. The slides were analyzed using the fluorescent 
microscope attached to CCD camera connected to a personal computer-based image analysis 
system (Komet 4.0; Kinetic Imaging Ltd, UK). A total of 50 cells was scored from each culture. 
DNA single cell breaks were measured as the means of tail moment. Tail moments were 
calculated as the tail length multiplied by the percentage of DNA in the tail. 
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RESULTS AND DISCUSSION 
 
In the acute toxicity tests two parallel cell cultures of each dose were counted and the mean value 
compared to the controll sample. The exposure time was 5 minutes in the chamber tests. To 
avoid the effects of the short lived oxygen intermediates induced by the hot wire ignition the 
cells were put into contact with the smoke after a waiting period of 1 and 2 minutes. In the 
container tests the cells were exposed to smoke for 1, 2 and 5 minutes. The sample plates were 
taken in and out by fire brigade soldiers. 
 
The results of the acute toxicity tests in the aerosol chamber and in the large container are 
presented in the tables 1 and 2, respectively. 
 
Table 1. Acute toxicity tests of the orange smoke. Percentage of living cells from the controll 
cells in the chamber (V = 150 l) tests. Exposure time 5 minutes. The cell plates were put into 
contact with the smoke 1 and 2 minutes after the ignition. 

Weight of burned sample/ 
start of exposure  

0.15 g 0.25 g 0.50 g 1.0 g 

Ignition +1 min 13 % 3 % 3 % 2 % 
Ignition +2 min 6 % 1 % 0 % 2 % 

 
Table 2. The results of the acute toxicity tests in the large container (V = 56 m3) tests. 
Percentage of living cells from the controll cells after 1, 2 and 5 minutes exposure time. 

Exposure time/sample 1 min 2 min 5 min 
Orange smoke  220 g 47 % 9 % 4 % 
 
In figure 1 the results of the orange smoke are presented together with the results of two other 
smokes tested earlier. In these tests the hc smoke (hexachloroethane/zinc/TNT) appeared to be 
toxic and the KM smoke (supplied by company NICO) non toxic (1). 
 

Figure 1. Acute toxicity of the 
orange signalling smoke in the 
container (V = 56 m3) tests as 
referred to earlier tested hc-
smoke (toxic reference) and KM 
smoke (non toxic reference). 
Percentage of living cells is 
given. Exposure time 1, 2 and 5 
minutes. 
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The results of the genotoxicity tests are presented in figures 2 and 3. The measure for the 
genotoxicity is olivetailmoment which is a calculated value indicating DNA strand breaks. 
 
 

 
 
Figure 2. Genotoxicity of the orange signalling smoke in the chamber (V = 150 l) tests. The 
sample plates were put into the chamber either after 1 or 2 minutes after ignition. Exposure time 
was 5 minutes. 
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Figure 3. Genotoxicity of the orange signalling smoke in the container (V = 150 m3) tests. 
Exposure times were 1, 2 and 5 minutes. 
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The acute toxic and the genotoxic properties of the smoke are probably due to the dye (1,4-
dihydroxyantraquinone). In the literature data (3, 4) the dye (1,4-dihydroxyantraquinone) is 
classified as a primary irritant and a weak allergen. Mutation data has been reported, too. 
According to our results the smoke has both toxic and genotoxic properties. The methods used in 
this study have not earlier been used to evaluate the toxicity of signalling smokes. 
 
 
CONCLUSIONS 
 
The orange smoke seems to have acute toxic effects on the broncial epitelial cells. On the 
toxicity scale it is situated between the hexachloroethane/zinc smoke (toxic reference) and the 
KM smoke (non toxic reference) as compared to the earlier test results.  
 
In both the chamber and container tests the orange smoke indicated some tendency for promoting 
the formation of DNA strand breaks. The number of the breaks increased with the concentration 
and thus a clear dose response was detected.  
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ABSTRACT 

One of the inventive aspects of the UK Smokes and Obscurants for Platform Protection 
programme (funded by UK MOD corporate research programme) has been the development of a 
Figure of Merit (FoM) model to allow comparison between novel obscurants and compositions 
and relate performance back to benchmark materials. Previous attempts to classify and compare 
novel obscurant materials have concentrated solely on the performance obtained from a material 
in an aerosol assessment chamber. The approach taken by the UK team considers a holistic, 
system wide view of material characteristics not only in performance areas but also in important 
Life Cycle Management considerations including safety & environmental effects, manufacturing 
processes and disposal requirements. 

By taking a thorough approach to the life cycle assessment of the material from the earliest 
identification and assessment stage factors other than pure performance, such as toxicity and 
environmental impact together with ease of manufacture may be taken into account. The 
approach can ensure that the risks associated with volume production are correctly managed and 
mitigating action determined prior to the decision to manufacture in larger quantities and the 
deployment of filled munitions. 

This paper discusses the derivation of the FoM model and its application to smoke and obscurant 
materials. 
                                                      
* The contents of this paper include material subject to British Crown Copyright 2002.  Published 
with the permission of the Defence Science and Technology Laboratory on behalf of the 
controller of HMSO. 
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FIGURE OF MERIT 

1.0 OVERVIEW 
One of the inventive aspects of the UK programme has been the development of a Figure of 
Merit (FoM) model to allow comparison between novel obscurants and compositions and relate 
performance back to benchmark materials. Previous attempts to classify and compare novel 
obscurant materials have concentrated solely on the performance obtained from a material in an 
aerosol assessment chamber. The approach taken by the UK team considers a holistic, system 
wide view of material characteristics not only in performance areas but also in important Life 
Cycle Management considerations including safety & environmental effects, manufacturing 
processes and disposal requirements. 
  
By taking a thorough approach to the life cycle assessment of the material from the earliest 
identification and assessment stage factors other than pure performance, such as toxicity and 
environmental impact together with ease of manufacture may be taken into account. The 
approach can ensure that the risks associated with volume production are correctly managed and 
mitigating action determined prior to the decision to manufacture in larger quantities and the 
deployment of filled munitions. 
 
Providing a tool to consider and rank all the factors concerned has provided the team with a 
significant challenge. A structured approach was required to define the categories for which 
scores were to be allocated and a weighting structure was required to rationalise the priorities 
between the various categories. As discussions progressed it was clear that the weightings on 
each category would depend upon the scenario in which the obscurant material was to be used, 
for example a wartime screening shell has different material requirements to a training hand 
grenade. It was agreed that each scenario selected should be given its own set of proprietary 
weightings. This would not only allow a better comparison of obscurants across a single scenario 
but also help to demonstrate changing requirements across scenarios. 
 
Having selected the appropriate scenario, and as a consequence the weighting set, the FoM 
model may be used to obtain a “traffic lighted” score. The report page presents a visual 
indication of the status of the material in a number of top level categories including Performance, 
Safety, Environmental Effects & Toxicity and Life Cycle Management. The output from the 
model may be used as a risk reduction and decision making tool. 
 
2.0 DEFINITION OF FUNCTION* 
The requirements on any system should be broken down into a series of categories in order to 
develop the understanding of the system in question. The subdivisions may be described as 
follows. 
 
•  Operational requirements: - What the system is supposed to do. Its capability. 

•  Functional requirements: - Which represent what the system has to do in order to satisfy the 
operational requirement. 

•  Non Functional requirements: - Which represent the constraints on the system. The non- 
functional requirements may be broken down further into the following three categories. 
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! Performance requirements. In this case factors such as time to effective screen, duration, 
waveband etc. 

! System requirements. Safety, "deployability", size constraints. Also life cycle issues. 

! Implementation requirements. These govern how the system has to be built together with 
specific requirement from the customer. 

For example. The operational requirement on any smoke system is as simple as “produce 
smoke”. The functional requirements then capture the process flow by which smoke is produced 
by the system in question. For a vehicle-discharged grenade this flow could be written as the 
following sequence.  
 

•  Launch grenade. 
•  Start ignition train. 
•  Disseminate smoke materials. 
•  Burn composition. 

 
However it soon becomes clear that these requirements, although critical to the function of the 
store in question, do not consider the variations in performance, ease of assembly, safety and low 
toxicity which are implicit in the UK teams brief to identify new, low toxicity obscurant 
materials and formulations. All of the selection criteria associated with the assessment of new 
smoke materials may be seen as constraints or non-functional requirements. Some examples are 
given below. 
 

•  How quickly is the screen produced? 
•  In what wavebands does it perform best? 
•  What are the toxicity implications? 

 
The examples given above are statements of non-functional requirements. This does not in any 
way diminish their importance but serves to categorise them as constraints on the smoke 
producing system as a whole. From a customer perspective non-functional requirements are 
often seen as key drivers in the specification of stores.   
 
An example, which is often chosen to illustrate the point, is the selection of a new vehicle for the 
family.  The functional requirements of starting, moving, loading, and unloading often play a 
secondary role to the appearance of the vehicle, its reliability, its on the road performance and 
cost to the user.  
 
3.0 OBTAINING A STRUCTURE. 
Equipped with the definitions in the previous paragraph it is now possible to generate a structure 
using viewpoint analysis, an established Systems Engineering technique. This provides the 
systems wide, functional viewpoint required to generate the model. All aspects associated with 
obscuration systems were brainstormed; great care was taken throughout this exercise to include 
a ‘cradle to grave’ approach. This output was then separated by the Viewpoint Analysis into 
Functional and Non Functional requirements.  A very simple, generic approach was taken to the 
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functional requirements as the candidate compositions and obscurants under consideration were 
aimed at a broad cross section of stores and devices. The structure is illustrated in the slide 
below. 

V iew poin t A nalysis for a G eneric Sm oke System

Disseminate Material

Burn Composition

Produce Cloud

Load System

Initiate System

Launch Device

Start Ignition Train

Project Smoke

Fill Device

Pack

Integrate Payload

Manufacture Store & Dispose

Smoke System

 

 
The brainstorming exercise produced far more potential requirements than this initial, functional 
set, however analysis of the problem revealed that the majority of requirements generated were 
non-functional. The next phase of the process was to allocate the effects of these non-functional 
requirements to the appropriate area within the functional requirements family tree. The 
following slide illustrates the rational behind this process. 

Structured Requirements Model

Functional
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Operational
(Customer)

Requirements

Non Functional
Requirements

(Implementation 
Constraints)

Non Functional
Requirements

(System 
Constraints)

Non Functional
Requirements
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Each of the non-functional requirements will impinge on a particular functional requirement or 
requirements set. Requirements such as cost and safety may be considered to have a global 
effect. This is permitted within the logic although the separate implications have to be considered 
when constructing the non-functional family tree. Allocation of the specific non-functional 
requirements to the appropriate section of the functional family tree gives rise to the following 
model.  

Viewpoint Analysis for a Generic Smoke System (showing
influence of the non-functional requirements)

Disseminate Material

Burn Composition

Produce Cloud

Load System

Initiate System

Launch Device

Start Ignition Train

Project Smoke

Fill Device

Pack

Integrate Payload

Manufacture Store & Dispose

Smoke System

Theatre of 
operation

Low
Toxicity

Low
Toxicity

LCM
 IssuesMechanism

Cost

Safety
Performance

Performance Ruggedness

Process
Controls

 

The groups of non-functional requirements are not yet adequately structured. The areas of 
influence are defined but we have nothing as yet which attempts to describe their relationships 
and interactions one with another. 
 
The aim of the next exercise in the sequence is to establish a structure from which a figure of 
merit can be derived. This will require further categorisation of the requirements and the 
development of a cascade structure into which scores may be allocated. Many of the non-
function requirements illustrated require breaking down into their component parts. For example 
there are several constraints which combine together to form the performance score. Time to 
effective screen, mass extinction coefficient, and the effect of meteorological conditions are 
examples.  
 
It is important that the non-functional structure reflects the inputs to the functional structure. As 
stated in the introduction the team aimed to cover aspects wider than performance alone, such as 
life cycle and toxicity issues thus a structure that reflected these concerns was required.  
The structure was constructed under four headings as follows: - 

•  Performance. 
•  Environment and Toxicity. 
•  Safety. 
•  Life Cycle Management. 



 

 

Additional functions were added as sublevels until the requirements were broken down into 
factors that could be unambiguously assessed and bounded. This exercise required the 
development of a six level model. The outputs from the brainstorming exercise were organised 
into a family tree as illustrated in the following slides. 
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Second Level Family Tree.
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wing the related factors down to this high level of detail we arrive at a complex model. 
r the complexity is justified as the scores one can attribute to the lowest level are easily 

d and perhaps more importantly, easily bounded. We now have a structure from which a 
d figure of merit may be generated. 

d be noted that the operational and implementation constraints have been omitted from 
ily tree. It was agreed within the team that these constraints would serve to describe the 
nal scenario for the device and also the means of dissemination. The reason for this 
 is discussed in the next section of this paper. 

mple of this regime may be explained by considering the performance leg of the 
al tree. The classic definition of a good obscurant has considered the product of the mass 

on coefficient and the yield factor alone. There are, however, other key measurable 
ance factors which should also undergo consideration. The time to effective screen is of 
nce when considering the performance of a DAS type grenade. The persistence of the 
and the susceptibility of the deployment method chosen to meteorological conditions 
lso be considered.  The mass extinction, by definition, relates to the mass of material that 
ble to deploy. Often it is the restrictions on payload volume which impinge on store 
ance by virtue of packing density. This latter factor is often of greater importance to the 
signer.  

ative impact of these factors will vary in importance from scenario to scenario. For 
e a rapid time to effective screen may be less important to the designer of shell or mortar 
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systems. Similarly the persistence of an obscurant becomes less important if the deployment 
system selected is able to replenish the screen continually rather than acting as a one shot device. 
 
For this reason it is important to define and state clearly what the system functional requirements 
are and use the weighting factors described in the following paragraph to adjust the importance 
of the scores allocated.    

 

4.0 WEIGHTINGS 
Having agreed a format for scoring each obscurant or composition the operational and 
implementation constraints now need to be considered. The method chosen was to weight each 
leg of the family tree according to a pre-set scenario. The scenario depicts the store type, e.g. 
shell, the conditions under which it was to be used, either in peacekeeping missions, in training 
or in wartime operations and also the platform to be protected. 
 
The weightings for each operational and implementation combination describe the required 
importance of the factors in the family tree for that particular scenario alone. This allows 
comparison of obscurant materials within a particular scenario and helps to map how the 
rankings change if the same obscurant were to be used in a different scenario.   
 
The blend of expertise present within the team has allowed the development of a model that 
considers many facets of the procurement process. The viewpoints from the customer, the 
research and development community and production units have been combined to give an 
overall weighting set for each scenario. The inputs from the various viewpoints are captured by 
the set of weightings that are then applied across each level of the family tree. The weightings 
are developed from the identified non-functional requirements. The generated weightings in 
effect ‘correct’ the scores input by the supplier in line with the requirements of the scenario and 
store type envisaged. The model generates a set of normalised weightings for each set of natural 
groupings that exists within the family tree. The spreadsheet utilises a pairwise comparison 
routine to capture the inputs from the various viewpoints using a set of simple choices and by 
assigning the importance to each pair identified. Pairwise comparison is a powerful and well-
established Systems Engineering technique that provides a more rational, rigorous approach than 
merely assigning weightings manually. Each set of weightings applies to one specific scenario 
simply because the requirements of the obscurant material will vary depending upon the scenario 
and manner in which it is deployed. In order to ensure that the subtleties of these differences are 
acknowledged each set of FoMs generated is totally scenario specific. In order to see how a 
material will perform in different scenarios, different weightings will be required. 
 
The weightings generated by pairwise comparisons may be scrutinised for confounded 
preferences and also for the degree of deviation from the median result of any set. This helps to 
rationalise the views of the customer, researcher producer and user alike. 

 

5.0 SCORES 
For each material evaluated the assessor enters a score for the bottom level scores, higher level, 
or parent, scores are generated by cascading up from the lowest level of the model. The scores 
are allocated against a set of questions for each material and against a chosen scoring scale. It 
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was decided to make three scoring scales available in order that the user can increase the level of 
definition associated with each material as the depth of knowledge increases. Subsequently a 
simple traffic light system was chosen (Red, amber or green.), together with a 0 to 5 and 0 to 10 
schemes. By systematically completing the scores in the boxes the spreadsheet will automatically 
calculate the appropriate Figures of Merit. The cascading of scores is illustrated in the slide 
below. 
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6.0 CONFIDENCE / MATURITY. 
The spreadsheet model has also been designed to include a measure of confidence or maturity, 
which is expressed as a percentage. The user expresses a measure of confidence in a particular 
rating, which can be viewed as the consistency achieved from appropriate tests. The confidences 
are cascaded through the levels in a similar fashion to the scores to which they are linked and are 
reported alongside the higher level FoMs on the report page. The percentage confidence levels 
are given a similar traffic light rating. This feature may be used as a risk reduction tool indicating 
which areas need further work and experimentation. 
 
7.0 DESIGNING THE USER INTERFACE. 
In order that the developed tool is easily accessible to a wide range of users, a simple easy to use 
interface was required.  Given the nature of the application the FoM was developed within a 
standard spreadsheet package readily available across the team.  The interface can be split into 
three generic areas. Data Entry, Data Storage & Retrieval and Reporting.  In order that the 
interface remains uncluttered the user is exposed to the minimum number of sheets with 
navigation controlled by simple coding routines.  In addition a colour scheme was adopted which 
requires the user to input data only in the appropriate colour coded cells. 
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8.0 DATA ENTRY 
The Data Entry area contains selection fields for the user to define the candidate material’s 
characteristics in the form of a simple score and confidence questionnaire. One is also able to 
make changes to fundamental model variables (i.e. scoring scale, traffic light limits) and define 
the weightings for a given scenario using the Pairwise Comparison routine. 
 
9.0 DATA RETRIEVAL AND STORAGE. 
In developing this tool it was felt particularly important that the scores generated should be 
recalled and either reused or reviewed at a later date.  In order to allow this an internal data store 
was constructed that holds all sores and confidences in a normalised format so direct 
comparisons can be made between scores generated in different scoring regimes.  A review 
facility is also available to allow the user to inspect the weightings generated by a pairwise 
comparison questionnaire and the choices made to generate these scores.  In both review 
facilities a similar family tree structure is employed to that used in the report page.  In all cases 
the interface with the data storage table is remote via a series of simple macros, making 
corruption of the stored data more difficult. 
 
10.0 REPORT PAGE 
The Report Page has been designed in such a way that the user can easily compare two materials 
in the same functional scenario. Each material is shown as two truncated family trees, showing 
the top three levels of the generated family tree and the scores and confidences associated with 
each branch. Both the score and associated confidences are subject to traffic lighting to quickly 
indicate the status of each characteristic of the material and allow easy comparison.  All other 
calculated scores and confidences are included for completeness and to provide a “sanity check” 
for data input. 
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Figure 3: Example of FoM report page  
 

It is intended that any new materials identified by this research programme will be subjected to 
the Figure of Merit assessment to evaluate their potential uses in service. Also the general 
approach has proved of interest to UK MoD, not only in the obscurants arena but also in other 
competitive tender situations, where a similar approach provides a repeatable assessment tool for 
a wide range of scenarios. 
 
11.0 PROCESS FLOW. 
The previous paragraphs have given an insight into the construction and output from the 
spreadsheet model. The diagram below illustrates the process by which the report page is 
obtained. 
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Figure of Merit:- Process Flow.
Select Scoring Regime Set Traffic Light Threshold

Select Scenario from LibraryEnter New Scenario Descriptors

Complete Pairwise Comparison

Start
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Save New Scenario

Define Material(s)

Complete Dissemination Descriptors

Complete Assessment Questionnaire

Obtain Report

 
 
12.0 CONCLUSION. 
The UK team has constructed a model that is able to compare obscurant or composition 
behaviour using a wide range of selection criteria. The scenario in which the obscurant is to be 
used is taken into account via a series of weightings as are the store type and the method of 
dissemination required. The data may be conveniently stored for retrieval and analysis at a later 
date. 
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Abstracts 

 

The above methodology has been developed to determine sensitivity of powder-like sub-
stances to vibration effects during their transportation by different transport means according to 
the requirements of Manual of Tests and Criteria, second revised edition, UN, 
ST/SG/AC.10/11/Rev.2,  New York and Geneva, 1995. 

The methodological approach deals with determining qualitative and quantitative changes 
of the tested substance during the hardest vibration effects  [O.N. Ivanov, V.P. Kretov, S.E. Ma-
linin, Y.N. Starodub Determination of sensitivity of powdery explosive substances to vibro-
loading during their transportation, Twenty-seventh international pyrotechnics seminar, Grand 
Junction, Colorado, USA, July 16-21, 2000, S. 711-717]. 

At  all the tests the pressure overfall of gases is measured which appears during chemical 
decomposition of the substance specimen under vibration influence in the tight chamber. If there 
is no flash, in order to make analysis on determining the value of substance decomposition some 
samples of the tested explosive substance are collected. 

 The methodology provides for special purpose modifications and further perfection tak-
ing into consideration real conditions and typical peculiarities of vibration � characteristic of 
concrete type  of  transport means, way of packing and making up of a test which adequately es-
timates the danger of vibration effect both in separate frequency range and in integral representa-
tion. 
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Abstract 
A joint effort between the U.S. Army TACOM-ARDEC (WECAC), U.S. Air Force (Wright 

Patterson AFB and Hill AFB), Alliant Kilgore Flares Company, and Steven’s Institute of Technology 
(SIT) to demonstrate the potential use of a twin screw mixer / extruder (TSE) to produce M-206 infrared 
decoy flare composition is being executed at TACOM-ARDEC.  The current IR flare composition 
manufacturers utilize large-scale batch processes, requiring significant quantities of solvents, and 
exposing personnel to extremely hazardous operations as the flare composition is moved between various 
unit operations. This dangerous process has resulted in five fatalities over recent years. 

TACOM-ARDEC’s 40-mm TSE is a continuous, remotely operated flexible facility that can 
significantly enhance safety and environmental considerations during the processing of energetic 
materials.  Personnel exposure to hazardous operations is substantially reduced, and equipment is in-place 
to recover solvents utilized during material processing.  Processing parameters for producing M-206 IR 
decoy flare composition on a twin-screw extruder were developed by conducting initial experiments with 
inert simulants and using the acquired knowledge/data to transition to the live formulation.  The 
developmental process included simulant identification, rheological characterization, mathematical 
modeling, model validation, and product analysis.  After successfully identifying an inert simulant and 
characterizing the material, processing conditions were formulated through an iterative set of processing 
experiments in conjunction with fine-tuning the mathematical model. With the mathematical model and 
process parameters safely verified through inert processing, a smooth transition to processing the live M-
206 infrared flare formulation was successfully accomplished.  Additionally, expertise was provided by 
Technical Consultants Incorporated (Marshall, TX), who possess extensive experience working with 
decoy flare compositions at Longhorn AAP.  The final process parameters produced a homogeneously 
mixed product in a safe, environmentally friendly manner. 
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Infrared decoy flares are used by the United States Tri-Services (Army, Navy and Air 
Force) to protect aircraft from heat-seeking missiles.  These devices are pyrotechnic in nature 
and succeed by providing a heat signature similar to the aircraft but with a very high intensity to 
cause the missile tracking to lose the aircraft and acquire the decoy.  There are a number of flares 
that are tailored to work with different aircraft signatures and performance envelopes.  The M206 
Aircraft Countermeasure Flare is shown in Figure 1. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. M206 Aircraft Countermeasure Infrared (IR) Decoy Flare 
 
 

Traditional methods of manufacture of the decoy flares are very hazardous.  The current 
IR flare composition manufacturers use large-scale batch processes, requiring significant 
quantities of solvents, and exposing personnel to extremely hazardous operations as the flare 
composition is moved between various unit operations. There have been numerous fires and 
explosions over the years that have resulted in many deaths, injuries and loss of facilities.  The 
current manufacturing processes also result in significant environmental impacts due to solvent 
emissions.  Because of the hazards of the attended operations, high costs are incurred during the 
manufacture in an attempt to protect workers as much as possible.  The conventional batch and 
proposed twin-screw extrusion continuous processes for producing M206 IR flare composition 
are illustrated in Figure 2. 

Outer 

Flare Composition: Mg, Teflon, Hytemp/Viton, Acetone, 
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Figure 2. Conventional (Batch) versus Twin-Screw Extrusion (Continuous) Processes 
 

The 40-mm Twin-Screw Mixer/Extruder (TSE) pilot plant at TACOM-ARDEC (Figure 
3) is a continuous, remotely operated flexible facility that can significantly enhance safety and 
environmental considerations during the processing of energetic materials. Personnel exposure to 
hazardous operations is substantially reduced, and equipment is in-place to recover the solvents 
used during material processing.   
 

The TSE pilot plant (Figure 3) consists of the following equipment: 
! 40mm Baker-Perkins clam-shell twin-screw mixer/extruder 
! Co-rotating, fully intermeshing screws 
! Loss-in-weight feeders (solid and liquid) 
! Product cutter, takeaway, and collection systems 
! Metal detector 
! In-line product granulator 
! In-line continuous dryer (currently being installed) 
! Environmental controls (e.g., solvent recovery system) 
! Capacity: 10-50lb/hr 
! Complete video and data recording system 
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Figure 3: TACOM-ARDEC 40mm Twin-Screw Mixer/Extruder (TSE) Facility 

 

Prior to processing the M206 composition on the twin-screw mixer/extruder system, inert 
simulants were developed and processed on the TSE to establish conditional operating 
parameters, as well as to identify any potential processing problems.  Material characterizations 
and computer modeling (for both the inert and live materials) were conducted in parallel with 
the development of the new extruder process.  
 

The identification of an inert simulant for the Magnesium was selected based on the 
characterization of the raw ingredient, which included wettability, density, and particle size 
distribution.  This characterization effort identified potassium sulfate as the inert simulant for 
the magnesium.  It is noted that for processing of both the inert and live processing, that the 
Teflon and Hytemp were in an acetone slurry for feeding.  
 

The computer model was used to generate an initial screw configuration, predict extrusion 
characteristics (e.g., internal pressures and temperatures, die exit pressure, physical properties 
of the material), identify critical processing regimes to be avoided, reduce development time, 
and enhance overall process safety. 
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After gaining confidence with regard to processing the inert simulants, live processing was 
initiated using parameters recommended by the computer model.  The M206 formulation was 
successfully processed on the TSE during the November 2001 through March 2002 timeframe 
and subsequently pressed into M206 IR Decoy Flares for testing.  Material produced by both 
the conventional batch process and twin-screw extrusion continuous process is shown in 
Figures 4 and 5.    
 

 

 

 

 

 

 

 

 

 

Figure 4.  M206 Pellets Produced Using Starting Material from the Conventional Batch Process 

 

 

 

 

 

 

 

 

 

Figure 5.  M206 Pellets Produced Using Starting Material 
    from the Twin-Screw Extrusion Process 

 
Preliminary testing was conducted to determine the linear burn rates of M206 pellets 

produced by both processes.  Based on a correlation developed at Longhorn Army Ammunition 
Plant (Marshall, Texas, USA), it was ascertained that a linear burn rate of 0.085 inches per 
second corresponds to the required burn time of 3.5 – 4.0 seconds.  Following are the 
preliminary test results: 
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Average Linear Burn Rate (inches/second) 

Process Method Magnesium Loading Trial 1 Trial 2 
Conventional Batch Standard Baseline 0.078 0.072 
    
Twin Screw Extrusion High  

Low 
0.106  

0.084 
 
 

Following optimization of the twin-screw extrusion process, sufficient IR flare 
composition will be produced to have M206 IR Flares pressed by a commercial flare producer.  
Flight-testing of the M206 decoy flares will then be conducted to fully demonstrate that the 
quality of the IR flare composition produced using TSE manufacturing technology is equivalent 
or better than the composition produced via the conventional batch process.  It is anticipated that 
this testing will be conducted during late calendar year 2002.  Finally, the overall process is 
illustrated in Figure 6. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.  The Overall Process: Process Development through Successful Flight Testing 
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Introduction. 
 

It is well known that micron-sized 
aluminized energetic materials based on 
explosives or propellants (hereinafter � 
energetic matrix EM) often do not exhibit 
the gain in detonation parameters one 
could expect adding Al to EM. The 
difference between the expected and actual 
effects can be ascribed to the mixture non-
uniformity scale (average distance 
between the grains of EM or Al particles).  

It was shown in [1] that 
conventional mechanical mixing and 
pressing of micron-size and sub-millimeter 
EM grains with sub-micron Al powders 
fails to yield homogeneous particle 
distribution in a pressed sample. EM 
grains in pressed charges are surrounded 
with zones consisting of Al particles and 
EM grain fragments. The characteristic 
dimension of the zones is of an order of an 
EM grain size.  

To provide a homogeneous 
distribution of Al particles through EM 
and to form a submicron-scale 
composition, one should both decrease the 

EM grain size and prevent Al particles 
from agglomeration.  

The present article describes our 
approach to fabricating submicron-scale 
aluminized compositions using the Al/EM 
suspension drying technique and presents 
the results of a trial study of their 
properties.  
 
Experimental. 
 
 The proposed technique has the 
following main steps: 
1. Aluminum submicron particles 
(<d> ~ 100 nm) produced by the 
evaporation-in-flow technique [2] are 
treated in a flow with reagent vapors in the 
original apparatus [3]. Temperature in the 
reaction zone and amount of the reactant 
are pre-set to form a thin protective 
coating on the surfaces of freshly 
generated particles before they collide with 
each other. The following chemicals were 
used as reagents: unsaturated carbonic 
acids and organo-silicon compounds 
(silazanes and cyclosilazanes).  
2. Coated Al particles are collected on 
a fiber filter and slightly oxidized by slow 
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in-leakage of atmospheric air to provide 
safe handling of the powder. The influence 
of the coatings on mechanical sensitivity 
of explosive-based compositions with Al 
(mechanical mixtures) was studied in [5]. 
3. After stage 2, the coated particles 
are poured in an EM solution and 
dispersed by ultrasonic sonication. The 
intensity of ultrasonic milling was set at an 
optimum providing efficient separation of 
the particles from each other and, at the 
same time, to precluding overheating and 
evaporation of the solvent.  
4. Suspension thus produced is 
sprayed from an injector, or atomized with 
a gas jet in an atomizer. The atomization 
conditions are chosen so as to provide fast 
evaporation of the suspension droplets on 
their way to the filter. 
5. The powder of produced 
aluminized EM was collected on a fiber 
filter for further study. 
 
Results and discussion. 
 
 Visually resulting Al powder of 
coated particles looks like a light-gray fine 
powder. 
 Scanning electron microscopy 
(SEM) images of Al agglomerates 
comprising particles coated with an oxide 
(oxidation in air) or trimethylsilyl layer 
subjected to subsequent drop-drying from 
an acetone suspension are shown in Fig. 
1A and in Fig. 1B correspondingly. 
Residual agglomerates, in the case of 
oxide coating, are visibly larger than those 
in the case of trimethylsilyl coating. The 
estimated size of agglomerates of 
trimethylsilyl-coated particles is fairly 
small (individual particles are observed, 
most of the agglomerates contain 2�10 
particles). 
 The analysis of the formed coatings 
was performed using temperature 
programmed desorption with mass-spectral 

analysis of the desorption products (TPD-
MS) [4] and DRIFTS techniques. It is 
shown that, in the case of carbonic acids 
used as reagents, a spontaneously 
polymerized coating bonded to the surface 
through numerous carboxyl groups is 
formed. In the case of organo-silicon 
reagents, tri- or dimethylsilil coatings 
bonded to particle surfaces through -O- 
bridges are formed. 

Electron microscopy analysis of 
agglomerates in the suspension in acetone 
using the drop-dry technique has shown 
that, depending on the coating nature, 
agglomerates can be broken up into 
individual sub-micron particles the size of 
which depends on the nature of coating. 
(Agglomerate size evaluated after 
dispersion drop-drying are at least not 
smaller than those in the suspension.)  

The rates of coated Al suspensions 
(in acetone) sedimentation were estimated, 
using direct measurements of sediment 
weight on a suspended boat within it. The 
proper data is presented in Fig. 2A. One 
should note, that all coatings increase the 
dispersions stability in comparison with 
non-coated (air-oxidized) powder.  

Much more interesting picture is 
observed when one tries to make a 
suspension of aluminum nanoparticles in 
an explosive solution (1% RDX solution in 
acetone was used as a model). Fig. 2B 
shows, that coatings of polymerized 
organic acids decrease the suspension 
stability in comparison with that of 
oxidized Al particles, while organosilicon 
appreciably increase their stability. This 
fact is of great importance in further 
development of the technique to produce 
nanosized aluminized explosives by 
spraying the suspension. In any case, this 
observation means, that to produce 
nanoscale mixture of EM with Al, one 
should search for optimal triad “EM – 
solvent – coating”. Such approach might 
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be perspective to search for a way for 
producing liquid aluminized EM. 

Composite particles produced by 
atomizing the suspension of trimethylsilyl-
coated Al particles in RDX solution by a 
fast gas jet are shown in Fig. 3. They look 
like solid hollow shells or shell fragments 
(see Fig. 3A-C). Their thickness is about 
few hundreds of nanometers (it is 
commensurate the with Al particle size) 
and the diameter can attain few tens of 
microns. Initial individual Al particles are 
clearly observed inside the shells. Figure 
3D (electron probe microanalysis pattern) 
shows that Al is distributed quite 
uniformly in the shell. 

It should be noted that the shape of 
the produced shells varies depending on 
the spraying conditions (air jet pressure, 
dispersion feeding, nozzle temperature). 
 We believe that shells are formed 
via the following mechanism: a fast gas jet 
entraining an Al/EM suspension droplet 
accelerates it to a velocity at which the 
droplet loses hydrodynamic stability and 
forms a rapidly evaporating liquid shell. 
The rate of evaporation is large enough to 
prevent shell collapse.  
 To study of mixture grain scale 
effect on thermochemical properties of the 
composition, we performed a TG/DTA 
analysis of the manufactured samples. 
Some of the results are summarized in 
Table 1. Sub-micron aluminized 
composition exhibits thermochemical 
properties substantially differing from 
those inherent in micron-size mixtures, 
which may imply different decomposition 
(or chemical reaction) mechanisms. The 
maximum of energy release and weight 
loss are shifted toward lower temperature 
by 15�300C; the time lapsed between the 
point of maximum heat evolution in the 
sample and the end of heat release (column 
5, Table 1) in an (RDX+Al) submicron 
sample is at least by 1.6 times shorter than 

in an (RDX(conv.)+Al(submicron)) 
sample. 
 The synthesized material is 
interesting for manufacturing energetic 
material with extremely low bulk density. 
In our further work we are planning to 
explore dispersing and drying conditions 
to reach both low- and high-density 
materials with a uniform distribution of 
individual Al nanosized particles in EM 
matrices and to investigate the properties 
(thermochemical, sensitivity to mechanical 
impacts, detonation performance, 
explosion products composition etc.) of 
such composites. We believe that it is 
possible to produce nanosized mixtures 
with Al particles in a wider particle size 
range, e.g., 20�1000 nm. 
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Table 1. Comparison of parameters, characterizing TG and DTA curves for RDX-based 

aluminized compositions (heating rate 100C/min in argon atmosphere). 

Sample Ti 
(оС) 

Tf (оС) dt1 
(a.u.) 

dt2 
(a.u.) 

Tm 
(оС) 

RDX(commercial) � 100% 180 258 3.83 3.15 211 
RDX(comm.)+Al(submicron, 
polyacrilic coating, 25 wt.%), 

mechanical mixing. 

179 252 5.18 1.46 207 

RDX+Al(submicron, polyacrilic 
coating, 25 wt.%) atomization 

drying of the suspension) 

167 228 5.83 0.9 200 

Ti (оС) - temperature of the beginning of the substance mass decrease (TG curve); 
Tf (оС) - temperature of the end of heat-evolution during the substance destruction (DTA curve); 
dt1 (a.u.) � difference between moments of temperatures Ti  and TMax* reaching; 
dt2 (a.u.) - difference between moments of temperatures TMax and Tf reaching;  
Tm (оС) - temperature of minimum of DTA curve corresponding to melting of the substance. 
*ТMax (оС) - temperature of DTA maximum corresponding to the substance destruction (chemical 
reaction). 

 
 

Figure 1. SEM patterns of Al particles agglomerates after ultrasonic milling in acetone, 
obtained using drop-dry technique. 

 

  
A) Al particles with oxide coating (Al1_1) B) Al particles with trimethylsilil coating (Al1_7) 
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Figure 2. Kinetics of Al-containing suspensions sedimentation. 
A) Suspensions of Al particles in acetone. 
B)Suspensions of Al particles in 1% RDX solution in acetone. 
•  Al1_1 � Al particles with oxide coating (passivated in air); 
•  Al1_3 � Al particles with acrilic coating; 
•  Al1_4 � Al particles with methacrylic coating; 
•  Al1_5 � Al particles with propiolic coating; 
•  Al1_6 � Al  particles with dimethylsilil coating; 
•  Al1_7 � Al particles with trimethylsilil coating. 
One should note, that, in case of relatively fast sedimentation (e.g. Al1_4), the 
initial sedimentation period observation (about1-3 minutes) was lost due to some 
operations. 
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Figure 3. Solid Al/RDX shells produced using atomization with fast air jet of Al suspension 
in 1% RDX solution in acetone (Al1_3, relative Al content 25 wt. %). 

A�C) Scanning electron microscope images; 
D) Pattern in characteristic X-Ray emission Al Kα (bright points correspond to Al). 

 

A B 

C D 
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ABSTRACT 
 

Consistent and systematic  efforts  are  going  on globally  for the increase of energy 
content for the gun propellants with the use of unconventional energetic ingredients like CL-20, 
AMMO, BAMO, DANPE, etc. for achieving better performance than conventional triple base 
gun propellant. Authors  in the  present study carried out systematic evaluation  of DANPE (1,5-
diazido-3-nitraza pentane), an unconventional energetic plasticizer in various percentages, taking 
a standard triple base gun propellant as reference. The  ballistic performance of the triple base 
propellant modified with DANPE  as  energetic plasticizer has been carefully studied with 
respect to force constant,  linear burning rate coefficient,  pressure exponent etc.  by closed 
vessel technique .From  the  results  and  findings of the present study it was concluded that 
DANPE is a promising energetic plasticizer for improving the energy of triple base gun 
propellant without significant change in flame temperature.  

 
 
INTRODUCTION  
 

Triple base gun propellants used in 
Tank and Artillery ammunition contain 
conventional ingredients like nitrocellulose 
(NC),nitroglycerine(NG )and nitroguanidine 
(picrite) which contribute as the main source 
of energy.  Efforts are on globally to 
increase the force constant (impetus)of gun 
propellants by the use of unconventional 
energetic ingredients like RDX (cyclo 
trimethylene trinitramine), HMX (cyclo tetra 
methylene tetranitramine),CL-20 (hexanitro 
hexaaza iso wurtzitane), DADZP (1,5-
diazido-2,4-dinitrazapentane), DADNH 
(1,6-diazido-2,5-dinitrazahexane), etc novel 
polymeric binders such as BAMO (3,3-bis 
(azido methyl) oxetane), AMMO (3-azido 
methyl-3-methyl oxetane),NIMMO(3-nitrato 
methyl-3-methyl oxetane), GAP(glycidyl 
azide polymer), poly-GLYN(poly glycidyl 
nitrate) etc and energetic plasticizers like 
low molecular weight GAP(glycidyl azide 

polymer), BDNP/F (bis-dinitro propyl 
formal), BDNP/A (bis-dinitro propyl acetal), 
TMETN (trimethylol ethane trinitrate), 
TEGDN (triethylene glycol dinitrate), 
DEGN(diethylene glycol nitrate), alkyl – 
NENAs ( alkyl- nitrato ethyl nitramine), EP-
1(2,4-dinitrato- 2,4-diaza-6-nitrato-hexane), 
EP-2 (2,4-dinitro-2,4-diaza-6-azidohexane) , 
DANPE (1,5-diazido–3-nitraza pentane), 
DANP(1,3-diazido-2-nitrazapropane) etc.1-6.  
Increasing the energy content of triple base 
propellant by use of high percentage of NC 
and NG in gun propellant formulation has its 
limitation since increase in flame 
temperature will be significant resulting in 
reduced barrel life.  As per the studies 
carried out by Pillai7 et.al in the recent past 
for achieving force constant more than 1100 
J/g by incorporation of RDX in the triple 
base propellant formulations, the increase in 
flame temperature was of the order of 3200 



 

 644

K and above which may lead to increased 
barrel wear.  Several energetic plasticizers 
have been synthesized and used by 
propellant chemists  worldwide8-9. 
 

Among these DANPE (1,5–Diazido–
3-nitraza  pentane ) 

 
 
 

         NO2 
          
  N3 - CH2 - CH2 -N - CH2 - CH2 -N3 
 
 
 
is found to be one of the most promising 
energetic plasticizer due to the fact that it 
has positive heat of formation of about +163 
Kcal / mole1 and very high mole number of 
0.05995 moles/g.  Theoretical thermo-
chemical studies reveal that propellant 
formulation  with DANPE as plasticizer 
does not increase flame temperature 
significantly.  A US Patent11 claims that use 
of DANPE as plasticizer in gun propellant 
could lower both gas molecular weight and 
flame temperature without causing a 
decrease in burning rate. Simmons12 in his 
studies with different energetic plasticizers 
in XM-39 LOVA formulation concluded 
that DANPE while improving the impetus, 
contributes more for the change in 
mechanical properties due to better 
colloiding properties.  The present studies 
were carried out since to the best of our 
knowledge no work has been reported on the 
use of energetic plasticizer DANPE in triple 
base gun propellant formulations.  The latter 
are used for Tank and Artillery guns and 
efforts are on to improve their various 
properties like ballistics, mechanical 
strength ,temperature sensitivity etc. 
 
PREPARATION OF DANPE. 

DANPE was prepared in two steps.  
The first step involved preparation of DINA 
(1,5-Dinitrato-3-nitraza pentane ) by 
nitration of Diethanolamine using methylene 
chloride as solvent, acetic anhydride as 
dehydrating agent and hydrochloric acid as 
catalyst.  Resulting DINA was then purified 
and characterized.  The second step involved 
conversion of DINA to DANPE (1,5-
diazido-3-nitraza pentane) with the help of 
sodium azide.  The reaction was conducted 
at 90-950C using dimethyl formamide as 
solvent.  The method used in the preparation 
of DANPE was broadly as described by 
Flanagan and Frankel 13-14 in their patents.  
The crude DANPE was then  purified and 
characterized before use in propellant 
formulations. 
 
FORMULATION PROCESSING AND 
EVALUATION 

 
In the  present study picrite in the 

triple base  propellant is substituted by 5, 
10,15, and 20 percent respectively by 
DANPE (Table-1).  The base composition 
(composition-I) consisted of 28.0% 
nitrocellulose (NC), 22.5% nitroglycerine 
(NG ), 48.0 % nitroguanidine (picrite) and 
1.5% ethyl centralite.  All the five 
formulations studied are given in Table-1.  
The theoretical thermo-chemical values of 
these propellant formulations calculated 
using THERMO15 programme are presented 
in Table-2. 
 

The propellant formulations were 
processed by conventional solvent method 
using sigma kneading machine and vertical 
hydraulic press.  Propellant strands extruded 
in heptatubular geometry using appropriate 
die/pin assembly to realise the required web 
size and cut in a rotary cutting machine to 
L/D ratio of 2.1-2.5.  The cut grains were 
then subjected to drying by hot air blowing 
to remove volatile solvents.  After 
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determining the residual solvent after 
drying, the propellant batches were 
subjected for physical measurements and 
density determination..  The propellant 
batches were then subjected to ballistic 
evaluation by static firing in a 700 cm3  
Closed Vessel (CV) at a loading density of 
0.2 g/cm3.  P vs. dp/dt profile obtained from 
CV firings of the five propellant 
formulations are given in Figure-1.  From 
the results of CV firings, linear burning rate 
coefficient  (β1) and  pressure exponent (α ) 
were computed as per internal ballistic 
solutions.16  The results of the static 
evaluation by  closed vessel firings are given 
in Table -3. 
 
RESULTS  AND  DISCUSSIONS 
 

Composition-I without DANPE used 
as reference has a force constant of 1073J/g 
and flame temperature of 3013 K( Table-2).  
By replacement of nitroguanidine by 5 %, 
10 %, 15 % and 20 % DANPE the force 
constant of the propellant composition 
steadily increases from 1090 J/g (for 5 % 
DANPE) to 1107 J/g (for 10 % DANPE) to 
1124 J/g (for 15 % DANPE) and 1142 J/g 
(for 20 %DANPE) with a marginal increase 
in flame temperature.  This is due to the high 
heat of formation of DANPE (+163 
Kcal/mole)1 as compared to that of  picrite  
(-22.14 Kcal/mole)1 and higher mole number 
of DANPE (0.05995 moles/g) as compared 
to nitroguanidine (0.04806 moles/g)15 
Significant improvement in energy level and 
comparatively lesser change in the flame 
temperature are considered positive aspects 
for the gun propellant.  Replacement of 20 
parts of nitroguanidine by DANPE 
(Composition V) improved the force 
constant by 69J/g while the change in flame 
temperature is only 21K.  Lowering in 
calorimetric value of  DANPE modified 
propellants was another observation from 
the computed result.  This is due to the low 

calorimetric value of DANPE as compared 
to that of nitroguanidine.  Theoretically 
calculated calorimetric value of DANPE is 
595 cal/g while for nitroguanidine, it is 720 
cal/g15. 
 

The results of static evaluation by 
closed vessel firing (Table-3) are in close 
agreement with the theoretically predicted 
values reported in Table-2.  Increased linear 
burning rate coefficient (β1) results for all 
the five compositions are indicative of the 
fact that DANPE has increased the burning 
rate.  As the percentage level of DANPE is 
increased from 0 to 20 in compositions I to 
V, the value of linear burning rate 
coefficient (β1) has increased from 0.130 
cm/s/MPa to 0.193 cm/s/MPa.  Of-course 
this is associated with simultaneous increase 
in the pressure exponent level (pressure 
index, α) which increased from 0.630 to 
0.840.  However the pressure exponent 
value of  0.840 is well within  the acceptable 
level for gun application. 

 
CONCLUSION 
 

From the findings of the present 
studies, it can be concluded that DANPE is a 
promising energetic plasticizer for use in 
triple base gun propellant for improved 
ballistic performance without significant 
increase in flame temperature. 
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TABLE 1.  CHEMICAL COMPOSITION OF PROPELLANT FORMULATIONS 
 

 
Composition  

 
I 

 
II 

 
III 

 
IV 

 
V 

Nitrocellulose 
  (N2 % 12.6)  

28.0 28.0 28.0 28.0 28.0 

Nitroglycerine 22.5 22.5 22.5 22.5 22.5 

Nitroguanidine 48.0 43.0 38.0 33.0 28.0 

DANPE - 5.0 10.0 15.0 20.0 

Ethyl Centralite 1.5 1.5 1.5 1.5 1.5 

 
 

TABLE-2.  THEORETICAL THERMO-CHEMICAL VALUES OF 
PROPELLANT FORMULATIONS (at 0.2g/cc loading of density) 

 
Composition I II III IV V 

 
Force constant 

(J/g) 

 
1073 

 
1090 

 
1107 

 
1124 

 
1142 

 
P(max) MPa 

 

 
264 

 
269 

 
274 

 
279 

 
284 

 
Flame temp.(K) 

 
3013 

 
3018 

 
3023 

 
3028 

 
3034 

 
Mole number 

(n value) 
(moles/g) 

 
0.0429 

 
0.0435 

 
0.0440 

 
0.0446 

 
0.0453 

Calorimetric 
Value(cal/g) 

 
964 

 
959 

 
953 

 
948 

 
943 
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TABLE-3.  RESULTS OF STATIC EVALUATION BY CLOSED VESSEL FIRING 
(at 0.2 g/cc density of loading) 

 
 

Composition  
 
I 

 
II 

 
III 

 
IV 

 
V 
 

 
Force Constant (J/g) 

 
1072 

 

 
1082 

 
1103 

 
1118 

 
1141 

 
Linear Burning rate coefficient 
(β1) (cm/s/MPa) 

 
0.130 

 
0.141 

 
0.152 

 
0.176 

 
0.193 

 
 
Pressure exponent (α) 

 
0.630 

 
0.700 

 

 
0.790 

 
0.820 

 
0.840 

 
 

P vs dp/dt  PROFILE  OF  PROPELLANT 
FORMULATIONS FROM  C.V.  FIRING
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ABSTRACT 
 

 The mechanism of initiation of detonation in low-density PETN by the plasma driven 
into the PETN in exploding-bridgewire (EBW) and direct-laser initiation was studied.  
“Cutback” samples were prepared in which a low-density PETN pressing was substantially 
shorter than the usual length of 2.5 mm.  Evolution of the reaction wave occurring in the PETN 
was monitored by use of laser interferometry; the velocity history of the interface between the 
PETN pellet and a PMMA window material was observed.  For both EBW and laser initiation, 
the key observation was that the shock loading pulse from the plasma source decayed into a 
ramp-shaped wave, which then steepened with propagation until a shock wave was reestablished.  
Detonation was attained very soon after the shock was reestablished. 

 
INTRODUCTION 
 
 Both exploding bridgewire 
(EBW) initiation and direct laser 
initiation of detonation in low-density 
PETN involve impulsive loading of the 
explosive material by high-temperature 
metal plasma.  In EBW initiation of 
PETN, rapid electrical heating causes 
explosive vaporization of a fine wire, 
and the plasma expands into low-density 
PETN that had been pressed into direct 
contact with the wire.  In direct laser 
initiation of low-density explosives, 
laser illumination of the explosive 
pressing through a transparent window 
produces detonation.  For laser initiation, 
the energy requirement for threshold 
initiation of detonation is reduced when 
a thin metal coating covers the side of 
the window against which the low-
density explosive is pressed, and when 
that coating is completely ablated by the 
high-power laser pulse.  In both 
processes, use of 0.90 g/cm3 PETN is 
more effective than 1.00 g/cm3 PETN. 

 
Yang and Menichelli1 first 

demonstrated such direct laser initiation 
of low-density explosives in 1971.  The 
current authors2 recently conducted 
direct laser initiation experiments that 
produced results consistent with other 
work on that process by Renlund et al. 3 
and by Nagayama et al. 4   Our 
experiments2 explored the effects of 
particle size, laser energy and titanium 
coatings on the threshold firing energies, 
and function times were measured.  

The volume of the vaporized 
titanium coating that has been found in 
our experiments to be most effective for 
direct laser initiation of detonation is 
comparable to the volume of a small 
wire utilized for EBW initiation.  Both 
consist of approximately 200,000 µm3 of 
metal.   The minimum threshold laser 
energy we have obtained to date 
compares closely with the results of 
Renlund et al.3, just under 10 mJ.  That 
figure also corresponds closely to 
threshold firing energy required for 
EBW detonators with small bridgewires. 
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 In buildup to detonation, EBWs 
exhibit an excess transit time of 
approximately 100-200 ns and a run 
distance to detonation of about 1 mm 
(see Blackburn and Reithel5).  The 
excess transit time in direct laser 
initiation of PETN is in this same range.  
We postulate that both EBW and direct 
laser initiation of detonation take place 
through a DDT process, as suggested by 
Leopold6 and by Renlund.3 

These similarities in behaviors 
between EBW and laser initiation 
suggest that common modes or 
mechanisms operate in the two 
processes.  The delay time before 
establishment of detonation (more than 
100 ns) was substantially longer than the 
input shock pulse duration, which was 
10-20 ns.  That suggests that the 
mechanism of detonation initiation may 
not be classical shock initiation.  Based 
on this information, we postulated that a 
deflagration-to-detonation transition 
(DDT) mechanism operates in EBW and 
direct laser initiation of detonation of 
low-density PETN. 

 
EXPERIMENTS AND RESULTS 
 
 In a DDT process, deflagration 
produces a compression wave moving 
outward into surrounding powder that is 
not a shock wave, but more gradual.  
This type of compression wave has been 
called a ramp wave or acceleration 
wave.  One of the characteristics of ramp 
waves is that they do not produce as 
much heating or as much chemical 
decomposition in explosive material as 
shock waves produce.7   We devised 
experiments to measure the wave 
evolution behavior in EBW and direct 
laser initiation detonator subassemblies, 
with the aim of determining whether the 
input shock wave might be seen to have 
decayed to a ramp wave.  Such an 
observation would be interpreted to 
indicate that a DDT mechanism operates 
in EBW and direct laser initiation of 
low-density PETN. 
 

As shown schematically in Fig. 
1, we performed “cutback” experiments 

Initial pressing
of 0.9-g/cc PETN.
Length varied from
0.65 to 1.45 mm.
(Usual IP length 
is 2.5 mm.)

VISAR for v(t) of PETNVISAR for v(t) of PETNVISAR for v(t) of PETNVISAR for v(t) of PETN----PMMAPMMAPMMAPMMA
window interfacewindow interfacewindow interfacewindow interface

EBW

Fused-silica
substrate,
coated with Ti

Nd:YAG laser pulse,
20 mJ in 18 ns

Direct Laser Initiation (“Laser EBW”)

PMMA PMMA

PMMA window was coated with 1-mil aluminum reflector.

Fig. 1 Schematic of cutback experiments observed with VISAR 
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with short columns of low-density PETN 
driven by an EBW and by laser ablation 
of thin titanium films, for the purpose of 
measuring the wave evolution 
phenomenology in the buildup to 
detonation.  The firing energy used in 
the experiments was at least twice the 
threshold value, hence should be 
considered “hard-firing” conditions for 
both the EBW and direct laser initiation 
configurations.  We used VISAR8 to 
monitor the velocity history of the 
interface between the window and the 
powder.  Although VISAR measures the 
velocity history at the window interface, 
there is a direct correspondence to the 
pressure history experienced by the 
powder. 

 
The results of EBW testing 

presented in Fig. 2 are representative of 
our observations in numerous 
experiments.  The waveform for short 
column is a ramp-shaped compression 
wave rather than a shock wave. The 
shortest column length, 0.65 mm, the 

ramp wave had the lowest slope, a peak 
acceleration level of about 1.5 x 109 g’s.  
For the next longer column length, 0.91 
mm, the slope and therefore the 
acceleration was higher, about 2 x 109 
g’s.  No shock front was observed at 
either of those stations, but the increase 
in acceleration indicates that 
compression pulse in the explosive 
powder was in the process of shocking 
up.  For longer column lengths, 1.18-2.5 
mm, we observed a shock front 
corresponding to the detonation 
condition in low-density PETN, and the 
magnitude of the front was consistent at 
all lengths.  It may be observed that the 
Taylor wave following the shock front 
was progressively more extended in 
duration as the column length was 
increased; that is to be expected.  These 
EBW results thus indicate that the 
mechanism for buildup to detonation is 
deflagration-to-detonation transition 
rather than simply shock initiation.   

 
We obtained only one result in a 
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cutback test with direct laser initiation.  
That VISAR result is shown in Fig. 3, 
plotted together with the EBW VISAR 
result for the same PETN column length, 
0.91 mm.  The most noteworthy feature 
of the direct laser initiation waveform is 
that there was a ramp at the wave front 
rather than a shock.  In that respect it is 
qualitatively similar to the EBW wave-
evolution process.  The acceleration 
level in this direct laser initiation 
experiment was about 0.5 x 109 g’s.  
Further back in the waveform, well 
behind the wave front, the VISAR data 
suggests that a shock had developed that 
would be expected to overtake the shock 
front and produce prompt detonation.  At 
this time we do not consider that to be a 
reliable finding characterizing direct 
laser initiation because there has been 
only one such observation. 

 
 
 

CONCLUSIONS 
 
The results of these cutback 

experiments on EBW and direct laser 
initiation of detonation of low-density 
PETN are interpreted to indicate that a 
DDT mechanism operates under hard-
firing conditions for both types of 
detonators.  Timing consistency for both 
types of detonators can be good, so the 
DDT mechanism apparently operates in 
quite a consistent way. 

 
Spark initiation of detonation in 

low-density PETN is of interest as a 
potential hazard condition in the use of 
low-density PETN in EBW detonators, 
for example.  Previous study of the spark 
initiation threshold for low-density 
PETN indicates that there is 
considerable correspondence between 
the initiation trends for EBW and spark 
initiation.  In particular, the threshold 
firing energy for EBW detonators 
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decreases consistently with the size of 
the bridgewire.  Extrapolation of that 
data to a zero bridgewire size 
(corresponding to spark initiation with 
no bridgewire) agrees quite well with the 
5-mJ firing threshold energy level that 
was found by Tucker et al.9 for 0.88-
g.cm3 PETN.   Function times were not 
measured in those experiments.   

 
The similarity of spark initiation 

to EBW initiation stimulates the 
hypothesis that spark initiation of 

detonation in low-density PETN may 
also occur by means of a DDT 
mechanism.  This may be of interest in 
consideration of the sets of accidental 
electrostatic discharge stimuli that may 
be capable of producing detonation in 
loose PETN powder or detonators that 
employ low-density PETN.  Cutback 
experiments on spark initiation of low-
density PETN have not been done.  We 
hope to perform such experiments in a 
manner similar to that described above 
for EBW and laser initiation. 
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1. Abstract 

The two-stage dispersion system has 
been researched to disperse submunitions 
widely  at designated target area. For this 
purpose, second ejection is performed after 
first ejection is done and packages of 
submunitions are separated into the stable 
region from the unstable boundary of a flying 
warhead. 

In this report, the outline of two-stage 
submunition dispersion system and the 
accompanying design techniques are 
described. 

 
2. Preface 

The cluster warhead contains 
submunitions that are ejected from the 
warhead by a solid propellant chemical 
energy after removal of the missile skin. To 
improve the performance of the cluster 
warhead, some multiple dispersion systems 
have been investigated. Recently, two-stage 
dispersion system is preferred to apply actual 
submunition warhead design.  For this 
purpose, the airbag system which is originally 
used in car safety system, is modified for this 
system. The concept of two-stage ejection 
system and the essential technology to be 

considered are discussed herein. Two-stage 
ejection means that the submunition ejections 
are performed two times in sequence by the 
air bag expansion through the gas generator. 
 
3. Two-stage dispersion 

3.1 Concept 
 

 
Fig. 1 Concept of two-stage dispersion(1) 
 

Fig. 1 shows the schematic 
configuration of two-stage dispersion system. 
Referring Fig. 1, this system is classified by 
three main steps. The first step is the escaping 
of packages which include several 
submunitions from the missile. The second 
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step is the package flying time in which 
packages are dispersed and dropped freely in 
the stable region. The final step is the 
secondary ejection step in which each 
submunitions are ejected again. Schematic 
view of two-stage dispersion is shown in Fig. 
2. Some essential techniques are explained 
one by one by referring several examples of 
papers. 

 

Fig. 2 Schematic configuration of 
two-stage dispersion 

 
3.2 System description 
 - Skin stripping and package ejecting 

 
Fig. 3 Rupturing direction and FLSC 

 

The Skin stripping is the removal 
action of warhead skins of warhead to eject 
packages from the warhead prior to the 
function of the dispensing of packages. 
Several kinds of devices have been devised 
for this action. One of typical methods is 
shown Fig. 3 which uses FLSC(Flexible 
Linear Shaped Charge) to cut skins by the 
metal jet formed  by the explosive encased in 
metal sheath. FLSC has been manufactured in 
some explosive companies such as the Ensign 
Bickford Co. and Korean Explosive Co. The 
other representative methods are expanding 
tube methods by using ITLX(Ignition Thin 
Layer X-Cord) cord or MDF(Mild Detonating 
Fuse). In the former case, cutting action is 
performed directly by the explosive. However, 
the latter ones are indirect method, which 
means the cutting of plate is performed by the 
recovering force of the flattened tube which 
encases ITLX or MDF(Fig. 4,5). The 
submunition package dispersion is carried out 
by airbag expansion which is inflated by gas 
generator (Fig. 6). 
 

 
Fig. 4 Cutting action by ITLX(2) 
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Fig. 5 Cutting action by Super Zip(3) 

 

 

Fig. 6 Scheme of single dispersion 
system(4) 

 
- Airbag Ass'y 

Airbag ass'y was originally developed 
for the automobile safety device.  This ass'y 
has been researched and modified to use in 
the submunition dispersion system by several 
companies. In the moment of primary ejection, 
packages are ejected by the expansion of 
airbag which is inflated by the gas generator. 
In this case, a retention band is usually used to 
hold the package in normal state. Another role 
of retention band is to keep the airbag in order 
to achieve the stable burning condition of gas 
of gas generator before the time of releasing 
of package. The design of retention band is 
important in order to eject package effectively.  
At the second stage of ejection, submunitions 
are ejected again as like as the same 
mechanism of the primary ejection. However, 
at the secondary ejection, a kind of pyro-
device is needed to initiate the gas-producing 
charge in gas generator. The secondary 
ejection for submunition dispersion is much 
more complicated than the single dispersion. 
The schematic view of secondary ejection is 
clearly shown in Fig. 7 which is announced 
by Talley Defense System. 

 
-  Pyro-delay Device 

Among the parts of the second-stage 
dispersion system (Fig. 7), pyrotechnic delay 
line is very essential to perform the second-
stage dispersion. As mentioned above, 
initiating mechanism is same as the primary 
stage of dispersion system. However, 
explosive energy should be delivered even if 
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packages are separated from warhead and 
after some time (1.0 sec or so), the secondary 
dispersion should be performed again. It 
means that initiating energy should be 
transferred even though package is separated. 
For this role, a deflagration output transfer 
line such as Fig. 8 is needed. 
 

Fig. 7 Several parts for composing two-
stage Dispersion(4) 

 

Fig. 8 Breakaway end tip and 
deflagration line(5) 

 

 
A pyro-delay device (as I call it in this 

paper) which has a role to transfer 
deflagration energy and separate by itself after 
transferring energy is essentially needed for 
this system. Breakaway end tip (Fig. 8) can be 
modified for this usage if delay function is 
performed together. 

 
-  Stable device for flying  

After separating package from 
warhead, stable device such as fin or 
parachute for package is needed to have a 
stable flying in a short time. 

 
- System engineering for simplified 

assembling 
As shown in two-stage dispersion 

system, more than parts are needed to 
compose this system. Therefore system 
engineering is required to design transferring 
energy network in the restricted space. 
Without this, efficient two-stage dispersion 
system cannot be developed any more 
comparing economic investment and time. 

 

4. Closing 
Longer than 10 years, dispensing 

technology has been evolved. Recently, two-
stage dispersion system has been researched 
and tried for actual warhead system. However, 
the complexity of composing two-stage 
dispersion system need to be revised and 
modified for the application of actual warhead 
system. 
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Abstract 
 

Boron is an energetic material when burned with oxidizers.  However, the combustion 
efficiency of boron particles is known to be low due to the oxidized surface layer of which 
melting point temperature is high.  The pyrolants tested in this study consisted of boron 
particles with ammonium perchlorate which were mixed within carboxy terminated 
polybutadiene.  The burning characteristics of the pyrolants were determined as a function of 
the particle size and the mass fraction of boron.  Three types of boron particles evaluated were 
0.5 µm and 2.7 µm crystalline particles in diameter, and 9 µm amolphas particles in diameter.  
The burning rate of boron pyrolants increases linearly as pressure increases in a log (pressure) 
versus log (burning rate).  Though the burning rate increases as the size of born particles at a 
constant pressure, the pressure exponent of burning rate remains unchanged as 0.50.  The boron 
particles burn in the gas phase within the distance of 0.1 mm above the burning surface when the 
0.5 µm sized boron is mixed.  The heat flux transferred back from the boron reaction zone to 
the burning surface increases, and then the burning rate increases. 
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1.  Introduction 
Boron is a unique non-metallic substance that produces significant heat when it burns 

with air or crystalline oxidizers.(1)  Though the density of boron (B) is 2.33 x 103 kg/m3 and is 
that of aluminum (Al) is 2.69 x 103 kg/m3, the heat of combustion of boron is 18.27 MJ/kg and 
that of aluminum is 16.44 MJ/kg.  A mixture of boron particles and crystalline oxidizers such as 
potassium nitrate (KN) and ammonium perchlorate (AP) forms a boron based pyrolants used for 
gas generators and igniters.  Boron particles burn with glycidyl azide polymer (GAP) that is a 
typical energetic polymer.  The mixture of boron particles and GAP is a polymeric pyrolant of a 
ducted rocket or a solid ramjet.(2) 
 

There have been done numerous experimental studies on the burning rate characteristics 
of propellants and pyrolants.(1)  The heat of reaction of energetic materials is evaluated by the 
measurements of combustion bombs, the measured values are dependent on not only chemical 
components but also the method of burning in the bombs.(3) Furthermore, the burning rate is 
dependent on the mixture ratio of oxidizer and fuel components and is also dependent on the size 
of crystalline oxidizer particles.  In general, the burning rate of energetic materials is increased 
or decreased by the addition of a small amount of catalysts.  In this study, the effect of boron 
particles within pyrolants composed of boron and AP particles with a carboxy-terminated 
polybuthadine (CTPB) used as a binder. 
 
2.  Physicochemical Properties of Boron Pyrolants 

The base matrix used to formulate boron pyrolants was composed of 79% AP and 21% 
CTPB.  The AP particles were the mixture of 30% coarse AP (200 µm in diameter) and 70% 
fine AP (20 µm in diameter).  Three types of boron particles, 0.5 µm, 2.7 µm, and 9 µm in 
diameter were used.  Four types of boron pyrolants were formulated of which mass fractions of 
boron mixed within the base matrix were 1, 5, 7.5, and 15 % by mass. 
 

Figure 1 shows the adiabatic flame temperature Tf as a function of the mass fraction of 
boron designated by ξ(B).  It is shown that Tf remains relatively unchanged in the region of 
ξ(B) less than 5 %.  When ξ (B) is 15% by mass, Tf is the maximum, 2260 K, increased from 
2220 K at ξ (B) = 0.0 %.  On the other hand. when Al is added within the base matrix, Tf 
increases as ξ (Al) increases from 2220 K at ξ (Al)  = 0.0% to the maximum Tf = 3000 K at ξ 
(Al) = 18% , where ξ (Al) is the mass fraction of aluminum particles by mass %.  The 
maximum temperature of boron pyrolants is approximately 780 K below that of aluminum 
pyrolants. 
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3.  Experimental 
   3.1  Burning Rate Measurements 

The boron pyrolants tested in this study were made by a cast method and cured similar to 
a conventional AP/CTPB composite propellants.  A chimney-type strand burner was used to 
measure the burning rate and the combustion wave structure.  The strand burner was 
pressurized with nitrogen and the burned gas in the strand burner was exhausted from a choked 
orifice attached to the top of the burner. 
 
   3.2  Burning Rate of Boron Pyrolants 

Figure 2 shows the burning rate of the boron pyrolants used in this experiment as a 
function of pressure.  The burning rate increases linearly as pressure increases in a ln (burning 
rate) versus ln (pressure) plot.  The burning rate increases as ξ(B) increases and the size of 
boron decreases at a constant pressure.  However, the pressure exponent of burning rate n 
defined in 
 
      n = dln (burning rate)/dln (pressure)                                    (1) 
 
is determined to be n = 0.5 for all pyrolants tested in this study.  It should be noted that n 
remains unchanged even when the size of the boron particles added is changed. 
 

In order to compare the effect of boron addition, aluminum particles were also added 
within the same base matrix used for the boron pyrolants.  Figure 3 shows the burning rate of 
the aluminum pyrolants as a function of pressure.  Similar to the boron pyrolants, the burning 
rate increases as ξ(Al) increases and the size of aluminum particles decreases.  Though the 
burning rate increases linearly in a ln (burning rate) versus ln (pressure) plot,  n remains 
unchanged, n = 0.5, even when aluminum particles are added.  However, the effect of burning 
rate on ξ (B) or ξ (Al) is evident that the burning rate of boron pyrolant is larger than that of 
aluminum pyrolant at the same amount of born and aluminum. 
 
   3.3  Burning Rate Analysis 

Figure 4 shows the effect of burning-rate augmentation ε defined in ε = (rb - r0)/r0 as a 
function of ξ (B), where r0 is the burning rate without additives and rb is the burning rate of 
boron pyrolants.  The size of the boron particles used is θ = 0.5 µm.  Though ε increases as ξ 
(B) is increases, ε appears to be less dependent on pressure. 
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Since the oxidation reaction of boron particles in the combustion wave occurs at the 
burning surface or in the gas phase, the surface area of the particles is an important parameter to 
the rate of oxidation.  The oxidation of boron particles is initiated from the surface and the 
oxidized layer beneath the surface penetrates into the particle.  Figure 5 shows ε as a function of 
Σ, where Σ is the total surface area of boron particles contained within a unit mass of boron 
pyrolant tested.  It is shown that ε increases as Σ increases. 
 

Figure 6 shows the rate of burning increase (ε) as a function of adiabatic flame 
temperature of B and Al pyrolants.  The addition of aluminum particles within the base matrix 
composed of the AP/CTPB pyrolant increases ε.  However, the effect of the addition is 
saturated in the region of the adiabatic flame temperature higher than about 2500 K.  On the 
other hand, the addition of boron particles within the same base matrix increases ε more 
effectively even though the adiabatic flame temperature remains unchanged.  The results 
indicate that the heat flux transferred back from the final reaction zone that is located a further 
distance from the burning surface do not play a significant role on the burning rate of boron 
pyrolants. 
 
4.  Site and Mode of Boron Combustion in Combustion Wave. 

The temperature profile in the combustion wave of the boron pyrolants were measured 
with micro-thermocouples that were made of Pt-Pt13%Rh.  The wire size used was 13.5 µm in 
diameter.  Each micro-thermocouple was threaded through a pyrolant strand.  As shown in Fig. 
7, the temperature in the condensed phase increases more rapidly when boron is added.  This is 
caused by the observed higher burning rate of the boron pyrolant than that of the pyrolant 
without boron. 
 

The burning surface temperature is approximately 700 K for both pyrolants.  However, 
the temperature increases more rapidly in the gas phase just above the burning surface when 
boron is added.  The observed results indicate that the oxidation reaction of boron occurs just 
above the burning surface within the distance of 0.1 mm from the surface.  The heat flux 
transferred back from the gas phase to the burning surface is increased by the increased 
temperature in the gas phase.  Thus, the burning rate is increased by the addition of boron 
particles.  Though the heat flux increases as pressure increases for both pyrolants with and 
without boron particles, the heat flux is increased when boron particles are added at constant 
pressure.  Furthermore, the heat flux increases as θ decreases at constant ξ (B) and also 
increases as ξ (B) increases at constant θ. 
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5.  Conclusions 

The burning rate of the pyrolants composed of AP and CTPB is increased by the addition 
of boron particles.  The burning rate increases as the size of the boron particles decreases and 
also the mass fraction of the boron particles increases.  The boron particles burn in the gas 
phase within the distance of 0.1 mm above the burning surface when the size of boron is fine 
below 0.5 µm.  The increased heat of reaction by the boron combustion increases the heat flux 
transferred back from the gas phase to the burning surface, and then the burning rate of the 
pyrolant increases. 
 

However, when aluminum particles are mixed within the pyrolants, the burning rate is 
not increased as much as the boron mixed pyrolants even though the heat of reaction is higher for 
aluminum mixed pyrolants than the boron mixed pyrolants.  This is caused by the difference of 
the reaction distance between the burning of boron and aluminum particles.  The reaction time 
of the boron particles is shorter than that of the aluminum particles.  Accordingly, the heat flux 
transferred back from the gas phase to the burning surface is higher for the boron mixed 
pyrolants that that for the aluminum mixed pyrolants. 
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Figure 2  Effect of particle size of B on 
burning rate of B pyrolants as a function 
of pressure.
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Figure 1  Adiabatic flame temperature Tf as a 
function of ξ (B) and ξ (Al).
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Figure 5  Burning rate augmentation ε as a 
function of total surface area of B Σ.
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function of adiabatic flame temperature of 
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Four essentially different types of the 
waves of exothermic chemical reaction in 
energetic materials are known, slow and fast 
deflagrations and slow and fast detonations. 
Slow deflagration is a phenomenon velocity 
of which is determined by kinetic and thermo-
physical characteristics of EM whereas the 
stability is defined by the energy conservation 
equation or, more exactly, by the singularity 
of the solution of the Fourier equation. Fast or 
high velocity detonation (HVD) propagation 
rate is connected basically with 
thermodynamic characteristics of EM, first of 
all, with the reaction heat, and isentropic 
exponent of the reaction products. Stability of 
the process is based on thermo-hydrodynamic 
relations being stipulated by formation at 
expansion of the products a sonic front so that 
behind the front the flow rate of the products 
in Lagrangian coordinates is greater then the 
sound speed and a weak perturbations in the 
products behind the front can not penetrate 
through the sonic surface into the reaction 
zone and disturb it. Stability conditions of the 
waves of the intermediate processes, fast 
deflagration and low velocity detonation 
(LVD) are determined essentially worse. The 
main objective of this presentation is to define 
the physical grounds for the steadiness of 
LVD.  

The usual point of view being expressed 
in many works seems to be very simple and 

almost incontestable. The LVD is 
characterized by an elongated reaction zone 
the length of which is comparable with the 
detonation critical diameter, dC, at a weak 
confinement. The strongly divergent flow of 
the reactive media is formed behind the shock 
front. Respectively, the reaction is stopped 
when the oblique rarefaction waves meet and 
intersect each other, at a low diameter close to 
dC, or essentially reduce the reaction specific 
heat related to a unit of the surface, at higher 
diameter. Occasionally, this does not take into 
account that LVD rate depends rather flabbily 
on the charge diameter. Meanwhile, this 
mechanism requires the dependence should be 
rather strong. The different idea is developed 
in this paper, with no intend to discard the 
conventional approach.  

The idea, in principle, was formulated in 
the work [1]. It was proposed as usually that 
the LVD reaction happens to proceed around 
the hot spots formed by the fast compression 
of the small gas intrusions, and is followed 
with formation of gas/liquid mixture. Sound 
speed, C, in this mixture strongly varies 
depending on the gas volume fraction, α, and 
decreasing abruptly, at the α enhancement. If 
the C would approach the Lagrangian flow 
velocity U = D – u, where D is the detonation 
velocity and u is the particle velocity in the 
mixture, the sound surface would be formed. 
In such the case behind the surface the U is 
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greater than the C, and perturbations of the 
pressure field stipulated by oscillations of the 
flame up hot spots would not reach anymore 
the front of the wave. Unfortunately U(α) 
dependence is rather smooth and the critical 
condition is difficult to produce. The basic 
assumption of the theory consists in that the 
sound speed in the burning liquid being a 
non-equilibrium function of gas volume 
fraction as well as the sound absorption 
coefficient, k**, depend on the frequency of 
the pressure oscillations. When the inherent 
frequency of the burning process approaches 
the characteristic frequency of the gas/liquid 
mixture the resonance phenomena are 
developed. The sound speed abruptly reduces 
whereas the k** in turn increases. The 
impermeable sonic front is formed. 

The situation, on the one side, is similar to 
that just attributed to the HVD stabilization, 
but, on the other side, obviously contradicts it. 
In the case of HVD the sound surface cut off 
the rarefaction waves originated beneath it in 
the flow of the relatively inert reaction 
products, whereas, at LVD, the surface is 
formed, under influence of pressure 
oscillations, in the reactive media, preventing 
penetration into the leading reaction zone the 
compression waves produced behind the 
surface, in the same reactive media. 

The problem of transmission and 
absorption of sound in the mixture of a liquid 
and gas bubbles is considered in [2]. Results 
of the consideration are presented 
schematically in Figure taken with some 
simplification from the book [2]. The solid 
curves in Figure present dependence of the 
sound speed, C (upper line) and decrement of 
the sound absorption, k** (lower line) on 
frequency of the forced oscillations in the 
gas/liquid mixture, initiated by the outer 
generator. This condition implies that all of 
the bubbles are forced to oscillate with the 
same frequency and in the same phase. Ce is 
the equilibrium sound speed in the mixture, 
and the Cf coincide eventually with the sound 

speed C1 in the neat liquid. The area between 
ωr and ωC in Figure is called the 
�impermeability zone� due to big values of 
decrement of extinction, k inside the zone.  

 
Figure. Schematic graph of C(ωωωω) and k**(ωωωω) 
in a liquid with gas bubbles [2]. 

 
Characteristic frequencies ωr and ωC are 

defined with expressions [2]: 
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( ) 1
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ρϕ
ω

−
=

p
aa    (3) 

a is the diameter of the bubble, 
p0 is the pressure inside the bubble, 
ρ1 is the density of the liquid, 
γ is the polytropic exponent, and 
φ is the coefficient in the Rayleigh-Lamb 
equation depending on concentration of the 
bubbles. 

The sound speeds Ce and Cf are defined 
with the equations: 

α−
=

1
1CC f     (4) 

Ce = (Cf
-2 + C0

-2)-1/2    (5) 
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γαCC =0     (6) 
and 

( )ααρα −
=

11

0p
C    (7) 

where α is the volume fraction of the gas.  
Direct application of the theory [2] to the 

problem of LVD is confined by the fact that 
the problem of [2] is attributed to the 
relatively low pressures and temperatures of 
the gas. First of all, the eq. (7) is invalid in the 
LVD conditions. Nevertheless, assuming C0 
<< Cf one may deduce approximate relations 
for the sound impermeability zone.  

Let us propose that burning inside the 
bubbles is the source of the oscillations. The 
characteristic frequency of the burning wave, 
ωu, is [3]: 

κ
=ω

2u
r
k

u    (8) 

where u is burning rate, κ is the 
thermodiffusivity of EM, k is the Zel�dovich 
number, and r is the coefficient of 
temperature sensitivity of the surface 
temperature of burning EM.  

The theory [3] was formulated for burning 
of the propellants at moderate pressures. At 
the high pressures of LVD one may propose, 
in the first approximation, the coefficient 

k /r ≈ 1.  
Comparing eqs. (2), (3) and (8) at the 

�resonance� condition, ωu = ωr, yelds: 

( ) 1

0
2 1

3
ρϕ

γκ
−

=
p

u
ar    (9) 

The dimension a, at flare up of a bubble 
the initial dimension of which is zero, is 
defined as: 
a = 2uρ1Vt     (10) 
where V is the specific volume of the gas 
inside the bubble, t is time of burning. 

Comparing of (9) and (10) at a = ar, t = tr 
yelds: 

( ) 1

0

1
3 1

3
2 ρϕ

γ
ρ

κ
−

=
p

Vu
tr   (11) 

In usual suggestion that the failure 
(critical) diameter of LVD is: 

dC = 2Cftr = 
α−1

2 1 rtC  ≈ 2C1tr   (12) 

employing of eq. (11) leads to the final 
expression: 

( ) 1

0

1
3 1

3
ρϕ

γ
ρ

κ
−

≈
p

Vu
C

d f
C   (13) 

Assuming κ = 1.10-7 m2/s, ρ1 = 1600 
kg/m3, p0 = 109 Pa, V = 2.10-3 m3/kg, γ = 2,  
φ = 0.4 [2] yelds: 
tr = 3.9.10-5/u3, s   (14) 

For quickly burning liquids (NG, NGL, 
DEGDN, etc. [1]) the normal linear burning 
rate at p = 109 Pa is on the order of several 
m/s. At u = 4 m/s (NG, NGL), the critical 
diameter of these liquids is 1.8 mm, the same 
value as the experiment [1] demonstrates. 

It would be of interest to note that the 
reaction time and the critical diameter do not 
depend on the diameter of the bubble, a, and 
are only slightly dependent on the volume 
fraction of gas, α. At u = 4 m/s and t = 0.61 
µs, a = 16 µm. To provide the system with 
detonation velocity of LVD which is about ¼ 
of the velocity of HVD, D ≈ 8 mm/µs, the 
depth of the reaction, η, must be 
approximately 6-8%.  

The situation is drastically changed when 
a more slow burning EM is considered. For 
instance, the normal linear burning rate of 
TNT is probably near 1 m/s at pressures in the 
reaction zone of the LVD. The reaction time 
should be on the order of 40 ms at u = 1 m/s. 
The length of the reaction zone is about 8 cm. 
The loss of energy during the reaction 
obviously prevents steady-state propagation 
of LVD in TNT at a weak confinement. The 
difference in the aggregate state between the 
liquid nitric esters and solid TNT is probably 
not essential moment. At pressures on the 
order of ten kbar the solid TNT behaves as a 
liquid, or, more exactly, as visco-plastic 
media. Only difference in burning rate is 
essential. 
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Table 1 
Stability of the LVD in cast TNT charges in 
the steel tubes 9 mm of channel diameter, 

32-36 mm outer diameter  
Initiator, 

NaCl/RDX l, mm D, mm/µs 

160 1.98 
300 1.95 
160 1.92 

40/60 
(D = 4.5 
mm/µs) 160 1.90 

260 2.09 
130 2.04 
260 2.01 
280 2.00 
310 1.95 
160 1.90 

50/50 
(D = 5.0 
mm/µs) 

450 1.84 
Note 
l is the length of the tube, 
D is the mean LVD rate. 
 

Table 2 
Influence of material and thickness of the 
tube wall (δδδδ) on possibility and velocity of 

LVD in cast TNT 
Material δ, mm D, km/s 

15 2.06 
13 2.05 
13 2.01 
5 1.50 
3 extinction 

Steel 

3 extinction 
15 extinction Brass 15 extinction 
15 extinction PMMA 15 extinction 

 
For a long time it was believed that 

contrary to the liquids the stable LVD in 
solids besides the dead pressed charges of 
primary explosives is impossible. 

In works [4-7] it was stated however that 
LVD regime is capable of steady-state 
propagating in cast TNT charges (0.95-0.97 
relative density) confined in the thick-walled 

steel tubes (9 to 15 mm i.d., 35-36 mm o.d., 
150-600 mm length), at a weak initiation 
(detonating cap N 8, directly or through a 
layer of a mixture RDX (7 µm)/NaCl (0.2-0.3 
mm) 50/50 or 40/60 used as a booster). The 
tubes with a narrow channel were found 
slightly distended, in the case of a channel of 
the big diameter they sometimes were broken 
in two parts along the axis of the tube. No 
residue of TNT was noted with the exception 
of the small particles of the substance on the 
inner wall of the tube after the experiment. 
About 200 experiments of this sort were 
carried out. As an illustration, two tables from 
the work [7] are presented (see Tables 1 and 
2). 

Velocity of detonation wave was 
measured by means of the streak camera 
through the orifices 1.5-2 mm diameter drilled 
in the walls of the tubes with tiny crystals of 
lead azide glued at the outer end of the every 
orifice. The velocity of the wave was a 
constant along the charge and ranged in the 
limits of 1.5 to 2.2 km/s depending on 
diameter of the channel, a space between the 
orifices and density of the charge. At 
increasing of the space between the orifices 
from 10 to 30 cm detonation velocity grew 
from 1.75 to 2.2 km/s, at the channel diameter 
9 mm, and from 1.65 to 1.8 km/s, at the 
channel diameter 15 mm. No tendency to 
velocity increase and moreover to LVD/HVD 
transition was observed at the length of the 
tube equal to 65 diameters of the charge. This 
regularity appeared in spite of the obvious 
incompleteness of the reaction in the LVD 
wave. The most impressive manifestation of 
this fact was an experiment with a tube 
containing a long narrow gap cut with a 
milling cutter along the generatrix of the tube. 
After the experiment, a part of TNT in the 
form of yellow powder was found to be 
blown away through the gap. The LVD wave 
was not extinguished however and proceeded 
up to the very end of the charge. 
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When the cast charges of TNT/RDX or 
TNT/HMX (50/50 in both cases) were 
assayed at the similar operating conditions 
LVD velocity was found to be slightly higher 
(on 0.2-0.25 km/s) than that of the cast TNT 
charges was, and small increase in detonation 
rate (0.2-0.3 km/s) to the end of the tube 250-
300 mm length was noted. In the case of the 
cast DINA the more pronounced LVD wave 
acceleration was observed. At the length of 
about 20 diameters of the charge the velocity 
enhanced from 2.5 to 5 km/s, after that LVD 
to HVD transition took place.  

Using the aquarium technique the 
structure of the LVD wave in high density 
solids is defined. The overall LVD wave is 
shown to consist of two consecutive waves, 
the first of which, the plastic wave, of about 
3-5 kbar amplitude, initiates the detonation 
reaction, whereas in the second one, up to 20-
30 kbar, the reaction proceeds till the sound 
barrier introduced above is suggested to 
prevent the energy supply to the front of the 
wave. In conjunction with the calculations the 
length of the reaction zone is about 5-8 cm. 

About the same picture is observed in the 
case of nitromethane. The burning rate of 
nitromethane is not known, at a pressure of 
about 10 kbar, that is characteristic for LVD 
reaction zone. But in the pressures interval of 
several hundred atm it is about 3-5 times 
lower than that of NG. Correspondingly, the 
LVD of nitromethane also refuses to 
propagate at a weak cover of a charge but 
easily develops in the same steel tubes as the 
LVD of TNT does [8]. 
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1. INTRODUCTION 
 
Thermodynamic characterization of a 

substance under influence of shock loading 
presents a very important step in theoretical 
description of physical and chemical 
transformations of a material in conditions of 
the dynamic experiment. Several methods are 
developed to implement these investigations 
by possibly exact and convenient way. Many 
of these works comprise the deep and serious 
findings in the field of thermodynamics and 
deserve very attentive relation. The main 
objective of this paper consists in the 
thorough analysis of one of those works. It is 
a paper by the scientists from Sandia 
Laboratories, P. Lysne and D. Hardesty [1]. 
The principal new method of calculation of 
thermodynamic functions of state of the 
organic substance was offered. All of the 
previous approaches to the problem were 
analyzed in considerable detail, and the 
original character of the investigation was 
very well grounded. 

The Lysne and Hardesty method [1] 
consisted in integration of a system of 
differential equations of thermo-
hydrodynamics written for a series of shock 
adiabats originated at closely spaced initial 
temperatures, T0, whereupon the T0 was 
included into the set of original parameters, p, 

V, T, E, S, as the new thermodynamic 
variable. The integration was conducted in 
p(V), E(V), T(V), S(V) and CV(V) planes 
beginning from the original values of T = T0, 
E = E0, V = V0, S = S0, CV = CV0. Specific 
volume, V, was chosen the main independent 
variable. 

The method was applied to the shock 
compressed nitromethane (NM). Special 
attention was paid to construction of the 
shock adiabat of nitromethane on the base of 
experimental data, measured in [1] and 
previously published. The original form of the 
shock adiabat equation was proposed: 

( ) ( ) 22
0 2 GGbsusuGCU ++++−=  (1) 

where C0=C0(T0) is the sonic velocity, at 
p=p0, and s,b,G are the constants determined 
in the work [1] to satisfy a criterion for 
thermodynamic consistency of the calculation 
results, and, of course, to fit the experimental 
U=U(u,T0) data. The constants evaluated in 
[1] were: s = 1,68, b = 262 m/s, G = 1000 � 
2,7 Т0, m/s. 

One of the results of the calculations 
carried out in [1], the dependence of 
CV=CV(T,T0), is presented in Fig.1, derived 
from three original graphs of [1], 
CV=CV(T0,V), T=T(T0,p) and p=p(V0,V) (Figs. 
5, 10 and 7 of [1], correspondingly; see also 
the work [2]). 
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The CV=CV(T,T0) curves are given at three 
temperatures, 244.2, 298.2, and 373.4 K 
(curves 1 to 3 in Figure 1). The curve 4 in 
Figure 1 demonstrates the Einstein�s CV(T) 
dependence for NM in the form of ideal gas 
taken from the manual [3].  

In all cases the specific heats increase 
quickly with temperature in such a way that 
the lowest CV at T0 = 244.2 K converts into 
the highest one, at 300<T<500 K. At ~500 K, 
the curves originated at different initial 
temperatures intersect each other, and the 
overall situation is changed. At T>500 K the 
highest becomes the specific heat of NM 
taken at T0 = 373.4 K, whereas the specific 
heat of NM, at T0=244.2 K, is the lowest. 
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Fig. 1. Specific heat versus temperature in 
the shock compressed nitromethane, Lysne 
and Hardesty [1] calculations. Initial 
temperatures are: 244.2 (1), 298.2 (2), 373.4 
K(3). Curve 4 is the specific heat of NM in 
the form of ideal gas [3]. 

One may note that the initial point of the 
curve 3 in Fig.1 is slightly displaced to the 
right side from its initial position, 373.4 K. 
Our calculations (see below) show that the 
initial part of the curve represented in Fig.1 
by the dashed line demonstrates a minimum 
located at the very beginning of the 
compression.  

The main problems following from Fig.1, 
the quick rise of CV up to the intersection 
point and the different paths of the CV(T) 
curves after the point, may give rise to a 
doubt. It would seem to be more natural result 

if the curves 1, 2 and 3 in Figure 1 would 
coincide after the intersection point and move 
together to the Einstein�s curve 4. One might 
suggest that this problem is connected with 
dependence of the CV on specific volume but 
can not exclude also that, at least partly, it is a 
result of the integration procedure based in [1] 
on specific volume as the main independent 
variable. 

The well-known specificity of this 
approach is connected with the fact that the 
thermodynamic parameters (p, V, E, S) are the 
strong functions of V. Correspondingly, in the 
course of the procedure progressive decrease 
of the step of integration in V was required. 
The main function to be defined, CV, should 
be calculated along the stripe of several 
Hugoniots with the initial temperature spacing 
taken as small as 0.007 K. The values both 
internal energy and temperature were 
computed at a given V, the polynomial fit of 
E(T) was formed and the new CV number was 
calculated as ( )VV TEC ∂∂= /  by 
differentiation of the polynomial function. 
This laborious procedure according to the 
concept of the authors was destined to provide 
the investigation process with necessary level 
of exactness but, of course, complicated it. 

The second, more pronounced specificity 
of the calculations consisted in that the s, b, G 
constants presented in [1] do not satisfy, 
generally speaking, any reasonable initial 
condition for the U(u) function. The slope of 
the U vs u curve within the framework of this 
approach is:  

( )
G

sGb
du
dU +=








0
   (1, a) 

At T0 = 373.4 K, the value of G is a 
negative number, G = 1000 � 2.7 T0 = - 8.18 
m/s. The derivative (dU/du)0, 
correspondingly, is also negative,  
(dU/du)0 = -52.13. It does mean that velocity 
of the shock wave, U, would decrease 
strongly at enhancement of partial velocity, u, 
during the initial stages of compression, what 
eventually is rather offensive situation. 
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The third problem arisen at the analysis of 
work [1] data consists in the surprising form 
of �Grueneisen parameter� Γ(V), 

( ) VV CTpV // ∂∂=Γ  (see below, Fig. 5). The 
Γ number quickly rises when V decrease, then 
passes through a maximum ranged in the 
limits of 0.8 to 1.3, at different initial 
temperatures, and begins to rise again instead 
of approaching to the theoretical value of 2/3 
at a high temperature and pressure. 

One should say that the work [1] without 
any doubt presents the uncommon 
phenomenon in the row of works devoted to 
thermodynamics of shock compressed organic 
substances. Quite naturally, it has given birth 
also a row of problems that would be of 
interest to consider. Nevertheless, during the 
three decades after publication of the paper 
[1] no noticeable development of this 
direction of thermodynamics of shock 
compressed media was noted, perhaps with 
only exclusion, the student�s manual [4], 
where the Grueneisen parameter was 
proposed to define in terms of the work [1] 
approach, whereas the theory as a whole was 
considered excessively complex to be 
assimilated by the students. The reasons of 
the situation are at least inapprehensible, and 
the aim of this presentation consists 
particularly in correction of the state-of-the-
art in this field. Hereby one would say also 
that this paper is called to restore, in some 
sense, the historical justice in this field. 

The main objective of this work consists 
in transition, at integration, to more attainable 
independent variable than the specific volume 
is, in elimination of the inconsistency in the 
initial U vs u and behavior in verification of 
Γ(V) dependence. The particle velocity in the 
shock wave is chosen the new independent 
variable to satisfy the first requirement, and 
the detailed analysis of the initial part of U(u) 
function was undertaken to correlate the 
results with the second one. Some additive 
data concerning the ways of the equations 

deduction and the calculation results 
description are given in our works [2] and [6]. 
 

2. THE SYSTEM OF EQUATIONS 
Considering the system of differential 

equations below, one should take into account 
that following Lysne and Hardesty approach 
the initial values of the thermodynamic 
parameters, denoted further with subscript 
zero, say, T0 or V0, are independent variables 
possessing equal rights with the usual p, V, T, 
etc. numbers. Derivatives taken at (T0, V0, 
etc.) = Const. are written as the partial 
derivatives. About the same must be said 
about the hydrodynamic variables, u and U. 
They also are employed as the numbers 
enjoying equal rights with the common 
thermodynamic functions of state. Only 
derivatives at p0 = Const. which is the only 
invariable parameter in this work are given as 
the full derivatives.  

The shock adiabat in its general form is: 
( )000 ,,, VCTuUU = ,   (2) 

The conservation equations are: 
( )VuUUV −=0 ;  00 V/uUpp += ; 

( )( ) 2000 /VVppEE −++=  (3) 
The general thermodynamic relation is 

used in its �inert� form: 
pdVdETdS += .   (4) 

Grueneisen parameter and sound speed 
can be calculated with no integration: 
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and 
( ) ( ) ( )[ ]2/12 −Γ−−−= σσ uuUuUC , (6) 

where the constants τ and σ are: 

( )
( )V

V

VV

V

uUuU
uU

u

V
u

U
V

V
p

U
V

V
p

pp
VV

∂∂−
−∂∂

+

=−







∂
∂=








∂
∂

=







∂
∂

−
−

=

/
1/

21

12
0

0

0
2

2
0

00

0τ

 (7) 



 

 324

( )
( )

0

0

0

00

/
/

12 0

2

2
0

0

0

V

V

V

VV

uUuU
uUuU

V
u

U
V

V
p

U
V

V
p

pp
VV

∂∂−
∂∂+

=−







∂
∂−=

=







∂
∂−=








∂
∂

−
−

−=σ
 

     (8) 
The derivatives in eqs. (7) and (8) must be 

determined from the equation of the shock 
adiabat and the conservation equations (3).  

The shock temperature and entropy are 
evaluated integrating eqs. (9) and (10): 
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and 
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     (10) 
The specific heat, at a constant volume, 

CV, is calculated using eq. (11): 
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The value of ∆T at a constant particle 
velocity, u, is defined using eqs. (9) and (12): 

( )



















∂
∂+τ−

Γ
−τα=








∂
∂

0
2

10

0 VV
P

u u
T

C
uUU

T
T  

     (12) 
The common thermodynamic parameter 

αp = (∂V/∂T)p/V can be found independently: 
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The similar thermodynamic constant, βT, 
at a given T, is defined per se: 
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The specific heat, at a constant pressure, 
CP, is: 
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VV
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At last, the isentropic exponent, γS, at a 
found sound speed, C, is determined: 
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  (16) 

To verify the level of preciseness of the 
calculations two thermodynamic identities are 
employed, eqs. (17) and (17, a): 

1=
Γ VT

P

C
V

β
α

    (17) 

and 

12 =
Γ

C
C

P

P

α
    (17, a) 

In equations (1) to (17) the variables are: 
p is the pressure, 
V is the specific volume, 
E is the specific internal energy, 
S is the specific entropy, 
CV is the specific heat at a constant 
volume, 
CP is the specific heat, at a constant 
pressure, 
U is the wave velocity, 
u is the partial velocity, 
Γ is the Grueneisen parameter, 
T is the temperature of a shock 
compressed substance, 
αP is the thermal expansion coefficient, 
βT is the coefficient of isothermal 
compression, 
γS is the isentropic exponent. 
It is obvious from (6) and (7) that τ and σ 

apart are equal to one, at u=0. 
Correspondingly, one can conclude that the 
derivatives ( )VuU ∂∂ /  and ( )

0
/ VuU ∂∂  

leastwise do not tend to infinity at u→0. The 
last one, ( )

0
/ VuU ∂∂ , is especially important 

because it determines the slope of U to the u 
axis in U vs u plane, at u→0, and 
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correspondingly may pre-determine, in some 
sense, the choice of the shock adiabat 
equation constants. 

 
3. THE INITIAL dU/du  
Dependence of sound speed on density in 

organic substances is regulated basically by 
the well-known Rao Rule:  

r
dV
dC

C
V

−=
0

0

0

0     (18) 

where r ≈ 3 is the Rao Number, that is 
satisfied rather well for different organic 
substances at usual pressure and temperature 
[5]. In our work [6] it was demonstrated that 
in the first approximation eq.(18) may lead to 
the simple relation: 

r
du
dU ≈








0

    (19) 

It is hard to suppose that the true (dU/du)0 
value would differ essentially from the result 
of eq. (19). The attempt to make this more 
precise was undertaken in [2]. Here, it is 
proposed to analyze this problem once more, 
by two different methods. 

 
Fig. 2. Schematic for elucidation of eqs. 
(20) to (22). 

Let us consider Figure 2. In this Figure a 
pair of adiabats are depicted in U vs V and u 
vs V coordinates, at different but closely 
spaced specific volumes V0 and V0+dV0 
corresponding to the initial temperatures, T0 

and T0+dT0. From the lower picture in Figure 
2, one has:  
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From the upper picture, one may conclude 
that: 
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Dividing eq. (21) on eq. (20) the unknown 
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The value of dC0/dV0 follows from (18). 

The derivatives 
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expected to be found from the series of 
equations (6): 
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Combining eqs. (21)-(24) and employing 
the Lopitale Rule the desired derivative is: 
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The same equation (25) can be deduced 

with purely thermodynamic method. 
It is well-known that, at u→0, shock 

velocity U reduces to the sound speed C0, and 
( ) ( )VV VpVp 0//

0
∂∂−=∂∂ . 

At u→0, thermodynamic relation: 
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thus reduces to: 

VP

VPV

V
U

V
C

V
C

V
C

V
C









∂
∂−








∂
∂=

=







∂
∂−








∂
∂=








∂
∂

0

00  (26) 

Differentiating the conservation equation 
(3), V0(U � u) = VU, yelds: 
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Unknown derivative (dU/du)0 near u→0 

is: 
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Employing eq. (8) gives: 
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Inserting eq. (29) and eqs. (26) and (27) in 
eq. (28) yelds: 
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Using, at p→p0, eq. (18) yelds: 
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At U = C0, u = 0, equation (25) is derived 
again from eq. (31). 

One may conclude comparing eqs. (25) 
and (19), that the last term in eq. (25) should 
be ranged in the limits of �1 to maximum 1. 
In fact, our calculations show that it is close 
to zero varying in the limits of �0.3 to +0.3. 
Accordingly, the derivative (dU/du)0 for 
organic substances is close to r + 1 ≈ 4, at the 
very beginning of the shock compression.  

 
 

4. METHOD OF CALCULATION 
The integration procedure seems to be 

very simple. To determine unknown 14 
�functions of state� (U, u, p, V, E, T, S, CV, 
CP, Г, C,αp, βT, γS) or, more exactly, 13 
parameters apart as a function of any other 
parameter and two intermediate numbers, ∆T 
and ∆u, one has 15 equations: (2), three eqs. 
(3), (5), (6), (9), (10), and (11) to (16), and the 
initial values of the parameters, at p=p0. 
Initial data are connected to each other by 
means of three relations referring to 
dependence of V0, C0, and CV

0 (or CP
0) on 

initial temperature, T0. 
Integration is implemented in T vs u 

coordinates where two closely spaced T(u) 
Hugoniots are considered. The initial spacing 
between the Hugoniots is 0.05 to 0.3 K. The 
first step is determination of (∆u)V0 from 
eq.(9) at given dT0, Г0, T0, U0=C0, σ0, and 
CV

0. Evaluated for the lower Hugoniot the 
number of ∆u is exactly the same also for the 
upper Hugoniot. Then, using eq.(11) CV is 
calculated after estimation of the variety of 
necessary parameters. Eq.(11) allows to 
define CV on both Hugoniots at a given ∆T 
and ∆u. Correspondingly, two these data are 
averaged, and the mean value is used to 
calculate (∆T)u. The sonic velocity, C, and 
entropy, S, are calculated by means of eqs.(6) 
and (10), independently, whereas Grueneisen 
parameter, Г, eq.(5), is defined among the 
firsts and used further in many of the 
subsequent calculations. The computer code 
was written in C++ with the help of the 
technician V.Yu. Polikarpov. 
 

5. ADDITIVE PARAMETERS  
NECESSARY FOR CALCULATION 
To perform the calculations the data of τ 

and σ are needed, specific for every sort of the 
shock adiabat equation. For the Lysne and 
Hardesty adiabat, eq. (1), they are: 
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In the case of G vs T0 dependence 
accepted in the work [1], G = 1000 � 2.7 T0 
m/s, the parameter L is: 

)C/(7.2L 0
0
Pα=    (34) 

If eq. (25) were true the G number would 
be: 

s)du/dU(
bsG

0 −
=    (35) 

At a linear dependence of ρ0(T0) and 
C0(T0), it is: 

bsC
)1r(rGL

0

2 −=    (36) 

 
6. VERIFICATION OF THE  

COMPUTER CODE 
Nitromethane (NM) is considered as a tool 

for verification of the method developed. 
Initial basic parameters of NM are taken 

from [3]: 
Melting point of NM is 244.60-244.73 K. 

Boiling point, at atmospheric pressure, is 
374.34 K. Entropy of fusion ∆Hm

0 = 9.70 
kJ/mol, enthalpy of evaporation at Tb

0 ∆HV
0 = 

33.97 kJ/mol. Trouton number is Tr = 
∆HV

0/(R Tb
0) = 10.91. Entropy of the gaseous 

NM S298
0(g) = 275.0 J/(mol K) = 4.505 kJ/(kg 

K). Enthalpy of formation ∆Hf
0
298(l) = -113.1 

kJ/mol. 

In the work [1] boiling point of NM was 
taken 373.4 K, melting point 244.2 K. The 
succeeding calculations are implemented at 
initial temperatures as those selected in [1]: 
244.2, 298.2 and 373.4 K. 

Temperature dependencies of density and 
sonic velocity of liquid NM, at p=p0, were 
measured in [1]:  
ρ0 = 1/V0 = 1.539 � 1.400 T0, kg/m3  
(255<T0<365 K)   (37) 
C0 = 2.585 - 4.280 T0, m/s  
(245<T0<353 K)   (38) 

Specific heat at p=p0=Const is given in 
[1] using experimental data by Jones and 
Giague quoted in [3]: 
CP

0=1.530 + 0.617T0, J/(kg K) (39) 
Once the formula G = 1000 � 2.7 T0 m/s is 

chosen, at s = 1.68 and b = 262 m/s as in the 
work [1], the results of calculation of T(p), 
Γ(V), S(V), E(V) curves eventually coincide 
with the corresponding pictures in the work 
[1]. The curves CV(T), on the contrary, reveal 
some difference, Fig. 3. 

 
Fig.3. Specific heat versus temperature at 
shock compression of NM. Dashed lines are 
taken from [1] (See Fig.1), solid lines are 
the results of our calculations.  
Eq. (1) is used with the constants: s = 1.68, 
b = 262 m/s, G = 1000 – 2.7 T0, m/s. The 
curves of both types  are originated at T0: 
244.2(1), 298.2(2), 373.4 K (3). The line 4 is 
CV(T) for NM in the form of ideal gas [3]. 

At a temperature up to about 600 K (T0 = 
373.4 K), our CV(V) curve (the solid line 3 in 
Fig. 3) reproduces almost exactly the 
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corresponding line of the work [1] (the dashed 
line 3 in Fig. 3). At T>600 K the solid line 
tends to the constant value, 1840 J/(kg K), 
whereas the dashed line prolongs to increase 
up to about 2000 J/(kg K). The main point 
consists however in that all of the dashed 
lines continue to rise separately up to the very 
end of the temperature interval accepted in [1] 
whereas the solid lines are coupling together 
and, at CV = 1840 J/(kg K), move to the line 4 
representing the theoretical curve for NM 
taken in the form of the ideal gas [3]. They 
have to meet the line 4 at about 1100 K. The 
temperature 1100 K relates to the particle 
velocity u ≈ 1900 m/s. No experimental points 
above this value of particle velocity are 
available. 

The picture is about the same when eq. 
(35) is applied and s = 1.48, b = 800 m/s are 
found to fit the overall set of the U(u) 
experimental data (Fig. 4). 

 
Fig. 4. Specific heat, CV, versus 
temperature at shock compression of NM. 
Dashed lines are data of [1] (see, Figs. 1 
and 3), solid lines are results of our 
calculation, at s = 1.48, b = 800 m/s, G is 
calculated using eq. (35). Numeration of 
the curves corresponds to Fig. 3. 

One may note that S(V), E(V), CV(T), T(p) 
data depend weakly on the parameters s and 
b, of course, if these parameters are selected 
in such a way that eq. (1) conforms to the 
U(u) experimental points. 

Fig. 5 illustrates influence of the s, b, G 
parameters on Γ(V) function. 

The dashed lines in Fig. 5 are calculated in 
[1], the solid lines are calculated, at s = 1.48, 
b = 800 m/s, G on eq.(35). In all cases the 
Г(V) curves have a maximum at a weak 
compression and decrease to the left of the 
maximum as the level of compression 
enhances. It should be noted that the lower 
limit of Г, at a high compression (very small 
V numbers), theoretically is 2/3. It is 
approximately the point that could be reached 
if the tangent straight lines from the 
corresponding inflection points of the solid 
curves would be drown, at s = 1.48, b = 800 
m/s. In fact, the point of intersection of the 
straight lines corresponds to Г = 0.53 (at V = 
0.43 cm3/g) still close to the theoretical limit 
of Г = 2/3. 

Parameters of N and N1 (eqs. (17) and 
(17a)) were also calculated and appeared to be 
close to 1 with an error ranged in the limits of 
0.001-0.003. 

0.4 0.5 0.6 0.7 0.8 0.9 1.0
0.4

0.6

0.8

1.0
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1.6

1.8

2.0

Γ

V, cm3/g  
Fig. 5. Grueneisen parameter versus 
specific volume of shock compressed NM. 
Dashed lines are taken from [1], solid lines 
are results of our calculations. Initial 
temperatures for every three pairs of the 
lines, from up to down, are 244.2, 298.2 and 
373.4 K. The solid straight lines are drown 
tangent to the solid curves through the 
inflection point of every curve. 

 
In conclusion, the αP(CV) is shown in 

Figure 6. 
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Fig. 6. ααααP vs V, at s = 1.48, b = 800 m/s, G 
on eq. (35). 

 
CONCLUSION 
One may note that the Lysne and Hardesty 

[1] approach as a whole is characterized with 
very deep penetration into the essence of 
thermodynamics of the shock compression. 
The main functions of state of the compressed 
substance (T, E, S) are evaluated with the high 
level of preciseness in spite of the wrong 
initial, (dU/du)0, condition in the shock 
adiabat of the work [1]. Our calculations 
show that they are preserved in a broad 
interval of the constants, s, b, G, of eq. (1) 
variation. The overall form of Γ(V) function 
disclosed in [1] is also retained, in our 
computations, but it is a little bit more flexible 
than some of the others, and, at the reasonable 
selection of the eq. (1) constants, its 
extrapolation implies the physically grounded 
value of Γ(V)p→∞. The general form of CV(T) 
function slightly changes depending on the 
way of computation and the constants of the 
shock adiabat selected, but in correspondence 
with the Grueneisen parameter change the 
functions of S(V) and T(p) remain almost 
irrevocable. The CP, αP and βT parameters as 
well as the sound speed, C, and isentropic 
exponent, γS, also can be easily evaluated 
using our approach. They are found to be in 
good accordance with the basic 
thermodynamic identities. 
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1. INTRODUCTION 
 

The first systematic investigation of an 
energetic material behavior under influence of 
CO2-laser radiation was carried out in 
Princeton, N.J., USA, in the end of 60s. That 
time one of the authors of this paper (BNK) 
was fortunate to get with the three-month 
scientific visit to the Solid Propellant Group, 
Guggenheim Laboratories of Princeton 
University, headed by Prof. Martin 
Summerfield. Just before this, on the will of 
fate, Dr. Thomas Ohlemiller finished to 
construct in the Laboratory an installation 
including a the powerful 100W-continuous 
wave CO2-laser, a kaleidoscope to reduce 
heterogeneity of the flux across the laser beam, 
a set of shutters to define irradiation time, and 
a constant pressure bomb equipped with 
Germanium window transparent in the region 
near 10.6 µm, the wavelength characteristic 
for the ray emitted by the CO2-laser. The 
papers [1,2] were published as a result of this 
work. The investigation was later essentially 
extended by the other author of this paper 
(LdL) [3-6]. As a main subject of the study,  
N-5 double-base propellant was chosen in 
[1,2], and a variety of double base and 
composite formulations, including also N-5, 

were investigated in [3-6]. Further 
development of findings of our early works 
was implemented lately in [7-10]. 

 
Several conclusions were drawn as a result 

of the investigations carried out during the stay 
of the authors at Princeton University. 

 
(1) Under high pressures and moderate 

radiant fluxes the classic ignition behavior of 
the propellants is observed. The line of 
ignition time, eventually coinciding with a 
locus of the first traces of gasification, in ti vs 
q plane, is: 
 

( )
2

0

4q
TTc

t S
i

−
=

ρπλ
,   (1) 

 
or, in log ti vs log q plane: 
 
log ti = A � n log q    (2) 
 
where n ≤ 2. 
 

Precisely, at p = 2 MPa, and the fluxes 
ranged in the limits of 0.2 to 2 MW/m2 the 
ignition line, eq. (2) for the N-5 propellant has 
the constants: A = 1.55±0.02 and n = 
1.67±0.03 (ti in s, q in MW/m2). 
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At lower pressures and/or higher fluxes, 
some definite distinctions are observed (Fig. 1) 
between the classic gasification line and the 
locus of points corresponding to onset of 
steady-state burning of a propellant (so called, 
go-no-go line). On the one hand, at a lower 
pressure the onset of gasification (line (1) in 
Figure 1) slightly delayed in contrast to the 
gasification line at a high pressure (line (2)), 
whereas the slope of the lines to the axis is 
retained. For instance, at p = 0.3 MPa, the 
constant A = -1.41 and the constant B = -1.65 
(in the same units) were found for the straight 
line (1). 

 
On the other hand, when the flux has 

reached some critical value, q*, the points 
related to ignitions (the solid circles in Figure 
1) are disclosed to recede from the straight line 
(1), forming a curve (3) that further separates 
the experimental points. Besides the solid 
circles (ignitions), open triangles appear in the 
space between lines (1) and (3). 

0.1 1

0.01

0.1

1

3

2 1

t, 
s

q, MW/m2

 
Fig.1. Gasification and delayed ignition 

lines at irradiation of N-5 propellant. 
1 is gasification line at 0.3 MPa,  
2 is gasification/ignition line at 2 MPa,  
3 is line of delayed ignitions at 0.3 MPa. 

 
These triangles located above the 

gasification line (1) are so-called gasification 
points. Quick reaction of burning type begins 
after the trajectory of irradiation time, at a 
given q, crosses the line (1) in Figure 1 and 
enters into the area bounded by lines (1) and 
(3). Under the line (3) only gasification points 

are located. Over the line (3), in space close to 
the line, ignition and gasification points are 
mixed together. At last, in area much above 
the line (3), only ignitions are observed. The 
line (3) represents the locus of delayed 
ignitions of the propellant in this operating 
environment. It was noted that ignition of the 
propellant under low pressure and a high flux 
is connected with formation of a layer of 
carbonaceous particles and threads on 
irradiated surface. In fact, the first ignition 
points over the area of pure gasification satisfy 
to condition of inflammation and only 
occasional removing of the carbonaceous 
particles layer by the flow of gas ejected from 
the burning surface may result in the random 
extinction of a sample in the virtual area of 
ignition. 

 
(2) Double-base propellant M-9 and some 

of the others studied in [3-6] demonstrate in a 
broad region of pressures and fluxes still more 
complex behavior. The region of delayed 
ignitions is set apart of the gasification line 
with an area where the common ignitions are 
observed. Extinction, at higher fluxes, happens 
in the area over and to the right of the stripe of 
the common ignitions located along the 
gasification line. The stripe is confined 
between the gasification line and the extinction 
line, whereas the go-no-go line of delayed 
ignitions forms the acute angle with the 
extinction line and does not touch on the 
gasification one.  

 
(3) In space between the lines 1 and 3 in 

Fig. 1, the process of gasification of the N-5 
propellant was investigated. The rate of the 
process depends by the rather unusual way on 
the heat flux (Fig. 2). At the fluxes q≤ 0.5 
MW/m2 it is the straight line with a big slope 
to the horizontal axis:  
 
u = 0.69 + 2.40 q (u in mm/s, q in MW/m2) 
     (3) 
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whereas at higher fluxes, up to 4 MW/m2, a set 
of the straight lines, all of them of a much less 
slope, is observed. The slope of the lines 
depends on irradiation time, tir. 

At tir = 0.57 (line 2), 
 u = 1.43 + 0.68 q,    (4) 
 
and at tir = 0.18s (line 3),  
 u = 1.43 + 0.79 q.   (5) 
 

The fourth line in Fig. 2 is an extrapolation 
on ti = 0 the lines 2 and 3 (see below, section 
2.2). It is:  

 
u = 1.43 + 0.87 q    (6) 

 
Difference between the lines 2, 3 and 4 in 

Fig. 2 was attributed in [1,2] to the process of 
absorption of the external heat radiation by the 
layer of condensed products retained on the 
propellant surface, and dispersed in the gas 
flow. 
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Fig. 2. Influence of gasification time on 

burning rate of N5 propellant after the 
break point of u(q) dependence (0.1 MPa.). 
Irradiation time: 2 0.57 s; 3 0.18 s; 
4  0 (extrapolation). Line 1 is the first part 
of the u(q) dependence where influence of tir 
was not noted. 

 
These conclusions as well as the simple 

theoretical considerations developed in our 

works [1] and [2] were actually ignored in 
many of the following investigations. The 
main objective of this presentation consists in 
further development of the ideas of our early 
publications and elaboration data of our own 
and published in the literature in terms of the 
theory manifested in our previous papers and 
developed further in this work. 

 
2. THEORY 

 
2.1. The heat balance equation 

 
Treatment of the results presented in Fig.2 

was originally carried out in [1,2] using the 
simple relation:  

 
( )[ ] qqQTTcm gss +=−− 0   (7) 

where  m is the mass burning 
(gasification) rate, m = uρ; 

u is the linear burning (gasification) rate; 
ρ is the initial density of the burning 

substance; 
c is the mean specific heat in the 

temperature interval between T0 and Ts; 
Ts is the surface temperature; 
T0 is the initial temperature; 
Qs is the heat evolved/absorbed as a result 

of physico-chemical transformations in 
condensed phase, per unit of mass; 

qg is the heat feedback to condensed phase 
due to gas phase reactions, qg=-λg (dT/dx)s; 

λg is the heat conductivity of gas phase near 
the gas/liquid interface; 

(dT/dx)s is the temperature gradient in gas 
phase at the burning surface; 

q is the radiant flux.  
 
Eqn. (7) eventually is an abridged form of 

the heat conservation equation: 
 

( ) rgems QQQQQTTc +=−−−−− )1(0 ηη  (8) 
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where  Qm is the sum of the latent heat of 
fusion and enthalpies of polymorph 
transformations of the burning substance; 

Qe is the specific latent heat of vaporization 
of the burning substance; 

Q is the enthalpy of chemical reactions in 
condensed phase (taken with the inverse sign); 

η is the depth of reaction  in condensed 
phase, i.e. mass fraction of the burning 
substance that underwent chemical 
transformation in the reaction layer of the 
condensed phase; 

Qg=qg/m; 
Qr=q/m. 
 
In all cases the heats Qi are enthalpies of 

the corresponding physico-chemical processes 
taken, as usual, with the inverse sign (say, 
enthalpy of vaporization, ∆Hvap>0, whereas 
Qe=-∆Hvap<0, etc.), corresponding to positive 
or negative contribution of the process into the 
heat balance of the burning wave. 

 
Comparing eqs. (7) and (8) the value of Qs 

is: 
 

mes QQQQ +−+= )1( ηη   (9) 
 
Transforming eq.(7) yields: 

( ) ( ) SSSS

g

QTTс
q

QTTс
q

u
−−

+
−−

=
00

ρ  (10) 

 
It follows, respectively, from eqs. (7) and 

(10) that: 
 

b
aqg = , and ( )

b
TTcQ SS ρ

1
0 −−=  (11) 

 
The gases and smoke generated by the 

reaction layer interact in the gas phase over the 
surface and a part of the heat that evolved has 
returned to the surface forming heat feed-back. 
The corresponding heat flux, qg, is one of the 
great mysteries of burning theory. In spite of a 
lot of works devoted to measurement or 

calculation of the qg value a chemical reaction 
generating qg is badly understood. Suffice it to 
say that the main characteristic of the process, 
activation energy, E, in the variety of works 
considering the problem, is ranged in the 
�limits� from zero to infinity. Thus, the 
possibility to assess the qg from u(q) 
dependence is one of the main advantages of 
the simple theory then proposed. 

 
The change of the slope and intersect of the 

u(q) line at rising fluxes is referred to 
corresponding change of burning mechanism, 
particularly, sharp decrease of heat evolved in 
the condensed phase, Q and, correspondingly, 
QS. At the same time, this results in the strong 
increase of heat generated in gas phase, near 
the interface, and correspondingly, qg. As Q 
and QS reduce, the qg strongly enhances. 
Particularly, from eq. (3) one has qg = 
0.69/2.40 = 0.29 Mw/m2, for the first part of 
u(q) dependence (line 1 in Fig. 2), and qg = 
1.43/0.87 = 1.64 Mw/m2, for the second part 
(line 4 in Fig. 2). 

 
It would be relevant to mention that the 

sharp transition from one part of the piece-
wise function to the other at a small change of 
the radiant flux could be ascribed to 
development of a new form of burning 
instability, investigation of which may also 
provide useful data concerning the burning 
mechanisms. 
 
2.2. Influence of light absorption on burning 
rate 
 

Now let us return to the effects connected 
with the layer of condensed products near the 
interface. The first effect to be explained 
relates directly to the burning/gasification rate 
problem. 

 
When the burning of the propellant is 

accompanied by the formation of products, 
that possess a noticeable absorptivity of light 
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emitted by the laser, α1, the Buger�s Law can 
be applied: 

 
xeqq 1

0
α−=     (12) 

 
where x defined approximately by udtdx =  is 
the effective thickness of the light absorbing 
layer, q0 is the incident flux, q is the flux 
acting on the irradiated sample.  

 
Bearing in mind the linear dependence of 

gasification rate vs heat flux corresponding in 
Figure 2 to the line 4, eq. (6): 

 
u = dx/dt = a + bq   (13) 

 
the dependencies of q(q0,t) and u(q0,t) can be 
derived. Eqs. (12) and (13) give: 

dt
)bqa(q

dq
1α−=

+
   (14) 

 
Solution of eq. (14), with q=q0,  at t=0, 

yields: 
 

at
bqa
bqa

q
q

1
0

0ln α=
+
+    (15) 

or 

( ) beq/ab
aq at −+

= α1
0

  (16) 

 
Denoting a+bq0=u0, at q=(u-a)/b, yelds: 

1
1 1

0

0
−







 α−−= ate
u
bq

au   (17) 

The average burning rate  txu /=   is that 
commonly measured in experiments. Thus, 
from eqs. (12) and (13): 

( )



 −++== − ate

a
bqat

q
qx 111ln1ln1 0

1

0

1

α

αα
 

     (18) 
and 

( )



 −+

α
+= α− ate

a
bqln

t
au 1111 0

1

 (19) 

 

Usually the second term in brackets is much 
less than one, then: 

 

( )ate
at

bqau 11
1

0 α

α
−−+=   (20) 

or 

0
qau β+=     (21) 

where 

)1( 1

1

ate
at

b α
α

β −−=    (22) 

 
indicating that the average burning rate 
decreases when t augments in accordance with 
the data presented in Fig. 2, where a=1.43 
mm/s and α1a ≈ 1.2 s-1, at prolonged 
gasification. It had been demonstrated in [8] 
that u(t) dependence in one run has a form of 
the curve defined by eqs. (21), (22). 

 
2.3. Delayed ignitions 

 
On the other side, the system of equations 

(12-16) allows to explain the delayed ignitions 
observed at moderate pressures and high 
fluxes. In the first approximation the ignition 
happens when the external flux achieving the 
surface of the specimen after absorption of a 
part of the flux by the products of gasification 
is expected to be close to the value of q*, 
critical for ignition with no complicating 
phenomena. 

 
The Buger�s Law, eq. (12), takes a form: 

 
*1

0*
xeqq α−=      (23) 

 
where q0 again is the flux transmitted through 
a window of the bomb and x* is the effective 
thickness of the layer of the products when the 
flux approaches q*. Denoting q0 = q eq.(15) 
yelds: 

 

( )gate
a
b

qq
1111

1

1

*

α

α
α −−−=   (24) 
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and 









+++= q

u
b

u
aatqq

*1

1

*1

1
1* logloglog

α
α

α
αα  

     (25) 
 
where ( ) *1*11 / qaub ααα −= . 
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Fig.3 Results of the mathematical 

treatment of N5 propellant irradiation data 
at 0.3 MPa. Solid circles are ignitions, 
triangles are gasifications, open points – no 
reaction. (a) 1/q(tg) corresponding to eq. 
(24); (b) q(tg) corresponding to eq. (25) 

 
The experimental data tg vs q allow to 

assess statistically all of the variables of eqs. 
(24) and (25), α1u*, α1a and q*. Application of 
eq. (24) implies α1u* estimation from the 

tangent of the line 1/q (tg), since u
dt

qd

g
1

ln α= , 

q
u

dt
qd

g

1)1( α
−= , and u = u*, at q = q*. The 

other two values are assessed also from the 
graph in 1/q-tg coordinates eq. (24). The value 
of q* follows directly from the intersect, and 
α1a from the condition (26), at 1/q = 0: 

 

















−−=

∗=
u
a

t
a

qg 1

1

0/1

1 1ln1
α
αα  (26) 

Figure 3 shows the results of the procedure 
application for irradiation of N-5 propellant at 
0.3 MPa. Here q* = 0.49 MW/m2, α1a = 2.75 s-

1, α1u* = 6.5 s-1 m2/MJ.  
 
It is necessary to note that the numbers α1a 

and α1b that evaluated tolerate to asses qg = 
a/b (see below, Table 2). 

 
2.4. The Fourier equation 

 
A more sophisticated analysis can be 

implemented on the base of solution of the 
Fourier equation considering the fluxes q and 
qg as constant numbers, in every particular run. 
The similar solutions of the equation are 
comprised in many works [11,12,13,10]. A 
critical analysis of the solutions is given in 
Thesis [10] and is supposed to be published 
elsewhere. The approach of the work [13] 
developed recently in [7,10] is used here. 

 
A model of the process is based on the 

solution of Fourier equation in Lagrangian 
coordinates bound to the interface. Introducing 
the dimensionless spatial coordinate ξ=x/δ, the 
Fourier equation is:  
 

0''' 2
10 =++− ξθθ aeaa   (27) 
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where θ=T(x)-T0 is the temperature difference 
with respect to the initial temperature; 

θ′=dT/dξ and θ′′=d2T/dξ2; 
a0=Φδ2/λ; 
a1=αqδ2/λ; 
a2=αδ; 
κ is the thermal diffusivity of condensed 

phase; 
Φ=Qρk(Ts) is the velocity of heat 

evolution/absorption in condensed phase per 
unit volume, with k(Ts) indicating the reaction 
rate constant: k = ze-E/RTs; 

α is the absorptivity coefficient of the 
substance; 

δ = κ/u is the conductive thermal layer 
thickness. 

 
The boundary conditions are formulated 

comprising temperatures and heats of phase 
transformations and chemical reactions inside 
the interval -∝ <ξ<0 in such a way that the 
conservation equation (8) is satisfied at ξ=0. 

 
As usual, the half-infinite space of 

condensed phase is divided into two 
essentially unequal parts. The first one, at -
∞<ξ<ξ1, is the preheated zone in the 
condensed phase where heat evolution or 
absorption at the expense of chemical 
reactions, is neglected. Only the enthalpies of 
phase transformations in condensed phase are 
considered. The second one, located at 
ξ1<ξ<0, is the reaction zone where the 
reaction heat is generated or absorbed with a 
constant speed Φ. 

 
In zone 1: 1ξξ <<∞−  00 =a   
In zone 2: 01 <≤ξξ  consta =0 , 
and ηQ = -Фξ1δ/m   (28) 
 
The partial solution related to the reaction 

zone, expressed in terms of temperature 
interval across the zone, ∆T, is:  
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 (29) 

This particular result is of special interest. 
Predicting a value of ∆T on the base of an 
accepted chemical kinetic model one may 
determine the thickness of the reaction zone, x1 
= ξ1δ. Then, employing the heat conservation 
equation (8) k, Φ, QS, a, b and the temperature 
sensitivity coefficient σP = cρb can be 
determined from eqs. (28), (29).  

 
One may say that in general a and b are 

functions of q and to determine qg and Qs the 
values of du/dq, da/dq, db/dq should be 
calculated from experimental results. This in 
fact is a rather complex procedure because the 
derivatives of the variables on q, included in a 
and b, are usually not known. When, however, 
the function u = u(a,b,q) can be approximated 
by the straight line (13) the problem is 
drastically simplified, since a, b, and qg=a/b 
are constants, and Qs and Ts are connected to 
each other with the simple relation (11). 
 
3. ANALYSIS OF EXPERIMENTAL 
DATA 
 
3.1 Double-base propellants 
 

The results of the computing burning wave 
data within the framework of solution of 
Fourier equation for N-5 propellant (section 
2.4) have shown that surface temperature, at 
higher fluxes, after the breakpoint in Figure 2 
is reached, discontinues to rise and is stopped 
at the level corresponding to the last point of 
the line (1) in Figure (2), i.e. at q = 0.49 
MW/m2 and TS ≈ 600K. Presumably the 
volatile components of N-5 propellant 
(diethylphtalate and NG in the mixture with 
NC) at high fluxes have no time for 
development of oxidation reactions in the 
narrow reaction zone. They partly decompose, 
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evaporate, and the interface temperature is 
determined basically by a boiling point of the 
mixture. Respectively, the specific heat, Q, as 
well as, the overall heat, QS, in condensed 
phase become negative numbers, at the high 
radiant fluxes. 

Quite recently, the results of our work with 
N-5 [1] acquired a quite unexpected 
corroboration in one of the papers by Son and 
Brewster [14] (Fig. 4). The solid circles and 
approximating them piecewise line are the 
results of measurements in [1]. Actually, it is 
the line 3 in Fig. 2. The open circles and 
approximated them dashed curve are taken 
from Figure 5 of paper [14]. The difference 
between the old and the new measurements on 
the face of it seems to be insuperable. But it is 
only the first impression. One may note that 
two points of [14] at q = 0, i.e. the points 
attributed to the self-supporting burning, rb, 
~1.07 and ~1.11 mm/s, are about 1.5 times 
greater than the well known linear burning rate 
of the N-5 propellant, rb = 0.69 mm/s, at 
atmospheric pressure [1]. Of course, the 
difference could be referred to some 
distinctions in compositions, or methods of 
preparation, or life times of the batches of N-5 
employed in the works [1] and [14]. 
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Fig. 4. Comparison of data [1] and [14] for 
CO2-laser irradiation of N-5 propellant. 1 is 
the result of burning rate vs heat flux 
measurements in [14], 2 and 3 are taken 
from [1]. Crosses are the open points of the 
line (1) divided by 1.48. 

An alternative proposal, however, could be 
formulated. It would consist in that 
occasionally the mass burning rates, m = rbρ, 
instead of the linear ones, were used in Fig. 5 
of paper [14]. The density of N-5 is 1.48 g/cm3 
[1], almost precisely the relation between the 
lines 1 and 2 in Fig. 4 just noted. Eventually, if 
one would divide the vertical coordinates of 
the open circles using a denominator 1.48, the 
oblique crosses would appear in Fig. 4. They 
have a slightly greater scatter than the solid 
circles have, presumably due to the specific 
instrumentation used in [14] (the data were 
derived, in fact, as a side-effect during the 
measurements in the laser-recoil operating 
technique). But the overall accordance 
between the two groups of points, the crosses 
and the solid circles, is, in fact, almost 
obvious. It would be relevant to note that 
during the discussion on the paper [14] seven 
years ago Dr. W. Waesche drew attention to 
some disparity between Fig. 5 of the paper 
[14] and the previously published data of 
Princeton University. 

 
The similar results for double-base 

propellants 1040 and 1041 are presented in 
Fig. 4. They are published by two groups of 
co-workers from Princeton University [15,16] 
based on measurements also carried out by one 
of the authors of this paper (LdL). The 
propellant 1040 contains a catalyst whereas the 
1041 does not contain it. Original graphs in 
[15,16] were drawn in form of the curves that 
can be approximated with polynomial 
functions of the second order, 

 
1040: 
 
u = 3.871 + 2.794 q � 0.394 q2  
(R = 0.991, SD = 0.127),  (30) 
 
and 1041: 
 
u = 1.953 + 2.206 q � 0.246 q2  
(R = 0.989, SD = 0.149)  (31) 
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where R is the correlation coefficient and SD is 
the square deviation. The units used in (30) 
and (31) are the same as in Fig. 2 (u in mm/s, q 
in MW/m2). 

 
Without any loss of exactness, one may 

present the curves (30) and (31) in the form of 
the piecewise functions (Fig. 5).  
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Fig. 5. Burning rate vs heat flux for 1040 
(1,2) and 1041 (3,4) double-base propellants. 
Crosses are taken from [16], open circles 
and quadrangles from [15]. 

 
In Fig. 5, in contradistinction to Fig. 4 of 

[7] where only data of [15] were used, all of 
the data of works [15] and [16] are compiled, 
and because of the data are extracted from the 
original graphs, some of the points taken from 
[16] repeat the corresponding data of [15]. 
Unfortunately, now, after about 30 years, it 
would be difficult to personalize every point in 
the graphs, so all of them are used in Fig. 5 as 
independent measurements, what obviously 
does not aggravate the exactness of the 
calculations. Accordingly, the formulae related 
to Fig. 4 in [7] are subjected to slight changes: 

 
 

1 u = 3.883 + 2.521 q R = 0.990; SD = 0.108 
2 u = 4.726 + 1.578 q R = 0.983; SD = 0.121 
3 u = 1.901 + 2.155 q R = 0.994; SD = 0.074 
4 u = 3.041 + 1.130 q R = 0.981; SD = 0.134 

 
The computational results are given in 

Table 1. After the break point, heat evolution 
in condensed phase strongly reduces, whereas 
qg, on the contrary, essentially enhances. TS at 
lower fluxes grows faster, at q augmentation, 
than it does at higher fluxes. 
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Fig. 6. Heat feedback, qg, vs pressure, p, for 
double-base propellants. 
1 propellants 1026 and 1055[18],  
2 Propellant N [21], 3 Different double-base 
propellants, Table 2, 4 Propellant N [19],  
5 Propellant N [20], 6 Propellants N [11] 
and 1041 (from u(q) data). 

 
 
Results from works on delayed ignitions [1-

5,9] collected in Table 2 taken from [16] are 
treated employing formulae (24) and (25). The 
main result of the calculations is qg number 
following from tg vs q dependencies of the 
type of Fig. 3, or delayed ignition data of  
[3-5]. 
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Table 1 
Burning wave characteristics of 1041 and 1040 double-base propellants under laser 

radiation (see Fig. 5) 
Propellant 1040   
E = 35, log10Z = 14.8 (s-1) 

Burning 
characteristics 

line 1 in Fig. 5 
qg = 1.54 MW/m2,  

Q = 1.6 MJ/kg 

line 2 in Fig. 5 
qg = 3.00 MW/m2, 

Q = 1.26 MJ/kg 
q, MW/m2 0 0.5 0.75 1.053 1.05 1.5 1.75 2 2.25 
u, mm/s 4 5.12 5.71 6.432 6.43 7.11 7.49 7.87 8.25 

Ts, K 631 639 643 647 647 651 652 654 656 
Qs, kJ/kg 0.226 0.228 0.232 0.237 0.090 0.093 0.095 0.096 0.098 

η 0.236 0.238 0.240 0.243 0.199 0.201 0.202 0.203 0.204 
x, µm 1.98 1.81 1.72 1.62 1.33 1.30 1.28 1.26 1.25 
k, s-1 476 675 798 961 961 1098 1179 1262 1348 

Propellant 1041 
E = 35 kcal/mol, log10Z = 14.3 (s-1) 

Burning 
characteristics 

line 3 in Fig. 5 
qg = 0.882 MW/m2,  

Q = 1.6 MJ/kg 

line 4 in Fig. 5 
qg = 2.69 MW/m2, 

Q = 0.64 MJ/kg 
q, MW/m2 0 0.5 0.75 1.112 1.11 1.5 2 2.5 3 
u, mm/s 2.23 2.98 3.52 4.30 4.30 4.74 5.30 5.87 6.43 

Ts, K 631 637 643 651 651 655 658 662 666 
Qs, kJ/kg 0.218 0.183 0.192 0.203 -0.070 -0.065 -0.060 -0.054 -0.050 

η 0.233 0.212 0.218 0.224 0.155 0.161 0.167 0.174 0.179 
x, µm 3.53 3.23 2.99 2.70 1.87 1.86 1.84 1.82 1.80 
k, s-1 147 197 257 356 356 412 481 563 640 

Notes: p = 14.6 atm, ρ = 1.54 g/сm3, c = 1.42 kJ/(kg·К), o
pσ  = 0.0046 K-1, λ = 0.23 W/(m K), 

Qe = - 200 kJ/kg, Qm = 0, 
 

The qg values of Table 2 are placed in graph 
qg vs p (Fig. 6). In Fig. 6 are compiled the qg 
values taken from a variety of works where the 
measurements of dT/dx have been 
implemented for double-base propellants with 
no catalysts: propellants 1026 and 1055 [18] 
and Russian propellant N [19-21]. All the qg = 
-λ(dT/dx)x=0 values are located, with some 
scatter, along the line:  

 
log10 qg = -0.348 + 0.405 log10p - 0.123 
log10p2, (qg in MW/m2, p in MPa).  

 
Our points from Table 2 and Figures 2 and 

5 are situated also along the line in Fig. 6 with 

about the same scatter as the results of direct 
measurements, excluding only one point, the 
cross for propellant 1041, at p = 1.43 MPa, qg 
= 0.9 MW/m2 that is placed slightly farther 
from the line than most of the others, 
presumably due to difference in the 
composition 1041. 

Correspondence between all of the data 
derived by means of essentially different 
operating techniques as well as computing 
methods is obvious, bearing in mind, of 
course, the instrumental noise and data scatter 
usual for these measurements. 
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Table 2 
Characteristics of the burning wave of double-base propellants derived from 

ignition/gasification measurements of works [1-6]. 
Propellant Pressure, 

MPa 
q*,  

MW/m2 
α1a,  
1/s 

α1u*,  
1/s 

α1bq*, 
1/s 

α1b,  
m2/MJ 

qg,  
MW/m2 

0.51 0.33 2.0 11 9 27 0.07 10 
1.1 0.55 5.8 25 19.2 34.9 0.17 
0.3 0.49 2.75 6.5 3.75 7.65 0.36 
0.39 0.70 2.0 6.25 4.25 6.07 0.33 
0.45 0.67 5.0 14.0 9.0 13.4 0.37 
0.48 0.59 7.5 23 15.5 26.3 0.30 

9 
(N-5) 

1.1 0.96 12.6 28.2 15.6 16.75 0.37 
8 1.1 0.24 2.0 6.6 4.6 19.2 0.10 
6 2.1 0.64 5.0 11.0 6.0 9.4 0.53 
5 2.1 0.94 1.85 5.0 3.15 3.35 0.55 

 
Note: The following data are presented at a given pressure for a given propellant: 
q* is the critical flux, 
α1a and α1u*  are the basic parameters of Eqs. 10-12, 
α1bq* = α1u* - α1a, 
α1b = (α1bq*)/q*, 
qg = α1a/(α1b). 

 
 

3.2. Composite propellants 
 

The measurements of influence of external 
thermal radiation on burning rate of composite 
propellants were implemented in Son and 
M.Q. Brewster work [22] and in a series of 
papers by K. Zanotti et al. [23-28]. The data of 
[23-28] were analyzed by Samantha 
Cristoforetti in her Master Degree Thesis [10]. 
The measurements of AP/HTPB.80/20 
composite propellant are presented by Son and 
Brewster in Fig. 6 of [22] in logarithmic 
coordinates, log u vs q. The line has a form of 
a polynomial function: 

 
log10u = 0.106 + 0.326 q � 0.0540 q2 + 
0.00336 q3  (R = 0.975). 
 

In the form of a graph in common 
coordinates, u vs q (Fig. 7), it appears to be 
rearranged (with no loss of exactness) in a sort 
of a straight line: 

 
 
 
u = 1.114 + 1.27 q (R = 0.983). 

 

0 1 2 3 4 5 6 7 8 9 10 11 12
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6
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12
14
16
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 m

m
/s

q, MW/m2

 
Fig. 7. Son and Brewster data on burning of 
a composite propellant under influence of 
external thermal radiation q [22] in 
coordinates of eq. (13). 
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Fig. 8. Qg vs pressure for AP/HTPB 
propellants: 1 84/16 [29], 2 the point from 
the a and b numbers of the line in Fig. 7,  
3 our computer calculations on data [29]. 

 
The value of qg follows from the constants 

of the line immediately: qg = 1.114/1.27 = 
0.90MW/m2. Comparison of this result with 
the experimental points evaluated in work [29] 
by Kubota for a similar propellant, AP/HTPB 
86/14, is given in Fig. 8. The point qg = 0.90 
MW/m2, at p = 0.1 MPa (the solid quadrangle 
in Figure 9 obtained from the slope of the 
straight line in Fig. 7), is located near the line 
averaging the heat feedback vs pressure data. 

 
Computing the data of Son and Brewster 

[22] and Kubota [29] in u vs p plane in terms 
of our approach described in section 2.4, we 
have crosses in Fig. 8 that demonstrate a very 
good correlation between the data of [29], on 
the one side, and our computer calculations, on 
the other side.  

 
3.3. HTPB 
 

Gasification of a variety of real and 
potential polymeric binders of composite 
propellants, including HTPB, under influence 
of the external thermal radiation was studied 
by Cohen, Fleming, and. Derr still in 1974 
[30]. The radiation was produced by 20-KW 

xenon lamp in conjunction with opposing 
dual-ellipsoidal mirrors to focus the radiation 
at a uniform level over a finite local volume. 
Heat flux attainable was 12.5 MW/m2. Surface 
temperature was measured by an infra-red fast 
response pyrometer. Mass gasification rate, m, 
(g/cm2s), vs reciprocal surface temperature is 
proposed to be presented in form of m = uρ = 
299 e-8505/Ts g/cm2s, what corresponds at ρ = 
0.92 g/cm3, u = 325 e-8505/Ts cm/s. 

 
The most interesting for our purposes data 

are contained in Fig. 8 of the work [30], where 
gasification rate is depicted against energy per 
unit area (E), at a heat flux of 35 cal/cm2s 
(1.46 MW/m2). It seems to be the direct 
proportionality, m = AE, that, according to our 
approach, is suggested to be transformed into 
usual dependence: 

 
u = 0.34q (u in mm/s, q in MW/m2) (32) 

 
Later, in 1996, [31] Esker and  

Brewster investigated HTPB linear pyrolysis 
using a powerful CO2-laser. HTPB/IPDI cross-
linked material was taken for the experiments. 
In the regression rate tests, a small sample of 
HTPB was placed on a vertically oriented 
force transducer calibrated so that its voltage 
output can be converted into mass loss. The 
temperature profile in the preheated layer was 
measured by micro-thermocouples. The 
surface temperature of the irradiated sample 
was found to be essentially (on the order of 
several hundred K) lower than that in the 
previous work [30].The absorptivity of the 
plume formed by the pyrolysis gases was also 
carefully measured and taken into 
consideration at plotting u vs q graphs. 

 
The points from different graphs of this 

work are presented in the u vs q plane in  
Fig. 9.  
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Fig. 9. Experimental points on gasification 
rate, u, versus heat flux, q, taken from 
different graphs of work [31]. 

 
Two different straight lines are drawn on 

the base of the experimental points of [31] in 
Fig. 9. One of them (line (2) in Fig. 9) being 
approximated with a formula: 

 
u = 0.37q     (33) 
 
almost coincides with the corresponding line 
(32) derived from the Cohen et al paper [30]. 
The other (line (1) in Fig. 9) is located 
essentially higher than the first one 
corresponding to equation: 

 
u = 0.67q.    (34) 

 
Attempts to elaborate the data of Fig. 9 in 

terms of our mathematical approach led to 
conclusion, that the HTPB gasification process 
strongly depends on presence and 
characteristics of the layer of carbonaceous 
products of decomposition and sequent 
carbonization of the polymer. The surface 
temperature in [30] measured with the infra 
red pyrometer is presumably the temperature 
of the layer, whereas in [31], at application of 
the thermocouple method, the surface 
temperature in the reaction and evaporation 
zone is assumed to be determined. The 
difference in structure and absorptivity of the 
layer is supposed to define, basically, the 

distinctions in gasification rate. The energies 
of activation are strongly distinct at HTPB 
decomposition in the different temperature 
regions [32]. The values near 35 kcal/mole 
were used at mathematical description of the 
line 1 in Figure 9, and about 8 kcal/mole for 
the line 2. It could be suggested that deviations 
in composition and preparation procedure of 
HTPB and HTPB/IPDI samples used in [30] 
and [31] may affect strongly on a sample 
behavior under influence of thermal radiation. 

It would be of interest to pay attention to 
the three oblique crosses in the upper part of 
Fig. 9. The idea of authors of [32] consists in 
that behavior of the crosses is connected with 
the additive heat flux from the secondary 
flame originated as a result of the exhaust 
suction caused a slight negative pressure and 
air infiltration into the chamber. A straight line 
being drawn through these three points (it is 
not given in the graph) shows however that 
flux of heat supposedly stipulated by this 
flame is assumed to be excessively strong, on 
the order of several MW/m2. As the other 
crosses, at lower radiant fluxes, obviously do 
not feel any influence of this secondary flame, 
the particular emplacement of the three crosses 
under discussion should be attributed perhaps 
mostly to the usual scatter of points. 
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Abstract 
 

A method for the preparation of 1,2,4-triazolo[4,3-a][1,3,5]triazine-3,5,7-triamine was 
developed and this triamine product was used to produce triazolo-aminotriazinyl-1,2,3,5-
tetrazine (H3T) (1, Z = H).  H3T is an acidic compound and was employed to produce a number 
of energetic 3T salts via neutralization reactions, including a salt with 3,6-dihydrazino-1,2,4,5-
tetrazine (DHT).  Additional salts of H3T were prepared from the sodium 3T salt via cation 
exchange.  The focus of this initial study was on the preparation and the physical and chemical 
properties of these new H3T materials. 

H3T, which is the first example of a fused 1,2,3,5-tetrazine, possesses a high heat of 
formation [255 kcal/mole (gas phase), calculated].   By comparison, a similar calculation for the 
heat of formation of the monocyclic 3,6-dihydrazino-1,2,4,5-tetrazine yields 150 kcal/mole.  It is 
anticipated that H3T and its salts will be energetic high-nitrogen compounds that are very useful 
ingredients for pyrotechnics, gas generators, propellants and explosives. 
 

 
 

Introduction 
Energetic high-nitrogen compounds 

are very useful ingredients for pyrotechnics, 
gas generators, propellants and explosives.  
In this report, we now disclose methods for 
producing a new class of energetic high-
nitrogen compounds, namely, triazolo-
aminotriazinyl-1,2,3,5-tetrazine (1, Z = H)  
(H3T) and its related salts (see structure 
below). 

Previous literature reports have 
described the product from the condensation 
of dicyandiamide and hydrazine 

dihydrochloride to be 1,2,4-triazolo[4,3-
a][1,3,5]triazine-3,5,7-triamine (2) .1,2  
However, attempts to use this 
triazolotriaminotriazine product in  
diazotization reactions (e.g., conversion of 
the triazolo amine to a nitro group) led to the 
discovery that the triazolotriaminotriazine 
product was instead the [1,5-a] isomer 
(structure 3).  Subsequently, we have 
prepared the previously unknown [4,3-a] 
isomer 2 and subjected 2 to diazotization 
conditions.  The diazotization of the triazolo 
amine group in isomers 2 and 3 (with 
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sodium nitrite in aqueous sulfuric acid) 
produced quite different results.  As 
anticipated, treatment of the [1,5-a] isomer 3 
gave the nitro derivative.  However, similar 
treatment of 2 with sodium nitrite in 
aqueous sulfuric acid provided the sodium 
3T salt (1, Z = Na).  The sodium 3T salt was 
subsequently converted to H3T and to 
numerous other metal/non-metal 3T salts. 

 
 

 
 

Experimental Results 
 

A. 1,2,4-triazolo[4,3-a][1,3,5]triazine-3,5,7-
triamine (2).  
The previously unknown [4,3-a] isomer 

2 was prepared in this study by reaction of 
hydrazinodiaminotriazine3 with cyanogen 
bromide in 1N HCl.  The product was 
isolated as the hydrochloride salt. Anal. 
Calcd for C4H6N8 (HCl) (H2O): C, 21.77; H, 
4.11; N, 50.79; Cl, 16.07.  Found: C, 21.84; 
H, 4.25; N, 50.02; Cl, 16.02. 

The hydrochloride was treated with 
aqueous potassium carbonate to produce the 
free triamine 2; 13C NMR (CD3CO2D/D2O, 

1:1 by vol): 145.7, 151.1, 151.9, 164.0.  13C 
NMR (D2SO4): 133.6, 141.9, 143.1, 149.5.  
Anal. Calcd for C4H6N8: C, 28.92; H, 3.64; 
N, 67.44.  Found: C, 28.64; H, 3.65; N, 
66.08. 

Triamine 2 rearranged to the [1,5-a] 
isomer 3 when it was heated in DMSO at 
100 oC, a process similar to other known 
Dimroth rearrangements.4   Isomers 2 and 3 
are easily distinguished using TLC and/or IR 
analyses. 
 
B. Triazolo-aminotriazinyl-1,2,3,5-
tetrazine, sodium salt (Na3T). 

Triamine 2 was treated with cold 
aqueous sulfuric acid/ sodium nitrite before 
the temperature of the reaction mixture was 
raised to 60-65 oC for one hour.  The hot 
reaction mixture was filtered to remove a 
small amount of by-product and the filtrate 
was cooled to produce red crystals of the 
sodium 3T salt  (monohydrate).  Similar 
results were obtained using triamine 2 
hydrochloride in aqueous hydrochloric  acid/ 
sodium nitrite. 1H NMR (DMSO-d6): 6.67 
(s).    13C NMR (DMSO-d6): 146.1, 151.7, 
153.1, 167.7.  Anal. Calcd for C4H2N9Na 
(H2O): C, 22.13; H, 1.86; N, 58.06, Na, 
10.59.  Found: C, 22.04; H, 1.93; N, 57.35, 
Na, 11.00. 
 
C. Triazolo-aminotriazinyl-1,2,3,5-tetrazine 
(H3T) (1). 

Aqueous 1N hydrochloric acid was 
added to Na3T-H2O dissolved in water to 
produce a yellow precipitate.  The 
precipitate was removed by filtration and 
washed with cold water and then with 
methanol to give H3T as a yellow solid with 
mp 215 oC, rapid dec.  Caution: H3T 
exhibits sensitivity to friction and should be 
handled accordingly.  1H NMR (DMSO-d6): 
13.65 (very broad s, 1H), 8.06, 7.96 (d, 2H).    
13C NMR (DMSO-d6): 143.9 (1C), 149.6 
(2C), 167.5 (1C). 
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D. Amine salts of H3T. 
Many of the amine salts of H3T were 

prepared by neutralization of the parent acid 
(H3T) using the free amine, but cation 
exchange of an appropriate amine salt with 
the sodium 3T salt (Na3T-H2O) also worked 
well.  Initially, six amine-H3T salts such as 
the triaminoguanidinium [C(NHNH2)3], 
hydrazinium [NH2NH3], ammonium [NH4], 
etc., were prepared, but these salts did not 
readily produce  large single crystals that 
were usable for crystal structure 
determination.  Eventually, a crystal stucture 
determination was obtained on the salt with 
guanylurea,  [H2NC(NH2)NHCONH2](3T)-
(H2O).    Some of the amine-H3T salts 
precipitate from the aqueous reaction media 
as mono-hydrates, while others precipitate 
as anhydrous salts (as shown by elemental 
analysis).  Typically, the amine-H3T salts 
are red in color and tend to have rather high 
decomposition temperatures (in the vicinity 
of 200 oC and above) (See Table 1). 

 
Table 1.  Amine-H3T Salts 

Z+ 3T- 
Amine cation (Z) Dec. temp. oC 
 
C(NHNH2)3 

 
203, rapid 

 
NH2NH3 

 
200, rapid 

 
NH3 

 
220, gradual 

 
H2NNHC(NH2)NH2 

 
227, rapid 

 
(H2NNH)2C(NH2) 

 
199, rapid 

 
C(NH2)3 

 
263, slow 

 
H2NC(NH2)NHCONH2 

 
240, gradual 

 
H2NNH(C2N4)NHNH3 

 
165, very rapid 

 
As shown in Table 1, the 

decomposition temperature is 165 oC for the 
product (rust-colored) from 3,6-dihydrazino-
1,2,4,5-tetrazine (DHT) and H3T. [For 
comparison purposes, the dec. points of 

DHT and H3T are 155 oC and 215 oC, 
respectively.]  The rust-colored product 
exhibits 1H NMR (DMSO-d6): 3.0-7.0 
(various broad absorptions), 7.76, 7.69 (d), 
8.52 (s) and 13C NMR (DMSO-d6): 144.4, 
149.7, 150.6 (broadened), 162.4, 163.2, 
167.7.   As comparison spectra, DHT shows 
1H NMR (DMSO-d6): 4.25 (s, 4H), 8.38 (s, 
2H)) and 13C NMR (DMSO-d6): 163.3.  The 
1H- and 13C- NMR spectra of the parent acid 
are given in Section C above. 

As would be expected, the 1H- and 
13C- NMR spectra of the amine-H3T salts 
contain the peaks from the cation portion of 
the molecule in addition to the  peaks due to 
3T, which are the same as found in the 
spectra of Na3T.  For example, the 
guanidine 3T salt, [C(NH2)3]3T, shows 1H 
NMR (DMSO-d6): 6.69 (s, 2H), 6.95 (s, 
6H)) and 13C NMR (DMSO-d6): 146.1, 
151.7, 153.1, 157.6, 167.7. 
 
E. Metal salts of H3T. 
 A number of metal salts of H3T were 
prepared via cation exchange by adding a 
water-soluble metal salt (such as the metal 
perchlorate or nitrate salt) to Na3T-H2O in 
water. The exchange was efficient with 
yields of the metal salt often above 90%.  
The metal 3T salts precipitated as hydrates 
and were identified by elemental analysis.  
For example, the salt from cobalt (II) 
perchlorate and Na3T-H2O was shown to be 
Co(3T)2 (6H2O) (red-orange crystals). Anal. 
Calcd for C8H4N18Co (6H2O): C, 18.50; H, 
3.11; N, 48.55, Co, 11.35.  Found: C, 18.45; 
H, 3.22; N, 48.24, Co, 11.27.  The cobalt 
salt product was also shown to contain only 
very small amounts of Na and halogen, 
<0.057% and 656 ppm, respectively. 
 Other metal 3T salts, prepared in a 
similar manner, included:  
1. Cu(3T)2 (5H2O); red-orange crystals 
2. Al(3T)3 (7.5H2O); orange crystals 
3. Ni(3T)2 (6H2O); orange crystals 
4. Ba(3T)2 (7H2O); red crystals 
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At this point in our study, the barium 
3T heptahydrate salt has been used to help 
determine the type of conditions required to 
dehydrate the metal salts.  Thus, the barium 
3T heptahydrate was held at 100 oC for 43 
hours in an attempt to produce the 
anhydrous salt.  However, elemental 
analysis showed the dried material to still be 
the dihydrate, Ba(3T)2 (2H2O). 
 NMR spectra for some of the metal 
salts could not be obtained because of 
interference by the metal ion. Spectra could 
be obtained for the barium salt, which 
showed 1H- and 13C- NMR spectra identical 
to those for Na3T-H2O.  Spectra could also 
be obtained for the aluminum salt, but it 
showed 1H NMR (DMSO-d6): 7.61, 7.68 (d) 
and 13C NMR (DMSO-d6): 144.5, 150.2, 
150.5, 167.6. 
 The metal 3T salts did not melt even 
when heated to 280 oC, but they had 
changed color before reaching this 
temperature.  Some salts turned dark brown; 
others turned to light yellowish brown or 
reddish brown.  
 

Summary and Conclusions 
 
A method for the preparation of 

1,2,4-triazolo[4,3-a][1,3,5]triazine-3,5,7-
triamine was developed which led to the 
synthesis of triazolo-aminotriazinyl-1,2,3,5-
tetrazine, sodium salt (Na3T).  The sodium 
salt was used to prepare the parent acid 
(H3T) and numerous other salts of H3T, 
including various amine and metal salts.  A 
crystal structure determination was 
performed on the amine salt from guanyl 
urea.  Also, as part of this initial study, the 
physical and chemical properties of these 
new H3T materials were determined.  

H3T, which is the first example of a 
fused 1,2,3,5-tetrazine, possesses a high heat 
of formation [255 kcal/mole (gas phase), 
calculated].   By comparison, a similar 
calculation for the heat of formation of the 

monocyclic 3,6-dihydrazino-1,2,4,5-
tetrazine (DHT) yields 150 kcal/mole. Thus, 
it is anticipated that H3T and its salts will be 
energetic high-nitrogen compounds that are 
very useful ingredients for pyrotechnics, gas 
generators, propellants and explosives. 
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Introduction 
 
At the Defence Science and Technology Organisation (DSTO), Australia, the performance assessment of 
Off-board Infrared Countermeasures (IRCM) under realistic release conditions, (i.e. speed and altitude), 
currently requires two aircraft. One aircraft to deploy the decoy and the other, a chase aircraft, carrying 
specialized equipment such as radiometers, a spectrometer, thermal imagers and high-speed video 
cameras to measure the spectral, spatial and temporal signature.  Hence, the performance measurement 
is time consuming and very costly due to the number of flying hours required. Further, if the IRCM’s are 
not in-service items, then clearance certification for ejection from aircraft is required.  This is also time 
consuming and very costly.  
 
Our current approach for initial performance evaluation is to measure IRCM radiant output in a static 
environment followed by measurements in a constant wind-stream. In reality however, IRCM’s are 
released from aircraft at altitude and at high-speed. Therefore, the performance evaluation suffers from 
the lack of rapid deceleration and altitude effects IRCM’s experience on ejection. To compensate for this, 
the measured data are coupled with atmospheric and kinematic models to predict the flare performance 
under realistic release conditions. These evaluation methods are restricted to solid, pellet based IRCM’s 
and do not allow the evaluation of area and other novel IRCM’s. 
 
An approach used overseas to obtain more realistic flare performance is to launch the flare from a high-
speed rocket sled, thereby incorporating deceleration of the flare. The main drawbacks with sled tests are 
the high cost (comparable to that of the aircraft flight tests), the absence of altitude effects and the 
problem of dispensing area decoys upwards. 
 
This poster paper describes the development, by Weapons Systems Division (WSD) of DSTO, of a 
unique capability called the Reusable Aerodynamic Flare Ejection Capability (RAFEC). The main aim of 
RAFEC is to develop a test capability that provides a cost effective means of assessing IRCM 
performance under more realistic conditions.  
 
The RAFEC proposal involves the use of a reusable, carrier projectile that is launched from a 10 inch, 
Nitrogen driven gas gun. The gas gun, used in the past to support DSTO’s projectile flight dynamics R&D, 
is capable of firing projectiles from low subsonic to supersonic velocities. The IRCM is loaded in the 
carrier projectile and the gas gun launches the carrier projectile with a known velocity of between 
approximately 200 to 500 knots. At a pre-determined time after firing and in the field of view of the 
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measuring instrumentation, the IRCM is ejected from the carrier projectile for performance measurements 
to be undertaken. 
 
 
 
RAFEC Carrier Projectile 
 
The RAFEC employs a sub-caliber, fin-stabilized carrier projectile to eject IRCM’s at a predetermined time 
after launch. The projectile has a modular design consisting of: an electronics section containing a 
programmable timer unit, batteries and a safe/arm system, a dispenser section containing one IRCM 
firing tube, currently 36 mm diameter, and a fin unit containing a parachute recovery system. The 
projectile has a launch mass of 10 kg (22 lb), with an all up shot weight of 27 kg (59.5 lb) including the 
sabot and piston. 
 
The sub-caliber design of the carrier projectile requires a sabot to increase the shot diameter to the 10” 
bore of the gas gun system used for launching. The sabot is designed to support and stabilize the 
projectile in the gun tube during launch. Upon leaving the barrel of the gas gun the sabot and pusher 
separate from the projectile body, thereby allowing the projectile to continue on in low drag flight.  
 
At a predetermined time after launch (typically 1-3 seconds), the onboard programmable timer unit 
activates the firing circuit and fires the IRCM.  After another delay of 1-2 seconds, the timer activates the 
parachute recovery system. The parachute deploys and decelerates the carrier projectile rapidly, slowing 
it sufficiently for a safe landing. After recovery from the landing area the projectile is cleaned, refurbished, 
tested, loaded with another IRCM and can be flown again. 
 
 
GAS GUN Characteristics 
 
A 10-inch diameter gas gun, situated at the Proof and Experimental Establishment (P&EE), Port 
Wakefield, is used as the launch facility for this work. This gun was used in the past to support DSTO’s 
projectile flight dynamics R&D as the launch platform. The gun is capable of firing projectiles from low 
subsonic to supersonic velocities using the energy stored in the compressed gas. The gas is contained in 
a reservoir attached to the gun barrel, the pressure seal between the reservoir and the barrel being 
provided by a hollow, cylindrical piston valve (Fig 1a). Firing the gun is achieved by releasing the piston 
valve, which allows the gas pressure to flow through the piston and then propel the pusher (Fig 1b) and 
projectile, supported in a sabot (Fig 1c), along the barrel. The design specifications of the gas gun are as 
follows: 
 
 Gun Calibre (mm) 265 
 Barrel length (m) 6.5 
 Reservior Volume (cubic metre) 0.57 
 Maximum working pressure (Mpa) with nitrogen gas 27.6 
 Maximum muzzle velocity (m/s) 550 
 Maximum peak acceleration (g) 5000 
 Working gas nitrogen (Helium) 
 Barrel elevation (degrees) 0 to 30 
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Figure 1a Piston                                                      Figure 1b Pusher 
 

 
Figure 1c Projectile supported in foam sabot 
 
Using adiabatic expansion theory of compressed gases, the muzzle velocities are calculated for various 
reservoir pressures. Figure 2 shows the muzzle velocity that can be obtained for a combined projected 
mass (mass of pusher and projectile) of 27 kg. The predicted performance of the gas gun has yet to be 
verified and the trials are planned for July 2002. 
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Fig 2 Predicted Gas Gun Performance  
 
 
Development and concept demonstration 
 
The programmable timer unit has been extensively tested using electric match-heads and CCU-63/B 
Impulse Cartridges to check it’s accuracy and reliability. The firing circuit has the capability to initiate in 
1ms intervals over the range 0 – 999.999 seconds. The recovery timer system functionality was also 
found to be satisfactory for the current purpose. The concept demonstration was performed over two 
firings:  
 

(1) Firing the RAFEC projectile with a dummy flare and the recovery parachute deployment set 
at 4 seconds after launch to check the functioning of the recovery system (Test 1). 

(2) Firing the RAFEC projectile with a HS-6 flare with the flare ejection at 3 seconds after launch 
and the recovery parachute deployed 1 second after the flare ejection (Test 2). 

The RAFEC projectile was fired with a gun reservoir pressure of 4 Mpa and at a gun elevation of 30° for 
both tests. The flare was released about 500 m down range from the muzzle. Video cameras were used 
to provide a visual record of the flare ejection and the functioning of the recovery system. 
 
The RAFEC projectile was tracked using the P&EE Port Wakefield’s TERMA DR 5000 tracking radar to 
obtain velocity and trajectory information. The velocity as measured by TERMA tracking radar system is 
shown in Figure 3 for both tests. The muzzle velocity extrapolated from the radar data matches closely 
with the muzzle velocity measurement system incorporated in the Gas gun. The measured muzzle 
velocity was 232 and 233 m/s for Tests 1 and 2 respectively.  
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Fig 3: Trajectory of carrier projectile;  ◆ Test1 ■  Test 2 
 
 
Figure 4 shows the resultant smoke trail from the flare ejection and the white dot being the projectile on 
the recovery parachute.  
 
 

 
 
Fig 4. Trace of flare burn and the parachute recovery of the RAFEC projectile. 
 
 
 
 
 
Both projectiles landed approximately 850m down range from the gas gun and penetrated about 300 mm 
into the soft sandy soil with no damage to the outside of the projectile or the parachute. Checks on the 
internal projectile components after both recoveries showed no damage as well. Figure 5 shows the 
condition of the pusher and projectile. 
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Fig 5 Pusher and projectile after landing 
 
Conclusion and future work 
 
The RAFEC system provides a more realistic in-service IRCM performance measurement capability over 
what is currently available in DSTO as it incorporates the deceleration effects. It also has the capability to 
test any experimental store such as area, thrusted, aerodynamic or pyrophoric decoys as the facility 
needs no stores clearance certification. As the RAFEC projectile is reusable, there are significant cost 
savings to be made over the current methods.  
 
The two tests have proved the RAFEC concept. Further trials are planned to measure the temporal, 
spatial and spectral characteristics of known, in-service IRCM’s in the near future. The RAFEC projectile 
will in future, have provisions to test 1”X1”X8” and 2”X2”X8” IRCM types. There are also plans to develop 
the facility to measure IRCM performance not only with broadband radiometers/thermal imagers but also 
using real IR missile seekers. 
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Abstract: One dimensional shock initiation experiments are reproduced by 
numerical simulation. The loci of shock wave in explosive obtained by 
numerical simulation are used to estimate the Hugoniot for high explosive with 
the same procedure for the experiment. As a result, Hugoniot obtained by this 
simulation well agrees with the experimental data. 

 
Introduction 
 

The pressure at the reaction zone of 
high explosive has often been determined 
by the simple mixture theory1 for 
detonation products and its unreacted 
component. In order to discuss the 
reaction rate law of the explosive by 
employing the simulation results, the 
correct equations of state for detonation 
products and unreacted component are 
required. For the detonation products 
many equations of state have been 
proposed, and many researchers have 
discussed these accuracy2-7. Because each 
one has accuracy at least near the 
Chapman-Jouguet point, all equations of 
state for detonation products can be 
properly available to the numerical 
simulation on shock initiation process. On 
the other hand, for the equation of state of 
unreacted explosive one problem have 
clearly remained. In many cases, the 

Hugoniot for unreacted explosive are 
obtained by wedge test8-12, which includes 
the difficulty on the pressure 
determination in the explosive. Since the 
explosive near the TMD (Theoretical 
Maximum density) are much less 
sensitivity to the shock initiation, its 
Hugoniot or thermodynamic constants 
have been regarded as that of unreacted 
component, and the equation of state for 
the low density explosive (less than 80% 
TMD) has been formulated by using 
porous model13. However, even if the 
initial density is near the TMD, there is no 
clear answer for following question, how 
could we reasonably use the Hugoniot 
obtained by wedge test as the information 
of equation of state for unreacted 
component to estimate initiation process 
in numerical simulation? Ramsay and 
Popolato14 suggested that because the 
shock front in explosive is affected by the 
reaction wave during the shock 
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experiments, the completely unreacted 
Hugoniot for the explosive can not be 
obtained by wedge test. They also 
indicated one of the most important 
relations on the properties of shock 
initiation that is linear relation between 
the log of the distance of run to detonation 
and the log of the input pressure. This 
relationship is called ‘Pop plot’ and is 
often referred to determine the parameters 
of reaction rate law. There is one of the 
greatest literatures on the modeling of the 
detonation by Mader15. He carried out the 
numerical simulation on the initiation 
process by employing Forest Fire reaction 
rate law15,16, and the Hugoniot obtained by 
wedge test was called ‘reactive Hugoniot’ 
while completely unreacted Hugoniot was 
‘nonreactive Hugoniot’ in his literature. 
Reactive Hugoniot was only used to 
obtain the parameters of Forest Fire 
model, and the nonreactive Hugoniot was 
used to calculate the pressure in reaction 
zone. Moreover the particle velocity and 
the pressure profiles measured by 
embedded gauges in explosive gave the 
many clear evidences that the shock front 
in the explosive is affected by the reaction 
wave18,19.  
There are many useful reaction rate law 
which can reproduced both the shock 
initiation data as Pop plot and the above 
mentioned embedded gauge data. 
Therefore the experimental Hugoniot for 
the explosive can be discussed with the 
numerical simulation.  

In this paper we numerically reproduce 
the one dimensional shock initiation 
experiment by employing hydrodynamic 

code. First, the locus of the shock front in 
explosive is only obtained from numerical 
results on shock initiation problem. Shock 
velocity, pressure and particle velocity in 
the explosive are estimated by the same 
procedure for that of the shock initiation 
experiment. From the results, we shall 
discuss on the experimental Hugoniot for 
the explosive. 
 
1 dimensional shock initiation 
experiment and numerical procedure 
 

In 1D shock initiation experiment 
called wedge test20, the wedge-shaped 
explosive sample has been utilized to 
record the location and time of shock 
wave on the slant of the sample. Booster 
and attenuator system is adopted in this 
technique and consisted of a plane wave 
generator, a booster explosive and an 
attenuator. The free surface velocity of 
attenuator is measured to obtain the 
attenuator rarefaction locus. The 
rarefaction locus is approximated by the 
mirror curve for Hugoniot line. The input 
pressure and particle velocity of the 
sample explosive is estimated by 
intersection point of the Rayleigh line 
estimated by wedge test and the attenuator 
rarefaction locus on pressure -particle 
velocity plane. In order to reproduce the 
Pop plot and Hugoniot obtained by wedge 
test, it is enough to solve the 1D impact 
problem of the explosive and attenuator.    

Because PBX9404 explosive has many 
information related on its shock initiation, 
we selected PBX9404 as the sample 
explosive in this numerical investigation. 
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In numerical simulation, the shock 
initiation process was solved by 
employing Lagrangian conservation 
equations, the equations of state and the 
reaction rate law21. The reaction rate is 
defined by λ; λ=0 is un-reacted state 
and λ =1 perfectly reacted state. For 
detonation product, the JWL equation of 
state was used and can be expressed as 
follows, 
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where P and ζ are pressure and V/V0, 
respectively, V is the specific volume. 
The   subscript 0 indicates initial state of 
condensed explosive. The parameters A, 
B, R1, R2, and ωhave been determined 
by the expansion tube tests test and are 
shown in  Table 19. The Hugoniot + 
Gruneisen form equation of state was 
used for unreacted component. The 
nonreactive Hugoniot15 for PBX9404 was 
given by Mader as, 
  

Us=2.423+1.883Up  (km/s).     (2) 
 
The many types of reaction rate law 

such as Arrhenius type model, Forest fire 
model and Ignition and growth model 
have proposed to estimate the shock 
initiation of heterogeneous explosives. 
From experimental, it is clear that the 
principal pressure build-up occurs behind 
the shock front, and transition to 
detonation instantly occurs after the 

reaction wave behind the shock front 
overtakes the shock front. Ignition and 
growth model is one of the most useful 
model that can reproduce the above 
initiation process and Pop plot 
simultaneously. In this study, original 
ignition and growth model22-24 proposed 
by Lee and Taver in 1980 was used, and it 
is expressed as follows; 
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whereηis η=V0/V. The parameters, z, G, 
I depend on the explosive properties, and 
these are determined as the results from 
numerical simulation which include this 
model agree with the experimental shock 
initiation data.  
 Input pressure into the explosive was 
adjusted varying with impact velocity of 
Cu. Initial density and Hugoniot for Cu 
are 8.903 g・ cm-3 and Us=3.958＋
1.497Up. 
 
Table 1. JWL parameters for PBX-9404 

 
Results and discussion 
 

Fig.1 indicates the location and 
time(x-t) diagram in PBX9404 obtained 
by numerical simulations. The symbol ○ 
corresponds to SDT（Shock to detonation 
transition）point, and distance from initial 
interface of the explosive and Cu to the 
SDT point is the run distance to 

A(Mbar) B(Mbar) R1 R2 ω 

8.524 0.1802 4.6 1.3 0.38 
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detonation. From the streak record of 
wedge test, it is found that in the case of 
high-density explosive (near the TMD) 
the locus of the shock wave in the 
explosive is almost straight. Beside it is 
difficult to determine accurately the initial 
shock velocity from the slope of the start 
point of the shock locus. In this study 
because we try to represent the shock 
initiation experiment by numerical 
simulation, we estimate the pressure in 
explosive by using average velocity 
obtained from the start and SDT points on 
x-t diagram. Fig.2 shows the Rayleigh 
line obtained by the average velocity and 
the expansion curve of Cu on the 
pressure-particle velocity plane. 
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    (b) Ui= 1.0 and 0.6 km・・・・s-1 
 
Fig.1 Relationship between position of 
shock front and time in PBX9404 (1.84 
g・・・・cm-1) 
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Fig.2 Pressure and particle velocity 
plane to estimate entrance pressure to 
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PBX9404 (1.84 g・・・・cm-3) 
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Fig.3 Pop plot for PBX9404 (1.84 g・・・・
cm-3) 
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Fig.4 Comparison of LASL data and 
this calculation results on PBX9404 
Us-Up Hugoniot 
 
The pressure is obtained by the 
intersection of the Rayleigh line and the 

expansion curve. The parameter of the 
reaction rate law was adjusted by trial and 
error procedure to obtain appropriate 
value. Fig.1 and Fig.2 are the results in 
which the both of the run distance to 
detonation and the input pressure obtained 
by these figures agree with the Pop plot 
data. If the Hugoniot, which is adopted in 
this simulation, corresponds to real 
unreacted component, because the 
parameters of reaction rate law that can 
reproduce the experimental data are 
obtained, the results of this simulation can 
accurately reproduce the results of shock 
initiation experiment. The Hugoniot data 
of PBX9404 and the Hugoniot obtained 
by this study（▲）are shown in Fig.4. 
Wedge test is completely reproduced by 
the numerical simulation. This result has 
also shown that the Hugoniot obtained by 
the wedge test includes the effect of the 
reaction wave behind the shock front. 
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ABSTRACT 

As part of an ongoing study of Al nanopowders, characterization of two Al nanopowders, Alss and 
Alsstef was performed. The particle size of Alss is in the range of 20-50 nm, and Alsstef is Alss coated 
with fluoropolymer. The thermal behaviour of Alss and Alsstef in air was determined using DSC, TG-
DTA and accelerating rate calorimetry (ARC). Compared to the earlier results obtained for Alex and 
Als, Alss and Alsstef are less reactive in air, possibly due to their thicker and different type of 
passivating layers. The stability of Alss and Alsstef in a wet, oxidizing environment was also investigated 
using ARC. Outgassing behaviour of mixtures of ammonium dinitramide (ADN) and the various Al 
powders was investigated using TG-DTA-FTIR-MS. No chemical interactions between Al 
nanopowders and ADN were observed at 70 °C. The thermal stability of neat ADN and its mixtures 
with various Al powders was studied using ARC. The addition of various Al powders has a minor effect 
on the thermal stability of ADN. The electrostatic discharge (ESD), friction and impact sensitivities of 
ADN and its mixtures with the various Al powders were also determined. In addition, thermal and 
sensitivity studies of mixtures of nano-sized molybdenum trioxide with Al nanopowders were 
performed. Preliminary results for the thermal behaviour of these mixtures, as well as their ESD, friction 
and impact sensitivities, are discussed. 

 
 

INTRODUCTION 
Al powder is commonly added to 

explosives, propellants and pyrotechnic 
compositions to improve their performance. 
Conventional weapons-grade Al powder is 
typically micron-sized. However, advances in 
metal processing technology have allowed sub-
micron particles to become commercially 
available [1-3]. Incorporation of Al 
nanopowder into propellants results in an 
increase in the burn rate [4-6] and, in 
explosives, apparent enhancements in 
detonation properties are observed [4,7,8]. 

The Canadian Explosives Research 
Laboratory (CERL) has published results for Al 
nanopowders and their mixtures with various 
explosives [9-13]. In work presented at the 
28th IPS [12], two different Al nanopowders 
(Alex and Als) and a micron-sized Al powder 

(H-15) were characterized using TG-DTA, 
TG-DTA-FTIR-MS and accelerating rate 
calorimetry (ARC). The reactivity of Al 
powders in air, the chemical interaction of Al 
nanopowders with RDX, and the effect of Al 
powders on the thermal stability of energetic 
materials were found to be dependant on the 
particle size. The electrostatic discharge (ESD) 
sensitivity of the Al powders was also shown to 
increase as the particle size decreased, and Al 
nanopowders sensitized some energetic 
materials to ESD. 

As part of our ongoing studies of Al 
nanopowders, characterization of two smaller 
Al nanopowders, Alss and Alsstef was 
performed. The present paper includes the 
thermal properties of Alss and Alsstef, and the 
effects of Al nanopowders on the outgassing 
behaviour, the thermal stability, ESD, impact 
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and friction sensitivities of ADN. CERL is also 
currently studying the thermal properties and the 
sensitivities of a new nano-scale energetic 
material consisting of nano-sized Al and MoO3 
powders. Preliminary results of the 
characterization of mixtures of Al nanopowders 
and MoO3 are also reported in this paper. 

 
EXPERIMENTAL 

Alex, Als and H-15 were obtained from 
Defence R&D Canada (DRDC) Valcartier. 
Alex was manufactured by Argonide 
Corporation [1], and Als was produced by 
Tekna Plasma System Inc. [2]. Alex and Als 
have a mean particle size of 180 and 90 nm, 
respectively. Two other Al nanopowders, Alss 
and Alsstef, were obtained from Aveka Inc. 
[3]. The particle size of Alss is in the range of 
20-50 nm, and Alsstef is claimed to be coated 
with ~18 mass % fluoropolymer. A sample of 
nano-sized MoO3, which has a particle size 
range of 20-70 nm, was obtained from Climax 
Molybdenum [14]. ADN was obtained from 
SRI International. Zonyl®, a nanopowder of 
fluoropolymer made by DuPont, was also used. 

A TA 5200 Thermal Analysis System with 
a 2910 DSC module was used for the thermal 
studies of Al nanopowders in air or in helium. 
Al pans containing 2.0 mg of Alss and Alsstef 
were heated from 30 to 600 °C at 1 °C min-1. 
Additional DSC runs were performed on Zonyl 
and an Alss/Zonyl (80:20) mixture. The DSC 
was calibrated for heat flow [15] and 
temperature [16]. The TA 5200 Thermal 
Analysis System with a simultaneous TG-DTA 
2960 module was also used for assessing the 
thermal behaviour of Al nanopowders in air. 
Equal amounts (10 mg) of sample and reference 
material (Pt foil) were placed in alumina pans 
and heated at 20 °C min-1 from 30 to 1400 °C. 
TG mass, DTA baseline and temperature 
calibrations [16] were performed prior to the 
experiments. 

For the outgassing experiments, the TG-
DTA was interfaced to a Bomem MB100 
Fourier Transform Infrared Spectrometer 
(FTIR) and a Balzers Thermostar GSD300 
Quadrupole Mass Spectrometer (MS). The 
TG-DTA-FTIR-MS data were acquired 
simultaneously to study the thermal behaviour 
and to identify the evolved gases. Samples and 
reference (Pt foil) were heated at 5 °C min-1 to 
70 °C, and then held isothermally for 40 min in 
helium. 

The ARC is a commercial automated 
adiabatic calorimeter distributed by Arthur D. 
Little Inc. Samples of about 1-3 g were placed 
in lightweight spherical titanium vessels. Unless 
specified otherwise, the ARC experiments were 
started at ambient pressure of air and at an 
initial temperature of 50-100 °C. The standard 
ARC procedure of "heat-wait-search" was 
used [17,18]. 

The ESD, impact and friction sensitivities of 
ADN and MoO3, as well as their mixtures with 
Al nanopowders were determined. The ESD 
sensitivities were determined using an ESD 
apparatus manufactured by Franklin Applied 
Physics. The apparatus is described elsewhere 
[19]. The limiting energy for the ESD initiation 
was determined by subjecting ~0.03 cm3 
sample to sparks of varying energies. A Bureau 
of Explosives Impact Machine [20] was used to 
determine the impact sensitivities of the 
samples. About 10 mg of sample was subjected 
to an impact of a 3.6 kg mass dropped from a 
height of 102 mm. The friction sensitivities were 
determined using a BAM Friction Apparatus 
[21]. About 10 mm3 of sample was placed 
between a porcelain peg and plate. The peg, 
which was subjected to varying load, executed 
a single back and forth motion on the plate. The 
limiting load was determined as the lowest load 
on the peg at which at least one explosion was 
observed. 
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RESULTS AND DISCUSSION 
 

Thermal Behaviour of Alss and Alsstef 
 

TG-DTA and DSC Results 
The TG-DTA results for Alss and Alsstef 

are compared with earlier results for Alex and 
Als in Figure 1, and the DSC results for Alss 
and Alsstef are shown in Figure 2. 

As shown in Figures 1(a) and (b), Alss and 
Alsstef exhibit an exothermic peak and a mass 
gain between ~400 °C and the melting point of 
Al (~660 °C). This exotherm and mass gain 
observed in air have been shown to result from 
oxidation of solid Al nanopowders, a 
phenomenon only observed with nanoscale 
powders [12,13]. 

The expected mass gain for the oxidation of 
Al is 89 %. Therefore, the 11-12 % mass gains 
obtained for Alss and Alsstef (∆m1 in Table 1) 
imply that less than 13 % of Alss and Alsstef 
are oxidized to Al2O3 below the melting point of 
Al. The remainder of the sample corresponds to 
the unreacted Al, as well as the Al2O3 in the 
original sample. The melting of Al observed 
near 660 °C (Figure 1(c)) indicates that an 
unreacted Al core remained in Alss and Alsstef 
after the early oxidation. A second mass gain 
(∆m2 in Table 1) was observed for Alss in air 
above 600 °C (Figure 1(a)). This mass gain 
may be due to a second stage of oxidation 
and/or nitridation of the unreacted Al core. 

The onset temperature (To), the peak 
temperature (Tp), the enthalpy change (∆H), the 
peak area (Ap) and the mass gain (∆m1) 
obtained for the oxidation of Alss and Alsstef 
between ~400 and 600 °C are compared to 
those obtained for Alex and Als in Table 1 and 
Figure 1. Among the four different Al 
nanopowders, the oxidation of Als has the 
lowest Tp and highest ∆m1 and ∆H. The results 
suggest that Als is the most reactive in air. 
Although Alss has a smaller particle size than 

Als, its lower reactivity in air may be due to a 
relatively thicker oxide layer resulting from aging 
of the sample (i.e. exposure to air and 
moisture). Earlier studies have demonstrated 
that the reactivity of Alex in air depends on the 
aging of the material [11]. 

As shown in Figures 1(c) and 2(a), a small 
exotherm was observed from Alss and Alsstef 
at about 150 °C. A 20 % mass loss was also 
obtained for Alsstef between 100-500 °C 
(Figure 1(a)). 

Some literature states that Al nanopowders 
have "stored energy", which results from a 
relaxation process of metastable species [4]. 
However, no exotherm was observed for Alss 
and Alsstef in He (Figure 2(a)). The small 
exotherm in air is not due to the release of 
stored energy. Instead, it may result from 
oxidation of finer Al particles in Alss and 
Alsstef. Compared to Alss, Alsstef has a larger 
exotherm, which suggests that there are more 
finer Al particles in Alsstef. Aging of Alss may 
cause the differences, i.e., some of the finer 
particles in Alss may have already been 
oxidized when exposed to air and moisture. 

The complex exotherm and the 20 % mass 
loss of Alsstef may also result from other 
concurrent events, such as (i) combustion of 
fluoropolymer and (ii) reaction of Al with 
fluoropolymer. 

Zonyl, a nanopowder of fluoropolymer, 
exhibited a melting endotherm at 323 °C, and 
two exotherms at onset temperatures of 355 
and 415 °C (Figure 2(b)). The first small 
exotherm may result from an oxidation of 
impurity (e.g. carbon), while the second large 
exotherm was due to combustion of 
fluoropolymer. The complex exotherm 
observed for Alsstef between 400 and 600 °C 
may result from the oxidation of Alss and 
combustion of the fluoropolymer coating. 
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(a)

 
(b)

 
(c)

 
Figure 1.  (a) TG; (b)-(c) DTA results for various Al nanopowders heated at 20 °C 

min-1 in air. 
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The exotherm of Alsstef may also result 

from a reaction of Al with fluoropolymer to 
form AlF3. An equilibrium calculation shows 
that the reaction of Al and fluoropolymer is 
highly exothermic. As shown in Figure 2(b), 
two exotherms were observed in the DSC 
results for an Alss/Zonyl (80:20) mixture 
between 360 and 560 °C. Since the first 

exotherm (360-445 °C) was not observed for 
neat Zonyl, it may result from an interaction 
between Alss and fluoropolymer. The second 
exotherm was due to the oxidation of Alss and 
combustion of Zonyl. The ∆H obtained for the 
second exotherm (0.6 kJ g-1) was less than the 
expected value from 80 % Alss oxidation and 
20 % Zonyl combustion (1.7 kJ g-1). The lower 

(a) (b)

 
Figure 2.  DSC results for (a) Alss and Alsstef in air and in He; (b) Alss, Alsstef, Zonyl 

and Alss/Zonyl mixture in air (β  = 1 °C min-1). 

Table 1.  Comparison of DSC and TG-DTA results for various Al nanopowders 
DSC TG-DTA 

Sample 
To/°C(a) ∆H/kJ g-1 To/°C(a) Tp/°C Ap/°C min 

mg-1(b) ∆m1 %(c) ∆m2 %(d) 

Alex 460 3.9 466 634 3.3 17 37 
Als 399 5.5 400 562 3.5 21 26 
Alss ~390(e) 1.6 ~430(e) 571 1.8 12 5 

Alsstef ~380(e) 2.6 ~532(e) 628 2.4 11 0.7 
Zonyl 415 1.9 - - - - - 

Alss/Zonyl 360, 445 0.2, 0.6 - - - - - 
Note: (a) To is the temperature at which a deflection from the established baseline is observed. 
 (b) Ap may be correlated with the ∆H and can be used for qualitative comparison. 
 (c) ∆m1 is the mass gain obtained between ~400 and 600 °C. 
 (d) ∆m2 is the mass gain obtained after the melting point of Al. 
 (e) overlapped with other exotherm. 
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∆H indicates that part of the Alss/Zonyl mixture 
has already reacted before 445 °C. 

Although, no reaction was observed from 
the Alss/Zonyl (80:20) mixture near 150 °C, 
better contact between Alss and fluoropolymer 
in Alsstef may enhance the interaction between 
Alss and fluoropolymer. 

 
ARC Results 

The thermal behaviour of Alss and Alsstef 
in ambient and super-ambient pressures of air 
was studied using ARC. The ARC results are 
summarized in Table 2, along with the earlier 
results for Alex [10] and Als [12]. In the ARC 
experiment for Alss that was started at ambient 
pressure of air, no exotherm was detected up to 
260 °C. Several minor exotherms, which had 
self-heating rates between 0.02-0.03 °C min-1, 
were detected from the ARC experiments for 
Alss starting at 0.72 and 1.40 MPa. For 
Alsstef, minor exotherms were also observed 
from ARC experiments starting at 0.11 and 
1.40 MPa. The onset temperature of the 
oxidation of Alss and Alsstef seems to be lower 
at higher pressures of air (Table 2). Both the 
higher (than the initial pressure (Pi)) values for 
the residual pressure (Pr) and the mass loss 
(∆m) in Table 2 suggest the occurrence of an 

outgassing. The outgassing behaviour of Alss 
and Alsstef is discussed later in the next section. 

The ARC results for (10:1) mixtures of 
Alss/H2O and Alsstef/H2O at super-ambient 
pressures of air and argon are also shown in 
Table 2 and Figure 3. For Alss, an exotherm 
was detected at ~40 °C from the ARC 
experiments started at different pressures and 
different atmospheres. This exotherm may result 
from a reaction between Al and water. A 
second exotherm was observed from the ARC 
runs in air. Since this second exotherm was not 
observed in argon, it is a result of Alss 
oxidation. Compared to Als, Alss is less 
reactive with water. Exothermic activity at 32 
°C has been reported for the Als/H2O mixture 
[12]. The reactivity of Al nanopowders with 
water may cause aging of Al nanopowder, as 
discussed in [12]. 

The Alsstef/H2O mixture exhibited an 
exotherm at a higher onset temperature and 
with a lower self-heating-rate. Alsstef is less 
reactive than Alss, as expected. The 
fluoropolymer coating significantly lowered the 
reactivity of Alss with water, which can 
consequently reduce the aging of Alss. 

 

 

 
Figure 3.  ARC results for Alss/H2O and Alsstef/H2O. 
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Outgassing Studies 

Mixtures of Al nanopowder and nitramines 
showed a gas evolution in the Vacuum Stability 
Test that was dependent on the particle size 
[22]. Chemical interaction between Al 
nanopowders and RDX has been reported [11-
13]. In this study, the outgassing behaviour of 
ADN, Alss, Alsstef, and (50:50) mixtures of 
ADN with various Al powders was investigated 
using TG-DTA-FTIR-MS. 

Example plots for the outgassing 
experiments, using the ADN/Alss mixture, are 
shown in Figure 4. The TG curve and the 
sample temperature were plotted against time in 
Figure 4(a). The absorbance (A) versus time 
for the evolved gases detected by FTIR are 
shown in Figure 4(b). The MS data are 
presented as ion current versus time for the 
selected mass fragments (Figure 4(c)). 

The results obtained for Alss, Alsstef and 
ADN, as well as the earlier results for H-15, 
Alex and Alss [12], are summarized in Table 3. 

A mass loss of 2.6 ± 0.1 % was obtained 
for Alss. The FTIR results show that the 
desorbed species were CO2 and H2O. 
Evolution of H2O was also detected by the MS. 
Compared to the mass losses obtained for Alex 
and Als, Alss seems to desorb more than the 
other two Al nanopowders. Apparently, the 
adsorption of H2O and CO2 is particle size 
dependent, with more being adsorbed as the 
particle size decreases. For Alsstef, a mass loss 
of 0.99 ± 0.02 % was obtained. Evolution of 
H2O was observed from the FTIR and MS 
results. Trace of hydrocarbon was also 
detected by the FTIR ([-CH-] in Table 3). 

Table 2.  Comparison of ARC results for various Al nanopowders  
Sample Pi/MPa To/°C(b) Pr/MPa(a) Mass/g ∆m % 

0.11 290 0.11 1.0 0.1 Alex [10] 
0.72 150 0.68 0.5 0.4 
0.11 110 0.27 1.0 -0.2 Als [12] 
0.72 105 0.60 1.0 1 

Als/H2O (10:1) 0.72 32 2.0 1.1 1 
0.11 -(c) 0.33 1.0 -1 
0.72 100 1.01 1.0 -0.1 Alss 
1.40 120 1.53 1.0 0.8 
0.72 43 1.43 1.1 0.6 
1.40 41 1.31 1.1 2 Alss/H2O (10:1) 

1.40 (Ar) 43 1.91 1.1 0.1 
0.11 151 1.0 1.0 -6 Alsstef 
1.40 84 3.7 1.0 -3 
1.40 52 2.7 1.0 -6 Alsstef/H2O (10:1) 

1.40 (Ar) 77 1.9 1.0 -0.1 
Note: (a) the pressure recorded after the system was allowed to cool to ~30 °C 
 (b) the onset temperature for the first detected exotherm 
 (c) no exotherm observed below 260 °C 
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For neat ADN, a mass loss of 0.09 ± 0.01 

%, and evolution of N2O and H2O were 
obtained. Since N2O and H2O are generated 
from decomposition of ADN, the evolution of 
N2O and H2O starting at 70 °C results from an 
early, solid-phase decomposition of ADN. 

As shown in Table 3, mass losses and 
evolution of N2O, H2O, CO2 or [-CH-] were 
obtained from the mixtures of ADN and various 

Al powders. The gases evolved from the 
mixtures were also observed from neat 
components, and the concentration of evolved 
gases from the mixtures did not exceed the 
expected amount from the individual 
components. Therefore, they were not 
generated from a chemical interaction between 
Al nanopowders and ADN. No interaction of 
Al nanopowders with ADN was observed. 

Table 3.  Summary of outgassing studies 

Sample Mass 
/mg -∆m %(a) FTIR results(b) 104 [N2O] 

/A mg-1 
104 [H2O] 

/A mg-1 
104 [CO2] 

/A mg-1 
H-15 [12](c) 20 0.05 ± 0.05 nd - - - 
Alex [12](c) 20 0.46 ± 0.05 H2O, CO2 - 0.75 0.75 
Als [12](c) 14 0.98 ± 0.07 H2O, CO2 - 1.43 1.43 

Alss 3 2.6 ± 0.1 H2O, CO2 - 1.24 9.49 
Alsstef 15 0.99 ± 0.02 H2O, [-CH-] - 0.33 - 
ADN 23 0.09 ± 0.01 N2O, H2O 0.29 0.08 - 

ADN/H-15 31 0.08 ± 0.01 N2O, H2O 0.20 0.03 - 
ADN/Alex  21 0.11 ± 0.01 CO2, N2O, H2O 0.18 0.07 0.20 
ADN/Als 15 0.25 ± 0.02 CO2, N2O, H2O 0.22 0.17 0.27 
ADN/Alss 5 1.4 ± 0.06 CO2, H2O 0.31 0.79 4.43 

ADN/Alsstef 24 0.67 ± 0.01 N2O, H2O, [-CH-] 0.20 0.13 - 
Note: (a) the uncertainty of the value represents the TG baseline drift  
 (b) gases underlined were also detected by MS 
 (c) earlier results were heated to 120 °C 
 nd = not detected 
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Figure 4.  (a) TG; (b) FTIR; (c) MS results for ADN/Alss 

(50:50) mixture heated at 5 °C min-1 to 70 °C 
and isothermal for 40 min in He. 
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(a)

(b)

 
(c)

 
Figure 5.  ARC results for 1.0 g of ADN in 

air (a) T and P vs. time; (b) Rate 
vs. T; (c) ln(Rate) vs. 1/T. 

Effect of Al Nanopowders on ADN 
 

Thermal Stability 
The effects of the addition of Al nanopowders 

on the thermal stability of ADN were studied. 
ARC experiments were conducted on neat ADN, 
and 75:25 mixtures of ADN and various Al 
nanopowders. 

The results for a typical ARC experiment, 
using 1.0 g of ADN, are illustrated in Figure 5. An 
exotherm was detected at a 'true' onset 
temperature (To) of 104 ± 5 °C. The To was 
determined by extrapolating the self-heating-rate 
to 0 °C min-1. The run was stopped automatically 
at about 110 °C, when the self-heating rate 
exceeded 1.0 °C min-1. Figure 5(c) shows a plot 
of ln(Rate/°C min-1) against 103 K/T. From the 
slope and the intercept of the curve, values of E = 
572 ± 25 kJ mol-1 and ln(Z/min-1) = 181 ± 8 were 
obtained, where E and Z are respectively the 
activation energy and the pre-exponential factor 
for the decomposition of ADN. Similar ARC 
results were obtained for ADN in argon (Table 4). 
No variation in To was observed from an ARC 
study on 2.0 g of ADN. 

As shown in Table 4 and Figure 6(a), the 
addition of various Al powders slightly increased 
the onset temperature of the ADN decomposition. 
The rate constants (k), which were calculated 
using the kinetic parameters in Table 4, suggest 
that the addition of Al powders slightly lowered 
the apparent rate of ADN decomposition (Figure 
6(b)). Al nanopowders have a minor effect on the 
thermal stability of ADN, in contrast to the 
significant effect of Al nanopowder on the thermal 
stabilities of TNT and RDX. Als has been shown 
to lower the onset temperature of the TNT and 
RDX decomposition by 40 to 70 °C [12-13]. 
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Table 4.  Comparison of ARC results for ADN formulations  
Sample Mass/g To ± 5/°C Pr/MPa(a) E/kJ mol-1 ln(Z/min-1) 

1.0 103 0.2 658 ± 122 208 ± 38 
1.0 (Ar) 101 0.2 673 ± 44 213 ± 14 ADN 

2.0 101 0.3 609 ± 28 192 ± 9 
ADN/H-15 (75:25) 1.3 108 0.2 510 ± 65 158 ± 20 
ADN/Alex (75:25) 1.3 108 0.3 275 ± 5 83 ± 2 
ADN/Als (75:25) 1.3 113 0.3 321 ± 10 96 ± 3 
ADN/Alss (75:25) 1.3 114 0.3 282 ± 4 84 ± 1 

ADN/Alsstef (75:25) 1.3 107 0.3 204 ± 1 60 ± 1 
Note: (a) the pressure recorded after the system was allowed to cool to ~30 °C 

(a)

 
(b)

 
Figure 6.  Comparison of ARC results for ADN 

formulations (a) Rate vs. T; (b) rate 
constants. 
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Sensitivity 

The ESD, impact and friction sensitivities of 
Alss, Alsstef, ADN, and their mixtures are 
summarized in Table 5. Alss ignited at a charge 
energy of 6 mJ when it was placed in a closed 
sample container. Compared to Alex, Als and 
Alsstef, which have ESD limiting energies > 156 
mJ, Alss is more electrostatically sensitive. The 
ESD sensitivity of Al nanopowders increases as 
the particle size decreases since the smaller Al 
nanopowders have a greater surface area. 
However, when placed in open containers, Alss 
has a higher ESD limiting energy than Als 
(Table 5). The higher ESD sensitivity of Als 
may be due to its ease of dispersion as dust, 
which has increased interaction with the oxygen 
in air. As shown earlier in the TG-DTA results, 
Als has a higher reactivity in air than Alss. 
Therefore, Als may have a higher interaction 
with the oxygen than Als when being dispersed 
as dust. Alss may also be less easily dispersed 
as a result of agglomeration. In open container, 
low ESD sensitivity for Alss may result in 
decreased reactivity compared to Als. Both 
Alss and Alsstef are not sensitive to impact or 
friction (Table 5). 

ADN is not ESD and friction sensitive, 
while it is sensitive to impact. In 10 trials, 5 
positive results were obtained when the samples 
were subjected to impact starting at a drop 
height of 102 mm. Östmark et al. have shown 
that the impact sensitivity of ADN is of the 
same magnitude as that of RDX [23]. 

As shown in Table 5, the addition of Als 
and Alss seems to sensitize ADN to ESD and 
impact. Alss also sensitizes ADN to friction. 
Alex, H-15 and Alsstef only have an effect on 
the impact sensitivity of ADN. 

 
Mixtures of MoO3 and Al Nanopowders  

ARC experiments were conducted on 
73:27 mixtures of MoO3 and various Al 
nanopowders in argon. Only minor exotherms, 
which had self-heating rates between 0.02-0.04 
°C min-1, were observed from the MoO3/Alex, 
MoO3/Als and MoO3/Alss mixtures up to 300 
°C. For 1.0 g of MoO3/Alsstef mixture, a larger 
exotherm with a maximum self-heating rate of 
0.12 °C min-1 was observed at To = 243 ± 5 
°C min-1. When 2.7 g of MoO3/Alsstef mixture 
was used, the self-heating rate exceeded 3 °C 
min-1, as shown in Figure 7. This large exotherm 
obtained for the MoO3/Alsstef mixture may 
result from a reaction between MoO3 and Al to 
form Al2O3, after the melting of fluoropolymer 
coating. 

The ESD, impact and friction sensitivities of 
MoO3 and its mixtures with various Al 
nanopowders were determined, and are 
summarized in Table 5. For the neat MoO3, the 
MoO3/Alss and MoO3/Alsstef mixtures, no 
ignition was observed at a charge energy of 156 
mJ. By contrast, the ESD results show that 
Alex and Als sensitize MoO3 to ESD. The 
MoO3/Als mixture, with an ESD limiting energy 
of < 6 mJ, is very sensitive to ESD. MoO3 and 
its mixtures with various Al nanopowders are 
not impact or friction sensitive. 
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CONCLUSIONS 

TG-DTA and DSC results show an oxidation of Al nanopowders below the melting point of Al. 
The reactivity of Al nanopowders in air and in wet atmosphere depends on the particle size, the 
passivating layer, and the history of the sample. The outgassing studies using TG-DTA-FTIR-MS, show 
desorption of H2O and CO2 from Al nanopowders. The adsorption of H2O and CO2 increase as the 
particle size of Al nanopowder decreases. No chemical interactions between Al nanopowders and 
ADN were observed at 70 °C. The ARC results show that addition of Al nanopowders has a minor 
effect on the thermal stability of ADN. Al nanopowders appear to sensitize ADN to ESD, impact and 
friction. Reaction between MoO3 and Al nanopowder near 250 °C was observed from the ARC results 
for the MoO3/Alsstef mixture. The addition of Al nanopowders also increase the ESD sensitivity of 
MoO3. 
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Abstract 
 
 A one dimensional transient gas-dynamics 
model is developed to examine the effect of 
unsteady flow on the performance of squib-
powered pyrotechnic devices.  The results of the 
model are found to agree well when compared to 
the actual functional test data of a pyrotechnic 
valve.  The unsteady gas-dynamics model is also 
compared to a quasi-steady approximation, and a 
dimensionless parameter, τc, which may be used 
to determine the validity of a quasi-steady 
approximation for a given device, is established. 
 
 
1.  Introduction 
 
 Many pyrotechnic devices are mechanical 
devices that are powered by energy released 
from chemical reactions of solid propellants or 
other energetic materials.  The fundamental 
process in these pyrotechnic devices is linear 
displacement of a boundary aided by the energy 
produced in forms of detonation-produced 
kinetic energy, potential energy of high pressure 
and temperature gases of  combustion products, 
or a combination of both.  Consequently, the 
performance of a pyrotechnic device is directly 
related to the detonation/burning characteristics 
of the energetic material used; and the 
mechanical-part of the device must be designed 
in conjunction with the design of the explosives. 
 A squib is generally defined as a relatively 
small-size device, loaded with low explosive 
material to provide output energy, primarily in 
the form of heat (flash)(1).  Often a squib is 
electrically set off and is used to initiate the 
burning or detonation of the main explosives in 
the primary pyrotechnic device.     
 
 
* Senior Analyst, IPS Member 

However, it is not uncommon to use a squib as 
the main power source for devices that require 
relatively little energy.   
 When estimating the mechanical work 
delivered by a squib-powered device, a common 
practice is to assume a quasi-steady process and 
directly relate the pressure output of the squib, 
usually given in the form of a closed-bomb 
pressure data, to the mechanical energy available 
for the device in question.  This quasi-steady 
assumption neglects the spatial gradients of 
thermodynamic properties in the device, and 
solves the problem only as functions of time. 
This approximation usually yields good results 
except when the actuation time or the stroke 
time of the device is in the order of the 
characteristic time of the shock dynamics in the 
device.  In such cases, the spatial gradients of 
thermodynamic properties in the device must be 
accounted for because the pressure at the 
moving boundary may vary significantly from 
the quasi-equilibrium value.   
 In the present study, a one-dimensional 
transient shock dynamics model is developed to 
investigate the unsteady nature of the squib 
initiation process in pyrotechnic devices.  The 
model considers an unsteady and compressible 
flow in one-dimensional coordinate with a 
moving boundary, and assumes instantaneous 
chemical reaction of the explosive powder in the 
squib.  It considers the combustion products as a 
homogeneous mixture with an average gas 
properties. The initial pressure, as well as the 
other thermodynamic profiles, produced by the 
instantaneous burn-out of squib in the device is 
taken to be a discontinuity separated by the 
squib closure disc.  This shock tube problem is, 
then, solved by employing the Piece-wise 
Parabolic Method (PPM) for high strength shock 
flows (2).  The model is applied to simulate the 
performance of a pyrotechnic valve; and its 
results are compared with the actual test . 
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2.  Governing Equations 
 
 The one-dimensional unsteady flow model 
is described in Lagrangian coordinate system (2) : 
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υ  denotes specific volume; u is fluid velocity; p 
is pressure; and e is the total energy of a fluid 
element. The total energy, e, is defined in such 
as way that )2/)(1( 2uep −−γρ= , where γ is 
the ratio of coefficients of heat.  And ξ  is the 
material coordinate, while x is the fixed Eulerian 
coordinate.  The source term in the momentum, 

2uα−  is a bulk-loss due to wall friction, where 
α is defined by the ratio, iDf 2/ , where f  is 
an average wall-friction coefficient.  The heat-
loss q&  is also given as a bulk-loss across a 
control volume.  The initial and the boundary 
conditions are 
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The initial fluid velocity is zero everywhere, and 
the thermodynamic conditions are given as step-

functions that represent the initial discontinuous 
profile.  The boundary condition at the left-end 
wall corresponds to the condition of shock-
reflection against a rigid wall, while the 
boundary condition at the right-end corresponds 
to the shock-reflection against a moving 
piston(3). The velocity of the moving piston is 
obtained as the time integral of the piston 
acceleration which is related to the pressure 
exerted on the piston face.     
 
 
3. Normally-Open Pyrotechnic Valve 
 
 The one dimensional gas-dynamics model is 
applied to simulate the functional outputs of a 
normally-open, pyrotechnic valve developed for 
engine shut-off mechanism for a space launch 
vehicle.   
 
 
3.1 Operation and Mechanics 
 
 The schematic drawing of the pyro-valve is 
shown below: 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 Normally-Open pyro-valve schematic 
 
The main components that comprise the pyro-
valve are: 1) housing; 2) initiator or squib; 3) 
piston; 4) shear-pin; and 5) end-of-stroke lock 
mechanism.  When in normal configuration, the 
valve is “open” and allows a fuel-flow through a 
flow path down-steam of the piston.  When the 
engine shut-off is commanded, an electrical 
signal is sent to the squib, which, in return, 
causes a rapid production of high pressure and 
temperature gases, which pushes on the piston.  
This force breaks the shear-pin, and sends the 
piston to the right, which disables the fuel flow-
thru.  A piezo pressure sensor is used to measure 

piezo pressure sensor 
housing 

shear-pin 
flow-out 

flow-in 

locking 
mechanism squib

piston 



 

the pressure at a location upstream of the piston, 
and at a sampling rate of 50 kHz. 
 The housing and the piston are both made of 
stainless steel.  The piston mass, Mp, is 0.028 lb-
mass.  The initial internal volume of the valve, 
Vo, is 0.04577 in3; and the effective internal 
diameter of the housing, Di, is 0.172 inches.  
And the piston strokes 0.42” before coming in 
contact with the locking mechanism. The 
terminal velocity with which the piston engages 
the locking mechanism is a crucial parameter 
that affects the success of the lock, as well as the 
structural integrity of the valve.   
 The energetic material in the squib is 
Zirconium Potassium Perchlorate (ZPP).  The 
squib performance is designed to produce 210 
±50 psi in 10cc closed-bomb, when fired in 70 
oF environment.    
 
 
3.2 Initial Conditions 
 
 The model assumes an instantaneous burn-
out of ZPP in the squib.  At some reference time 
zero when the squib is initiated, the pressure 
everywhere in the squib immediately reaches Pu.  
The pressure profile in the valve at time zero, 
P(ξ),  is illustrated in Figure 2.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 
 
Pu is 
specified
pressure
(210psi)

internal volume of the squib.  Immediately to the 
right of the squib closure-disc is the pressure 
discontinuity; at which the pressure steps down 
to atmospheric pressure, Po.  Temperature also 
follows the similar profile: left of the 
discontinuity is Tu, the constant volume flame 
temperature; and the environment temperature, 
To , to the right of discontinuity.      
 The instantaneity of the closure-disc rupture 
implies that the squib closure-disc is a mass-less 
diaphragm which homogenously ruptures at time 
zero, and allows a planar shock wave-front to 
travel to the right.  In reality, the flow is three 
dimensional, and the closure-disc may rupture 
before or after ZPP burn-out.  The three-
dimensionality of the flow is not investigated in 
this study, even though it may be a non-
negligible factor.  However, the timing effect of 
ZPP burn-out vs. the disc rupture is considered 
here heuristically by simply changing xi, the 
location of closure disc.  The case when ZPP 
burns out much more locally, i.e., in a smaller 
volume than the total available squib volume 
may be simulated by decreasing xi , which will 
yield higher Pu.  Similarly, the case when ZPP 
burns slowly so that its burn-out occurs after the 
disc-rupture may be simulated by increasing xi, 
which will yield lower Pu.   
 
 
3.3 Results piston face 
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Figure 3  Piezo pressure sensor measurements at 
location, x = 0.35” for two functional tests 
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Figure 3 displays pressure-time measurements of 
two tests of identical set-up.  The results of Test 
#1 and Test #2 closely follow one another 
except that the first peak in Test #1 is not seen in 
Test #2.  This is thought to be caused by the 
gage anomaly.  The first peak of about 9700 psi 
(from Test #1) occurs at 80 µsec after initiation.  
The measured period between peaks is 
approximately 120 µsec.  And the piston ends 
stroke and engages the lock mechanism at 500 
µsec following initiation.   
 In Figures 4 and 5, two cases of the model 
results are compared with Test #1.  The pressure 
at x = 0.35” and at the piston face are both 
plotted; and the Test #1 result is overlaid in 
dashed lines. 

 
Figure 4  Mod
Results of Test #1
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exerted to the moving piston is not significantly 
different than the pressure measured at a 
location upstream of the piston face, or, at least, 
the total work done by the high-pressure gases to 
the piston is consistent with the total work 
deduced from the pressure measured at a 
location upstream of the piston.   
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The set of ballistic equations include Vileille 
burning-rate relation(1), form-function which 
considers propellant geometry, Nobel-Abel 
equation of state(4), 1st Law of thermodynamics, 
and Newton’s 2nd Law of motion.   
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1st Law of thermodynamics:  
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These equations form an  initial value problem 
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with a set of non-linear ordinary differential 
equations(5).  They can be solved with relative 
ease by employing available integration schemes 
such as Runge-Kutta method(6).  The results are 
shown in figures below.    

 

Figure 7  Quasi-Steady Pressure-Time Results 
Compared with Test #1 Data 
 
Figure 7 compares the pressure-time curve 
predicted by the quasi-steady model with Test 
#1 data.  The quasi-steady solution predicts the 
peak pressure of about 2500 psi, which 

0.10 0.15 0.20 0.25 0.30 0.35 0.40

Stroke, Inches

0.03465 0.03470 0.03475 0.03480 0.03485 0.03490 0.03495 0.03500 0.03505 0.03510

Time

     0

  2000

  4000

  6000

  8000

 10000

P
re

ss
ur

e,
 P

si

test  #1 
quasi-steady



 432

corresponds to the value of squib’s specific-
pressure in accordance with the volume ratio, 
i.e., 2500 psi ≈  (210 psi)(10cc)/(Vo).  The peak 
pressure is reached quickly as ZPP burns out.  
And as the piston strokes, the pressure decays 
due to the increase in volume, as well as due to 
heat-loss, which is nearly insignificant for the 
short duration.  The stroke-time predicted is 
about 500 µsec, which closely matches the 
prediction of unsteady model as well as the test 
result.     

 
Figure 8  Quasi-Steady Piston Velocity vs. Stroke 
Compared with Integrated Result from Test #1 
 
 The piston velocity versus stroke is plotted 
in Figure 8, and is compared with the integrated 
result from Test #1 data.  The end-of-stroke 
velocity predicted by the quasi-steady model is 
121 feet/sec while the test result yields 126 
feet/sec.  Thus, it is seen that the quasi-steady 
approximation yields satisfactory results in 
predicting the dynamics of the piston – within 
10-percent of energy, even though it does not 
take the fluctuating pressure waves into 
consideration.   
 
 
4.2 Dimensionless Parameter - τc     
  
 When applied to solve the dynamics of the 
pyro-valve, the quasi-steady approximation was 
sufficiently adequate in predicting the energy 
output of the valve.  However, it is not difficult 
to devise a scenario in which the same quasi-

steady model no longer yields acceptable 
prediction.  If the actuation time of a device is 
much shorter compared to the time it takes for 
the unsteady waves to reach an quasi-steady 
point, then the motion of the moving boundary 
will be determined by first peaks and valleys of 
the pressure waves.  For Scenario-1, the piston 
mass in the pyro-valve is reduced to one-tenth of 
its original value, from 0.028 to 0.0028 lbm.  
The quasi-steady model yields the end-of-stroke 
piston velocity of 390 feet/sec while the 
unsteady model gives 600 feet/sec.  

 
Figure 9  Quasi-Steady Pressure-Time Result 
Compared with Unsteady Pressure-time at Piston-
face for Mp=0.0028 lbm 
 

Figure 10   Quasi-Steady Piston Velocity vs. Stroke 
Compared with Unsteady Result (Mp=0.0028 lbm) 
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The discrepancy between the two models is 
clearly illustrated in Figures 9 and 10 above.  It 
is seen that  the duration of the piston stroke is 
within one period of the pressure wave such that 
the first pressure peak is responsible for the 
entire energy imparted to the piston.   
 In Scenario-2, the piston mass is reduced to 
one-fourth of the original value, to 0.0070 lbm.  
For this case, the quasi-steady models yields 230 
feet/sec, while the unsteady models yields 280 
feet/sec.  The increase in piston mass which 
results in increase in stroke-time is seen to 
reduce the discrepancy between the quasi-steady 
and the unsteady model, though the energy 
difference is almost 33 percent.  Therefore, it is 
seen that the validity of the quasi-steady 
approximation is related to the relationship 
between stroke-time of the device and a 
characteristic time of the gas-dynamics that 
drive the piston.   
 In light of these, a piston-dynamic time, τD, 
and a gas-dynamics time, τG, are defined as 
follows:   
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where PCBVCB is the specific force of squib.  
Since all parameters except τD is known in Eq 
(12), τD can be calculated accordingly.  And, 
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The initial shock speed is calculated from the 
initial pressure/temperature profile used in the 
unsteady model (7).  The factor 5 in Eq (13) is 
applied by considering a flow discharging 
through a duct from a reservoir.  In such a case, 
a quasi-steady flow condition is approximately 
reached when the value cot/L is about 5, where co 
is the sound speed, and L is the length of duct (3).  
In the present case, the shock speed, Ws, takes 
the place of co; and the total stroke, S, takes the 
place of L.         

Finally, the ratio of the two characteristic times 
is simply defined as 
 
 GDC ττ=τ /        (14) 
 
The evaluated τc for Scenario-1 and 2 are 0.352, 
and 0.557, respectively.  At the same time, Case-
1 model of the pyro-valve yields τc of 1.11.  
From these results, a conclusion may be drawn 
that a quasi-steady model is valid in estimating 
the output energy of a pyrotechnic device under 
the condition: 
 
   1>τC            (15) 
 
Eq (15) suggests that the output energy of 
pyrotechnic device can be approximated, with a 
reasonable degree of accuracy, by ignoring the 
unsteady gas-dynamics that are present in the 
device, if the actuation time of the device 
exceeds the time for the gases to reach a steady 
state condition.   
 
 
5. Summary 
     
  The results of the one dimensional unsteady 
gas-dynamics model show that a squib-initiated 
pyrotechnic process can be represented by a 
shock-tube problem with a moving boundary.  
The specific force of a squib and free volume of 
the squib dictate the initial shock profile 
established by instantaneous burn-out of the 
explosive material.  Moreover, the locality of the 
explosive material burn-out phenomena can be 
heuristically simulated by adjusting the relative 
free volume in which the explosives burn.  The 
results of the unsteady model also indicate that 
the unsteadiness of gas dynamics in a 
pyrotechnic device become increasingly 
important in affecting the total mechanical 
energy output as the actuation time of the device 
reaches within the characteristic time of the gas-
dynamics.  Conversely, the unsteadiness can be 
ignored, and the output energy can be calculated 
by assuming a quasi-steady process, if the stroke 
time is long enough.  The condition in which 
such quasi-steady approximation can be made is 
derived from the known analysis of unsteady 
flow-discharge through a duct from a reservoir.
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ABSTRACT 
 
 
We have initiated the study of the effect of nano-aluminum and MIC on the detonation 

performance of TATB.  Formulations of TATB with nano-Al (44 nm) and with MIC at both 1 

and 20 wt % were prepared.  For comparison, formulations with 4 µm aluminum powders were 

also employed in the study.  Thermal analysis by DSC and small-scale sensitivity tests of all six 

TATB mixes were performed.  In small sensitivity test, all the formulations behave the same as 

pure TATB and are insensitive to impact, spark and friction sensitivities.  Surface structures from 

SEM photographs of the aluminised TATB compositions demonstrate a homogeneous mixing 

between TATB and Al powders.  It is interesting to observe that some of the aluminum particles 

deposit in the voids of the TATB crystals. 
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1. Abstracts 
ADD has developed a pin type slapper 

detonator for application in In-line fuzing 
system. This detonator is qualified and 
under consideration for various other 
fields such as aerospace. 

This paper presents the detonator 
design and performance test results 
according to variation of parameters such 
as copper thin film process, bridge 
dimension etc.. 

Exploding foil initiators were designed 
to function at a firing energy of 0.4 J. 
Thin metal foil on polyimide film 
fabricated by a two step process ; 
sputtering and electroplating with monel 
as a tie coat was good for slapper 
detonator function. For 5µm copper 
thickness, measured flyer velocity of 
bridge foil assembly was in the range of 
3.4km/s. Detonators with bridge 
dimension of 200µm x 200µm and 300µm 
x 300µm had almost the same firing 
characteristics. 

 
2. Introduction 

The slapper concept was applied to the 

method of explosive initiation through the 
paper, “ A new kind of detonator – slapper” in 
1976.(1)  This detonator, EFI (Exploding foil 
initiator) is the component of the explosive 
trains to meet the requirements of In-line 
fuzing system because it is rugged to the 
electromagnetic field and can initiate the 
secondary explosives directly. 

The pin type EFI, which is operated at the 
initiation condition at 0.4J (2.0kV, 0.2µF), 
was designed and its firing characteristics 
were analyzed. 

 
3. Design and Fabrication 

3.1 Bridge assembly 
The schematic diagram of the bridge 

assembly is shown in Figure 1. The material 
of substrate (tamper), flyer and barrel were 
the polyimide films and their thickness were 
50µm, 25µm and 125µm, respectively. Two 
types of foil assembly sample were 
manufactured. The first sample was 
manufactured by depositing chrome of 
0.05µm on polyimide film and then by 
depositing copper of 4.2µm by sputtering 
method. The fabrication purpose of the first 
sample is not only to obtain the high 
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reproducibility and uniformity by the 
simplification of manufacturing processes but 
also to maintain the stability to the 
environmental condition of high temperature 
by the good adhesion between the foil and the 
polyimide film. The second sample was 
manufactured to improve the etching 
performance by using the monel as the tie 
coat and coating copper partially by the 
sputtering method and then coating copper by 
the electroplating method.(2)  The copper 
thickness of the foil was 5µm. 
 

 
Figure 1  Bridge assembly 

 

The figure 2 showed the SEM (Scanning 
electron microscope) photograph of sample 1 
and the sample 2. The copper crystal shape of 
the sample 1 was pillar owing to the crystal 
growth by long time heating whereas that of 
sample 2 was fine. 

 

 
(a) Sample 1 

 

 
(b) Sample 2 

Figure 2  Copper structure 
 
Figure 3 shows the enlarged photo of the 

bridge part. The bridge shape of the foil 
assembly was a square and the incline angle 
of a fan square was 30 ° from a vertical line. 

The gold was plated on the joining part of 
the pins to prevent oxidation of copper. Pins 
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were joined precisely to minimize the foil 
damage by the high temperature during the 
soldering. 

 

 
Figure 3  Bridge (200 um x 200 um) 

 
3.2 Explosives 

  The explosive used in detonator was HNS 
IV and its specific surface area was 10.5m2 /g. 
Figure 4 shows the SEM photography of HNS 
IV explosive. The explosive 130 mg was 
loaded into sleeve in powder type and then 
fixed into the position. 
 

 
Figure 4  HNS IV explosive 

 
4. Experiment and analysis 

4.1 Firing Circuit 

The firing device consists of the high 
voltage D.C. Power supply, EFI firing circuit 
and power source for triggering the spark gap 
switch. 

The D.C. power supply (Bertan 205B) can 
supply the voltage to 3kV and the firing 
circuit is EFI test module (P/N 188-7374 of 
RISI). The test module consists of 0.209µF 
capacitor, spark gap switch, electrical 
transmission line, circuit for triggering and 
CVR (Current Viewing Resister, 0.005Ω). 
The copper strips of 120mm length, 8mm 
width with rolled end were used to connect 
the firing module output terminals with pins 
of the detonator. 

Ringdown tests were performed for the 
firing module with attached strips shorted 
together. From the discharge curve shown in 
Figure 5, the inductance and resistance were 
calculated 33 nH and 76 mΩ. 

 

 

Figure 5  Discharge waveform 
 

 4.2 Measurements of flyer velocity 
The velocity history of the flyer of which 

the surface is reflected by the light can be 
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measured using the VISAR (Velocity 
Interferometer System for Any Reflector).(3)  
In the case of EFI, the flyer is transparent to 
the light and is small. So its velocity can be 
measured by induction of the diffused 
reflection through scratch of the surface and 
by the device such as µ-spot size interface.                                                        

In this experiment, the velocities were 
measured with the steak camera instead of the 
VISAR. Velocities were measured at the 
outside of the barrel because of the condition 
of photographing. Although the measured 
value was not velocity at the impact time of 
the flyer on the explosive, this data was the 
useful value for analysis of EFI performance. 

Figure 6 shows the schematic diagram of 
the measuring system using the streak camera. 
The streak camera is Imacon 700 (Hadland) 
and its sweep velocity is 100 ns/mm. The Xe-
lamp (Hadland) was used for illumination. 

 

 
Figure 6  Streak camera settings for 

measurement of the flyer velocity 
 
Figure 7 shows the streak records of flyer 

for sample 1 and sample 2 with bridge 
dimension 200µm x 200µm. The horizontal 
axis is time and the vertical axis is the moving 
distance. The bright part is the light produced 
during metal explosion. 

The measured flyer velocities for sample 1 

were 2.97 ∼  3.22 km/s and that for sample 2 
was 3.44 km/s. That is to say, the performance 
of sample 2 is superior to that of sample 1.   

 

 
(a) Sample 1 

 
(b) Sample 2 

Figure 7  Streak record of flyer 
 

4.3 Firing characteristics 
As electric resistance between two pins 

represents the basic characteristics of EFI like 
other electric detonators, its value measured 
between two pins were compared with. the 
results of firing tests. 

For the sample 1, the detonators with 
electric resistance above 90mΩ were not fired. 
In the case of those with below 90mΩ, 
detonators with 100µm gap between barrel 
and explosive were fired. So the optimum 
barrel length of sample 1 is guessed to be 
above 225µm. 

On the other hand, the electric resistances 
for the sample 2 were 14 ∼  20mΩ and 
detonators were functioned well without the 
gap between the barrel and explosive. 

Figure 8 shows the curves of high voltage 
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output and CVR waveform measured during 
the firing tests. The peak current was about 
2.2kA and time to reach current peak from the 
trigger input signal was about 800 ns. 

 

 

Figure 8  High voltage and CVR 
waveform 

 
The comparing tests were carried out to 

obtain the firing characteristics for sample 2, 
whose bridge dimensions were 100µm x 
100µm, 200µm x 200µm and 300µm x 300µm, 
and their test results are shown in Table 1.  

The detonators with bridge dimension of 
100µm x 100µm were not fired all at below 
2.3kV.  On the other hand, the detonators 
with bridge dimension 200µm x 200µm and 
300µm x 300µm were functioned at 2.0kV 
and the firing characteristics at below 2.0kV 
shows the similar pattern. Therefore, 
detonators with bridge dimensions between 
200µm x 200µm and 300µm x 300µm were 
designed to be functioned at firing level 
2.0kV x 0.2µF. 

 
 

Table 1. Test results for firing level with 
variation of bridge dimension for sample 2 

Bridge dimension (µm x µm) 
Voltage(kV)

100x100 200x200 300x300
2.4 5/5*   
2.3 3/5   
2.2 4/5   
2.0  5/5 5/5 
1.8  5/5 5/5 
1.6  5/5 5/5 
1.5  10/10 3/3 
1.4  2/5 0/2 

* Number of fired / Number of tested 
 

The detonators with bridge dimension of 
200µm x 200µm were tested to compare the 
effects of barrel length. Table 2 shows that 
firing characteristics of detonators with barrel 
length 175µm are similar to those with barrel 
length 125µm in Table 1. This means that 
flyer velocity in this range of barrel length 
was enough for the initiation of HNS IV 
explosive successfully at 2.0kV firing level. 
But the measurements of the flyer velocity by 
the VISAR need to be developed through the 
surface treatment of flyer material because the 
velocity history of the flyer gives the 
information for the optimization of the barrel 
length. 

Each 20 detonators with bridge dimension 
of 200µm x 200µm were functioned at 2.0kV 
after stored under low temperature, – 62℃ 
and high temperature, 105℃ conditions for 6 
hours. 
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Table 2. Test results for barrel length 
175µm 

Firing Voltage 
(kV, @0.2 µF) 

Test Results * 

2.0 
1.8 
1.6 
1.5 
1.4 

25/25 
5/5 
5/5 
3/3 
1/2 

* Number of fired / Number of tested 
 
5. Conclusion 

The fabrication method by combination of 
sputtering and plating rather than only 
sputtering was suitable for fabrication of EFI 
bridge assembly in point of reproducibility 
and the characteristics of the firing. 

In case of 5µm copper foil, the firing 
characteristics of detonators with 200µm x 
200µm bridge dimension were similar to 
those with 300µm x 300µm. 

The more study need to be carried out to 
know the limit of firing level for the 
detonators with bridge dimensions above 
300µm x 300µm and effects on firing 
characteristics according to copper thickness 
and bridge shape. 
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Abstract 

By comparing the basic properties of traditional firework powders and that of expired 
gun-powders (EP), this thesis analyses the technical requirements of fireworks on powder types, 
grinding and safety controlling as well as powder sizes. Studies are also made on the effects of 
powder sizes (unit surface) and burning rate modulators on gas-generating rate. 

Key Words: property analysis, technical requirements, gas-generating rate, modulators 
 
There have been no practical and resourceful ways to dispose of expired military gun 

powders on a large scale in the world. Burning these military "wastes" is highly wasteful, costly, 
dangerous and polluting. Resourceful disposal methods have been found in China's "866 Project", 
but they have a high product-added value and limited disposal capacity. So it is far from 
technically practical to utilize expired gun powders resourcefully on a large scale in China. 

Harmless, smokeless, odorless, safe and environment-friendly fireworks have long been the 
trend for future development in the world's firework industry. So it is highly significant to make 
environment-friendly firework products from EP. Technically, it includes two aspects: safe 
modification of these waste powders in shapes and properties; manufacturing new firework 
powders from the above modified EP, which are urgently needed in domestic and foreign 
markets. These new compound environment-friendly firework powders (henceforth referred to as 
CEFPs) must be poisonless, smokeless, odorless and powerful, without leftovers of any kind and 
safe in use. 

1. Basic situation of firework powders 

1.1 General technical requirements and properties of traditional firework powders 

Presently black powders are used as firing or fountain energy resource. Different 
requirements are laid on their shape, size, ingredients, burning rate for different kinds of firework 
products. 

1.1.1 Current situation of fountain powders 

Powders for sprayers are usually mixtures of black powders and efficacies, with black 
powder as its firing or fountain energy resource. Judged by its burning rate, fountain powders are 
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divided into three grades, namely, Sprayer 1#, 2#, 3#, their sizes being less than 100# (MU). To 
attain designed firing effects, sprayers must be compatible with efficacies; otherwise, various 
problems may arise, such as efficacies not being set on fire, fountain pattern not being ideal, as 
well as some other potential dangers. Besides, sprayers must reach certain force, so fountains can 
reach certain height with ideal firing effects. 

To guarantee firing effects, current sprayer are usually deficiency oxygen balanced; thus, 
problems arise in traditional sprayers, such as incomplete burning, poisonous gases and solids, 
smogs, as well as pollution. 

1.1.2. Requirements on powders for ground- and air- fireworks 

Black powders are used as firing energy for ground- and air fireworks. To use their energy 
efficiently, their burning rate should be quick and highly energetic. Major problems for current 
firing powders are being expensive and highly sensitive. 

1.1.3. Others 

Black powders used in fireworks to unpack the bullets are usually termed as "unpackers". 
Relevant technical requirements are high burning rate, high capacity with smog, so as to enlarge 
its firing patterns and ensure better displays. Current unpackers produce too much smog which 
would even shelter the beads and sparkles in windless weather. 

1.2 Technical requirements for modern firework powders 

With the development of science and technology, people enjoy higher living standards. 
Accordingly, higher requirements are laid down on fireworks in terms of their displaying effects, 
safety in production and in firing. All over the world, great efforts have been given to develop 
smokeless and odorless fireworks with near to none pollution. Accordingly, modern firework 
powders should be made relatively safe in production and use with rich resources for raw 
material. Cost should be low while burning complete, producing no gas and solid poisons, to 
mention just a few of them. It is safe to predict that smokeless, odorless, environment-friendly 
firework powders and their final products with low cost and high energy are future trend of 
development. 

2. Basic technical analysis on EP 

2.1 Categories of EP 

Among the current firing and double-based solid propellants, some have exceeded 30 years 
of storage, others are unfit for other purposes because of dismantling of current weapons, still 
others become expired as the finished weapon products have expired their storage and the 
propellants in them are dismantled. These all become the so-called EP, the former two are still in 
the national arsenal warehouses and the later in the arsenals or maintenance houses of each 
military district. 

According to their ingredients, they fall into two categories: one is single-based propellants 
containing mainly nitrified cellulose and the other double-based propellants containing mainly 
nitrified cellulose and nitrified glycerin. 
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2.2 Basic properties of EP 

After a certain period of storage in the warehouses, changes have taken place in their 
chemical and physical properties, especially in shape and size. Compared with black powders 
currently used in fireworks, these single- and double based propellants have the following 
characteristics: 
(1) Smokeless: although deficiency-oxygen balanced, but their balance indexes are quite low. 

Their burning is complete and smokeless, thus referred to as "smokeless powders". 
(2) High gas-generating capacity: this refers to the amount of gas produced by each unit mass 

powder in burning, which is an important index to signify the capacity of a "firer" and 
indicate its working force, the higher the gas-generating capacity, the higher its work force 
and vise versa. Smokeless powders have a much higher gas-generating capacity than black 
powders, say, that of single-based powders is around 900ml/g, that of black powders 
around 200~400 ml/g. 

(3) High explosion heat. Explosion heat is defined as the heat released by unit mass powder in 
explosion, which is also an important index to indicate the capacity of a propellant: the 
higher the explosion heat, the higher the firing capacity, and the higher its work force. 
Similarly, the explosion heat of smokeless powders are much higher than that of black 
powders: that of single-based powder is around 3500 J/g; double-based powder 
3100~500J/g, black powders around 2350J/g. 

(4) Less burning leftovers: smokeless powders have a slight deficiency oxygen balance, with 
burning products mainly gases such as H2O,CO2,N2; while black powders have a much 
high deficiency oxygen balance, the burning is quite incomplete, producing a lot of solid 
leftovers, mainly oxides of C, S, and K. Detailed information is shown in Table 1. 

 
Table 1. The approximate burning leftovers of a certain black powder (%) 

Gas products /% Solid products /% 

CO2 CO N2 H2S CH4 H2O H2 K2CO3 K2SO4 K2S KCNS KNO3 (NH4)2CO3 S C 

49 12 33 2.5 0.5 1 2 61 15 14.3 0.2 0.3 0.1 9 0.1 

44 56 

 
(5) Low sensitivity: with low flames and mechanic sensitivity than that of black powders, 

smokeless powders are comparatively safe in manufacturing and use. 
(6) Burning rate and fire transition are slower than propellant black powders, faster than that 

used in sprayer3#. 
(7) Weaker firing capacity than that of black powders. 

Besides the above mentioned major features of EP, there are some minor ones worth 
mentioning: 
(1) Great differences in properties: the safety and strength of some powders are low because of 



too long storage with their stabilizers being nearly consumed up; while others are basically 
the same as when they are first produced. 

(2) Various sizes: "firers" for guns are smaller than that of artilleries and much smaller than 
that for missiles and rockets. 

(3) Various types: single-based powders in guns differ slightly in capacity even though their 
capacity varies with their nitrogen ingredients. Double-based powders used for guns, 
rockets, missiles differ greatly in capacity. For example, the explosion heat of 
"Shuangfang-3" is 3197.7 J/g, and that of "Shuangpai" is 4932.4J/g. In addition, they also 
differ noticeably in burning properties, especially burning rate. 

It is now clear that EP used as firework powders have irreplaceable advantages in the place 
of black powders, and can better satisfy the requirements for modern fireworks. At the same time, 
much remains to be done before direct utilization of EP is made possible, since they display great 
differences in type and property.  

3. Technical analysis on making firework powders from EP 

3.1 Techniques in safe granulate size control 

EP usually have larger granulates and cannot be used directly for fireworks. Accordingly, 
the granulates must first be adjusted into certain range to meet the needs. 

Granulates are usually ground mechanically. Due to their high mechanic sensitivity, this 
can not be done without safety precautions. Water, being cheap and itself a final burning product, 
is widely used as the medium. 

3.1.1 Grinding technique. 

Chart 1 is a technical framework indicating the grinding process, which applies to both 
expired single- and double-based powders. 

 

 
Chart 1. Technical framework for safe grinding process.    
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In the above framework: 
•  Water soaking is to allow the EP to soak certain amount of water, thus lowers the 

sensitivity to sparkles and gentle mechanic work. 
•  Rough grinding is to make expired single- and double- based powders with larger 

granulates flat, thin and crisp to increase efficiency. 
•  Fine grinding is to further grind them into required sizes. 
•  Spinning is to remove much of the water in the powders. 
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3.1.2 Safety analysis on mechanic grinding 

(1) Influence of water on the mechanic sensitivity of EP and detonators 
Experiments are done to test EP' respective sensitivity to strike, to friction and to 

detonators. Conditions for testing sensitivity to detonators are: detonator8#, 30°°°°C, density of 
powder in paper pipe 1.0g/cm3. Single-based powder is made from "14/7" single-based 
propellant, granulate sizes around 40-~80+MU. Testing results are shown in Table 2. 

Table 2. Co-relation between water percentage and sensitivities. 

water /% sensitivity to strike Sensitivity to friction sensitivity to detonator 

0 100% 100% explosion 

5 95% 60% explosion 

11 __ __ explosion 

13 __ __ no explosion for detonator 8# 

15 40% 50% no explosion for detonator 8# 

33 40% 20% no explosion for detonator 8# 

Table 2 shows that with the increase of water, the mechanic sensitivity of single-based 
powders decreases. Water improves safety in grinding process. When water increases to 13%, 
the powders lose sensitivity to detonators. Tests also show that water serves various purposes in 
grinding: 

a. Buffer: water forms a film outside the powder granulates. As an inert medium, it separate 
granulates and forms a cushioning effect on friction and strike, thus, reduce the 
probability of forming local "heat-pots". 

b. Heat conduction: Heat or local heat spots are formed under mechanic function, when 
powders change shapes, break up or form a viscous flow.  Water can increase heat 
conduction on the surface and lowers temperature in the environment, thus, the powder 
system is in a stable system that heat does not accumulate, preventing heat spot formation 
and transmission. 

(1) Minimum water percentage in safety use 
During grinding, minimum use of water is an important parameter in deciding the 

consumption of water so far as burning does not transfer. Calculations show that when the 
amount of water is as much as 1.93 times that of powder, water can not be heated to the degree 
as to heat the powder around to explosion, even if some powder granulates are burned. Also, 
critical water percentage for explosive transmission is 13%; therefore, being 1.93 times of the 
mass of the powder is the minimum water consumption in grinding. 

Above discussion leads to the conclusion that water can be used as the medium. Large 
amount of powders are ground repeatedly in our tests to prove that even when water/powder 
exceeds 5, grinding is safe. 



3.2 Gas-generating rate adjustment 

There are different requirements on the gas-generating rates for different types of fireworks, 
or even, various products in the same type. Accordingly, gas-generating rates must be adjusted 
besides selection of EP. 

3.2.1 Theoretical analysis on factors affecting gas-generating rate of smokeless firework 
powders 

Interior ballistics[1] shows that: the formula for gas-generating rate is: 
dψ/dt=（S/V）• (de/dt) (1) 

In the formula: 
V: original volume of the powder granulates, 
S: surface square of granulates, 
S/V: unit surface, 
(de/dt): linear velocity of powder burning 

Formula (1) shows that two factors affect gas-generating rate: unit surface square S/V and 
burning rate (de/dt). 

3.2.2 Influence of unit surface square on gas-generating rate 

3.2.2.1 Experiment methods 

Granulates of firework powders are small in size, usually less than 60# MU, research 
methods are accordingly: 

(1) Burn certain amount of firework powder freely filled in a steel basin with constant 
volume, and record its burning time. Mass burning rate, i.e. the mass of powder burning in unit 
time, is adopted to evaluate gas-generating rate. 

 
A. Testing Equipment 
Testing equipment is shown in Chart 2. 
 

 
In t

sa

 

Chart 2. Testing Equipment    
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he chart: 
mple basin: cross section of the basin is a semicircle made of stainless steel, 12mm in 

interior diameter, 1300mm in length, 0.4 mm in thickness, 1000mm in target linear 
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distance, 200mm between firing spot and target line 
time recorder: HG202C-III electronic timer 
target line: 1A fusing filament 

B. Testing Conditions and Procedure 
In the chart: 

filling: free-fill powder in the steel basin, flatten it with a ruler, weigh the mass of 
powder filled m1. 

firing: burning the powder at one end with ignition line 
time: record its burning time t1 
temperature: 23±1°C 

Repeat each test five times and calculate the average. 
C. Final Results 
Unit mass burning rate is calculated with the formula: 

ur= m1/t1 

3.2.2.1 Analysis on testing results 

Table 3 lists testing results of the influences of granulate sizes on the mass burning rates of 
smokeless firework powder 1 (S1) and powder2 (S2), while Chart3 are the corresponding graphs. 

Table 3 The testing results of the influences of granulate sizes on the mass burning rates 

average powder size/mm 
0.10 0.16 0.21 0.34 0.59 

S
S1 

Mass burning rate/(g/s) 
1.305 1.072 0.952 0.890 0.771 

average powder size/mm 
0.10 0.16 0.21 0.34 0.59 

S
S2 

mass burning rate/(g/s) 
0.678 0.481 0.419 0.391 0.411 
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Chart3. Influence of powder sizes on gas-generating rate of smokeless powders 
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3 Influences of burning rate adjustment on gas-generating rate 

3.1 Experiments 

Test samples: percentages of burning rate regulators in firework powder 1 are respectively: 
,1.5%, 3.0%, 5.0%, 6.5%.  Others are just the same as the tests in 2.1. 

3.2 Test results and their analysis 

Table 4 and Chart 4 show that addition of burning rate regulators has great influence on 
generating rate. When the percentage is under 0.5%, gas-generating rate increases with the 
ease of regulator. When the percentage reaches 0.5%, gas-generate rate decreases with the 
ease of regulator. 

 
Table4. Influence of regulators on gas-generating rate 

Percentage of regulator/% 0 0.5 1.5 3.0 5.0 6.5 

gas-generating rate / (g/s) 1.38 1.76 1.52 1.25 0.73 0.65 

 

0000

0. 50. 50. 50. 5

1111

1. 51. 51. 51. 5

2222

0000 0. 50. 50. 50. 5 1. 51. 51. 51. 5 3333 5555 6. 56. 56. 56. 5
percentage fo regulator/ %/ %/ %/ %

ga
s-

ge
ne

ra
tin

g 
ra

te
/（
g/
s）

/（
g/
s）

/（
g/
s）

/（
g/
s）

 

Chart 4. Influence of the percentage of regulators on gas-generating rates 
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4. Conclusion. 

Based on testing results, conclusions can be drawn as follow: 
(1) It is a resourceful approach to dispose EP on a large scale to convert them into 

smokeless firework powders. Producing technique is simple and safe with less 
investment on equipment. There is no waste of any kind and therefore it is 
environment-friendly. Firework powders made in this way have a clean burning 
without smog nor leftovers. Both the capacity and work force are high while the 
sensitivity is low. All of these guarantee a safe production and use. 

(2) Granulate size controlling technique is safe and cost-low. 
(3) Granulate sizes (unit surface square) of powders have substantial influence on 

gas-generating rate. The larger the granulates, the higher the rate. 
(4) Burning rate regulators have noticeable influence on gas-generating rates. Addition of 

proper amount of gas-generating regulator would greatly increase the burning rate 
and gas-generating rate, and the time required to reach maximum pressure decreases 
substantially: the gas-generating rate increase with the increase of regulators when it 
is under 0.5%; While the gas-generating rate decreases when it reaches 0.5% or 
higher. 
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ADVANCED FIRE PROTECTION 
DELUGE SYSTEM (AFPDS)

TECHNOLOGIES

! Ultra High Speed/False Alarm Immune 
Flame Detectors

! Micro-Second Signal Processing 
Controller

! Squib Activated Water Pressure 
Vessels

OBJECTIVE
To significantly enhance safety for 
personnel handling various types of 
field munitions via use of ultra-high 
speed detection and a reactive water 
shield. 

BENEFIT TO THE DoD Community

! 10X Faster Than Existing Systems 
! False Alarm Immunity Detector Helps 

Prevent Environmental Spills 
! High Energy Munitions Fires are 

Suppressed
! Safer Working Environment…Lives 

Saved…Injuries Reduced
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ADVANCED FIRE PROTECTION
DELUGE SYSTEM

AFPDS KEY SYSTEM COMPONENTS

• MULTI-SPECTRUM HIGH-SPEED

FLAME DETECTORS 3-5 ms

RESPONSE TIME

• FAST RESPONSE CONTROLLER 

SYSTEM < 0.2 ms

• SQUIB ACTUATED, HIGH-RATE

DISCHARGE SPHERE (10 & 30 LITER)
2- 4 ms
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ADVANCED FIRE PROTECTION
DELUGE SYSTEM

Squib and rupture disc

AFPDS KEY SYSTEM COMPONENTS CONT.
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EVALUATION SUMMARY

! First burn evaluations Jan 1996

! Burn tests conducted with up to 2 pound samples of 17      

pyrotechnics, propellants & explosives (inc IR Comp)

! Spectral analysis performed on 23 munitions samples

! “Burn tests” with 25 pounds of M1 propellant

! Test reports completed and are on disks

! Testing a new detector for fast propagating material

! Developed new detector/controller

! Burn tests-IR decoy flares & composition (up to 100 lbs)
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ADVANCED FIRE PROTECTION
DELUGE SYSTEM

FALSE ALARM ANALYSIS

Maximum Detector False Alarm Distance to a False Alarm Source  
 
 
SOURCE 

Minimum 
Distance 
Tested 

Dual 
Spectrum 

(IR/IR) 

Fire 
Sentry 
(UV/IR) 

 
Spectrex
(UV/IR) 

Detector 
Electronics 

(UV) 
Butane Lighter 3 in 6 in 1 ft 3 in 16 ft 
Floodlight (650W) 2 ft DN* 2 ft DN 2 ft 
Incandescent 75W  1 in 6 in DN DN 6 in 
Philips EarthLight 1 in 1 in DN DN DN 
Floodlight (75W) 1 in 1 in DN DN DN 
3/8”, 120VAC Drill 1 in DN DN DN 15 ft 
1-inch Electric Arc 1 in DN DN DN 16 ft 
Arc Welding 3 ft 3 ft 6 ft DN 24 ft 
Acetylene Torch 3 ft 3 ft 12 ft 3 ft 12 ft 
Grinding mild steel 3 ft DN 3 ft DN DN 
*DN  -  Did Not alarm 
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! Stand-alone without backup water or in some limited 
situations with backup water from an automatic sprinkler 
system.

! Combined with a conventional ultra high-speed deluge 
system to significantly improve response time.

! Added to a heat detector activated deluge system.  The 
improved response time of the combined system will meet 
DOD and commercial standards.

! Used to replace current ultraviolet detectors with new multi-
spectrum optical detectors.   Significantly reduces false 
alarms. 

POTENTIAL SYSTEM 
CONFIGURATIONS
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• Process equipment operations, e.g., pyrotechnic charging 
machines, saws, granulators, hoppers, and work tables 
used in ordnance production and maintenance. 

• Ammunition Supply Point handling, assembling, and 
inspection of pyrotechnic items and propelling charges.

• Protect sub-munitions pressing operations, e.g.,  M42/M46 
grenades. 

• Protect operations involving small to medium quantities of 
energetic materials in R&D labs and production facilities.

POTENTIAL SYSTEM 
CONFIGURATIONS CONT
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AFPDS INSTALLATION
PICATINNY ARSENAL, NJ

Project Summary
! First R&D Field Installation

! 5 Zone Controller System

! Protects Existing Work 
Stations 



354

AFPDS INSTALLATION
SUNNY PT, NC

Project Summary
! Technology Validation – Field Test

! Two Zone, 30L Spheres (Two Spheres)

! Working with Corps of Engineers
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AFPDS INSTALLATION 
WAINWRIGHT, AK

Project Summary
! Technology Validation – Field Test

! One Zone, 10L Spheres (Two 
Spheres)

! Working with Corps of Engineers
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AFPDS INSTALLATION (PORTABLE) 
CRANE, IN & FT. DIX, NJ

• Enhanced Technology

• Portable System

• Installation Directly Related 
to Past Accidents

Project Summary

BAY 1

BANDSAW DEFUSER

BAY 2

LATHE MILLING
MACHINE

ROLL UP DOOR
1 1/2" FIRE PROTECTION WATER

ROLL UP DOOR

CABLE TRAY

CAMERA

LIGHT TABLE

Bldg 2295- Munitions Breakdown Area
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AFPDS TECHNOLOGY TRANSFER 
– “ANSUL” CRADA

• Transfer AFPDS Technology to 
Fire Protection Industry

• Develop Performance 
Specification 

• Standardize Design Criteria

• Provide for Normal Industrial 
Channel Procurement

• Enhance Prototyping and 
Demonstration of Advanced 
Versions

Project Summary
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AFPDS ENHANCED TECHNOLOGY

• Develop Enhanced AFPDS to 
Protect Large Scale Propellant 
Mixing Applications

• Improve Safety to Maintain Low 
Cost Production of IR Counter 
Measure Flares

• Mg-Teflon Mix M206 – 100+ lb 
capability

• Industrial Customer

Project Summary
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AMMUNITION COMPARTMENT 
FIRE PROTECTION

• Prevent Ammunition Fires
During Attack

• Supplement Passive Protection

• Adapt AFPDS to Vehicle Systems

• Demonstrate NO Propagation to 
Adjacent Rounds

Project Summary
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COUNTER-MEASURES ASSEMBLY 
FIRE PROTECTION

! Mitigate Injury and Damage 
from Counter-Measures 
Assembly

! Shipboard Portable 
Protection

! Adapt AFPDS for Marine 
Application

! Demonstrate Suppression 
of IR Flare Fires

Project Summary
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ADVANCED FIRE PROTECTION 
DELUGE SYSTEM (AFPDS)

Cutting edge fire protection technology that:

• Saves lives and prevents injuries

• Greatly reduces equipment and property damage

• Virtually eliminates false activations

Technology is recognized by:

• National Fire Codes / DOD and Service Standards

Test Program identified additional R&D possibilities

• Potential to control large (100 lbs +) energetic “burns”

• New detector/controller… potential blast mitigation

• Application to emerging/existing weapons systems
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ADVANCED FIRE PROTECTION 
DELUGE SYSTEM (AFPDS)

Robert Loyd

US Army Operations Support Command

DSN 793-2975      COM (309) 782-2975

E-mail:  loydb@osc.army.mil

Virgil Carr

DOD Fire Lab, Tyndall AFB FL

DSN 523-3744     COM  (850) 283-3744

E-mail:  virgil.carr@tyndall.af.mil
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THE SOLID ROCKET PROPELLANTS CENTER-PULSATING BURNING MODE 
AND NON-STATIONARY HYDRODYNAMIC PROCESSES 

UNDER THE BURNING SURFACE 
 

Alexander N. Lukin 
Physics-Chemical Mechanics Department, 

Institute of Applied Mechanics, Ural Branch of the Russian Academy of Sciences, 
Izhevsk, Udmurt Republic, 426000, 

RUSSIAN FEDERATION 
Phone / Fax: +7 3412 75 2731 

E-Mail: iam@udm.ru 
 
 

 For creation of new highly effective technologies and systems for suppression of the 
solid propulsion systems (SPS) combustion instability, and also for optimal organization of 
the internal ballistics processes development at the SPS ignition-transient period of operation 
are necessary to have detailed representations about unstable combustion mechanisms of the 
energetic materials. However, there still remains lack of information on unstable combustion 
mechanisms. The experimental data have shown, that at burning, through the thickness of the 
energetic material heated-up layer there are number of spatial zones, formed by various 
components and phases with various density, aggregation states, temperature and thermal 
characteristics. In accordance with new suggested theoretical scheme, in the local areas of the 
energetic material liquid-viscous layer, on the boundary (contact surface), which separates 
spatial zones, formed by liquid components with different density, arises the self-organizing 
process � the Rayleigh-Benard instability (RBI) phenomenon. On the energetic material 
burning surface and in the liquid-viscous layer arise a self-organizing of synergetics 
dissipative micro-structures, burning surface is spontaneously divided on the hexagonal 
Benard cells, and we have result of this RBI, as a center-pulsating burning mode or unstable 
burning mode. For studying of the RBI phenomenon, is solved Euler's complete equations 
system. On the basis of executed numerical calculations are obtained the forms of contact 
surface of two mediums, for various time moments. 
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INTRODUCTION 
 

The evolutionary history of solid 
propellants reflects to some extent the 
history of investigation of unstable 
combustion and methods for its removal. 
Existing necessity in increase of the flight 
velocities of modern rockets and reduction 
of weight and dimensional characteristics of 
the solid propulsion systems (SPS) define 
application of the high energy solid 
propellants with a high burning rate, that 
more sensitive to appearance of a non-
predictable operation mode. In these 
conditions, increase of the combustion 
chamber loading density expands the range 
of fundamental frequencies of the system 
"combustion chamber - solid propellant 
charge". For creation of new highly effective 
technologies and systems for suppression of 
the SPS combustion instability, and also for 
optimal organization of the internal ballistics 
processes development at the SPS ignition-
transient period of operation are necessary to 
have detailed representations about unstable 
combustion mechanisms of the energetic 
materials. However, there still remains lack 
of information on unstable combustion 
mechanisms. The unstable or center�
pulsating burning mode of the gunpowders, 
rocket propellants and explosives is not 
investigated regularly enough and has no a 
single theoretical explanation. The 
experimental researches of the instability 
phenomenon at the steady-state burning in 
stationary conditions for various classes of 
energetic materials were carried out by Prof. 
V.N.Marshakov, in the N.N.Semenov 
institute of chemical physics of the Russian 
academy of sciences (Moscow, Russia) (Ref. 
1 and Ref. 2). The center�pulsating burning 
was discovered for all tested gunpowders, 
solid rocket propellants and explosives in all 
investigated range of burning conditions. 

The shape of the burning surface was studied 
on the extinguished specimens. The 
extinguishing of specimens was carried out 
by various ways - by fast pressure drop, on 
the bottom plate and by the water. It was 
discovered, that the burning surface is not 
quite plane, the sizes of non-uniformity or 
the burning centers decrease with the 
pressure increase and do not depend from the 
specimen diameter. Also was discovered, 
that the sizes of burning centers are not 
connected with sizes of components and 
structure of researched energetic material. 
The center-pulsating burning mode is shown 
most intensively near the boundary of the 
solid propellants extinction or on the 
threshold modes of burning (Ref. 1 and Ref. 
2). Indicated experimental researches have 
shown, that behavior of the complex 
microstructures, developing on the burning 
surface of the energetic materials is 
unanalyzable by traditional methods. 
 
MICRO-OSCILLATIONS OF THE 
ELECTRIC CONDUCTIVITY 
IN THE COMBUSTION ZONES 

 
One of the methods for investigation of the 
mechanisms of solid propellants burning is 
registration of electric conductivity of the 
reactionary layer and burning surface. The 
electric conductivity value characterizes 
concentration of the burning centers on the 
solid propellant surface. At measurement of 
the electric conductivity of the ammonium 
perchlorate (AP) reactionary layer and 
burning surface, at low pressure, are 
observed the intensive low-frequency 
pulsations (Ref. 3). At transition to high 
pressures, the amplitude of these pulsations 
gradually decreases. And at high pressures is 
registered change of the conducting layer 
structure (Ref. 4).  
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FIGURE 1. DIAGRAMS OF ELECTRIC CONDUCTIVITY OF THE 
SURFACE LAYER OF THE PURE  AP  AT PULSATING BURNING  (REF. 5) 

 
In the paper (Ref. 5) is shown, that the 
amplitude of electric conductivity micro-
oscillations allows to determine the amount 
of extinguished parts on the burning surface. 
After beginning of the pressure decrease, the 
burning surface becomes non continuous, 
and the burning wave has a non one-
dimensional structure. 
For an example, diagrams of electric 
conductivity of the surface layer of pure AP 
at pulsating burning are shown on Figure 1 ( 
P = 3 - 4 MPa; 1 - a sample having profile 
(2.7 x 12) mm, 2 � (12 x 12) mm. ) (Ref. 5). 
Also, investigation of electric conductivity 
micro-oscillations in the combustion zones 
of solid propellants was executed in the 
scientific-research institute of polymeric 
materials, (Perm, Russia). The method of 
registration of electric conductivity micro-
oscillations in the combustion zones of the 
propellant are presented in paper (Ref. 6). 
Authors have shown that each propellant has 
intrinsic (own) frequencies of micro-
oscillations in the combustion zones. The 
experiments show the direct dependence of 
unstable combustion of solid propellant from 
the regular micro-oscillations in the 
combustion zones of propellant.  
 
 

 
THEORETICAL SCHEMES OF THE 
SOLID PROPELLANT 
COMBUSTION INSTABILITY 

 
Scientists of scientific-research 

institute of polymeric materials have 
suggested the following theoretical scheme 
of initial activation of the unstable 
combustion process in the solid propellant 
charge channel (Ref. 6). Non-uniform 
burning out of the solid propellant 
components results in occurrence of the 
combustion products (CP) oscillations in the 
sound frequencies band. And interaction in 
the gas phase of the unreacted, intermediate 
gaseous components, in the form of self-
oscillatory gas-phase chemical reactions, 
lead to the CP oscillations in the ultrasonic 
frequencies band. However, this theoretical 
scheme can not explain experimental results 
of Prof. V.N.Marshakov (Ref. 2) and does 
not correspond to the data of other authors 
(Ref. 7 � Ref. 10). Unfortunately, the authors 
of this theoretical scheme did not study 
structure of the burning surface of the 
extinguished solid propellant. Oscillations in 
the charge channel arise at interaction of the 
pulsating burning surface with the charge 
channel cavity, being the acoustic resonator. 
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And self-oscillatory gas-phase chemical 
reactions can not induce oscillations in the 
charge channel, because the times, necessary 
for realization of these reactions more than 
time of the CP flow-out from the charge 
channel (Ref. 7). In the paper (Ref. 11) was 
conducted the experimental study of the 
unstable combustion mechanism induced by 
the heterogeneous structure in composite 
propellants. The purpose of this 
experimental study was to elucidate the 
effects of heterogeneity on combustion 
instability in AP composite propellants. The 
hydroxyl-terminated polybutadiene (HTPB) 
was used as fuel binder. Heterogeneous 
factor, such as oxidizer particle size, its 
distribution, mixture ratio, and etc. plays an 
important role in combustion characteristics. 
Nozzleless rocket motor was used for the 
investigation of combustion properties of 
each propellant in rocket motor. Nozzleless 
rocket motor was 0.490 m long with a 
cylindrical port of 0.008 m diameter at the 
grain center. Every motor demonstrated peak 
overpressure, gradual pressure decrease, and 
low-frequency bulk-mode oscillation, and 
then terminated the combustion with 
unburned propellant. During the pressure 
decrement, high-frequency oscillatory 
combustion occurs for propellants, 
composed of fine AP (15 micron). The 
frequency was 600 - 700 Hz, which 
corresponds to the first longitudinal mode of 
acoustic oscillation. On the contrary, in case 
of propellant composed of medium-sized AP 
(50 micron) the motor does not show high-
frequency instability in all pressure range. 
Unfortunately, author of this paper did not 
study structure of the burning surface of the 
extinguished solid propellant. In accordance 
with the experimental results, obtained by 
Prof. V.N. Marshakov, the sizes of the 
burning centers are not connected with the 
sizes of propellant components. 

On the basis of analysis of the 
experimental results (Ref. 1 � Ref. 11), at 
present time there are following approximate 
representations about physical and chemical 
processes of activation of low-frequency  
oscillations in the combustion chamber or in 
the solid propellant charge channel: 1. A 
micro-level (corresponds to the propellant 
combustion zones): the process of the solid 
propellant main components non-uniform 
burning out and micro-pulsations of the 
burning surface; 2. Macro-level (corresponds 
to the combustion chamber cavity or the 
charge channel): low and high-frequency 
pressure oscillations at coincidence of 
frequencies of the burning surface micro-
pulsations and fundamental frequencies of 
the acoustic cavity. Unfortunately, this 
theoretical schemes does not give a real 
explanation of the original cause of 
occurrence of the combustion process 
instability in the solid propellant charge 
channel. In accordance with the 
experimental results, obtained by Prof. V.N. 
Marshakov, the sizes of the burning centers 
on the burning surface are not connected 
with sizes of components and structure of 
researched energetic material. Also, was 
observed significant non-uniformity of the 
temperatures profile on the burning surface 
(Ref. 2). At the same time, the temperatures 
deviations significantly exceeds possible 
mistakes of measurements. For explanation 
of unusual results, Prof. V.N.Marshakov has 
suggested the theoretical scheme of the 
burning wave thermal instability (Ref. 2). In 
accordance with this scheme, on the burning 
surface there is a mobile system (grid) of the 
burning cross waves, that is the waves, 
spreading on the heated-up layer, in the cross 
direction to the burning propagation. 
Between these cross waves burning stops. In 
accordance with this scheme the burning 
centers are considered as a wave cells. For 
more detailed studying of the center-
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pulsating burning phenomenon, Prof. 
V.N.Marshakov has executed some special 
experiments with ballistite and composite 
solid rocket propellants. Into the structure of 
steadily burning propellant were entered the 
heat-absorbing inert additives (finely divided 
powders) with various dispersiveness. In the 
result, such propellant began to burn in the 
center-pulsating mode. These experiments 
again have evidently shown that the sizes of 
the burning centers are not connected with 
the sizes of components and structure of 
solid propellant. However, theoretical 
scheme suggested by Prof. V.N.Marshakov 
does not give a real explanation of the 
centers-pulsating burning phenomenon.  

On the other hand, is usually 
supposed, that behavior of the complicated 
systems consisting of the large number of 
interacting elements, for example, the micro-
structures on the burning surface, it is 
possible to predict, investigating separately 
components and connections between them. 
As noted by Prof. Novozhilov B.V., the solid 
propellant burning surface represents 
oscillatory system with infinite number of 
freedom degrees (Ref. 12). However, such 
composite systems cannot be understood, 
analyzing their parts separately. For 
example, the new theory of the solid 
propellants combustion, presented in the 
paper (Ref. 13), can not explain 
experimental results of Prof. 
V.N.Marshakov.  
 
 
 
 
 
 
 

THE STRUCTURE OF THE SOLID 
PROPELLANT HEATED-UP 
LIQUID-VISCOUS LAYER   
 

The experimental data have shown, 
that at burning, through the thickness of the 
energetic material heated-up layer there are 
number of spatial zones, formed by various 
components and phases with various density, 
aggregation states, temperature and thermal 
characteristics (Ref. 13). One of the reasons 
of appearance of the liquid components with 
various densities in the liquid-viscous layer 
may be non-uniform burning out of the solid 
propellant components. So, for example, in 
the composite solid rocket propellant heated 
up layer may be 6 - 7 phases and 5 - 6 
interphase layers, that is 11 - 13 spatial 
zones, differing on thermal characteristics, 
including density. With time, the density of 
these spatial zones may vary, as in the 
heated-up layer there are structural 
transformations (for example, evaporation 
and condensation). Also in the heated-up 
liquid-viscous layer occur volumetric 
exothermic chemical reactions. The liquid-
viscous layer was discovered experimentally 
by Academician Boris P. Zhukov of Russia, 
in 1949. The liquid components of the 
liquid-viscous layer will have various 
densities. Besides, in the liquid-viscous layer 
can be formed the carbon. Figure 2 show the 
density (ρ ) variation along the depth of 
reactionary layers of ballistite (A) and 
composite (B) solid propellants (Ref. 13). In 
the structure of solid    propellant   is   
already   built-in   the  
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(A) 
 
 
 

 
 

(B) 
 
 

FIGURE 2. DENSITY VARIATION ALONG THE DEPTH OF REACTIONARY 
LAYERS OF BALLISTITE (A) AND COMPOSITE (B) SOLID PROPELLANTS 

 
 

"genetic code", which is carrying out 
adaptation of the system to external 
influence. 
 
NON-STATIONARY HYDRODYNA- 
MIC PROCESSES AT THE 
ENERGETIC MATERIALS BURNING 
 

Taking into account all available 
experimental results (Ref. 1-13), the next 
theoretical scheme of the center-pulsating 
burning mode is suggested. It is supposed, 
that in the local areas of the energetic 

material liquid-viscous layer, on the 
boundary (contact surface), that divided 
spatial zones, formed by liquid components 
with different density arises the self-
organizing process - the Rayleigh-Benard 
instability (RBI) phenomenon (Ref. 14). As 
known, the hydrodynamic instability 
phenomenon may develop on the boundary, 
which divides two mediums (two liquids or 
gas and liquid) with different density, and 
density and pressure gradients projections 
on the perpendicular to the contact surface 
have different marks. Such contact surface is 
absolutely unstable. This hydrodynamic 
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non-stationary self-organizing phenomenon 
may have various symmetry: orthogonal, 
hexagonal and other. The RBI most 
intensively appear near the boundary of 
propellant extinction that is possible 
bifurcations of micro-structures at 
achievement of critical parameters of the 
medium. On the energetic material burning 
surface and in the liquid-viscous layer arise 
a self-organizing of synergetics dissipative 
microstructures, when from the chaotic 
convective streams is born the regular heat-
conducting hydrodynamic structure, so-
called "B.H.Benard cells" (Ref. 15). All 
liquid-viscous layer splits on uniform 
vertical hexagonal prisms with concrete 
proportion between height and side. In the 

central zone of prism the liquid rises, and 
near to vertical sides drops down. At such 
type of the coordinated movement the flow 
of entropy from the system is maximal. The 
grandiose structure of similar cells is present 
on the Sun. The size of arising cells 
practically does not depend from the sizes of 
burning surface. This transformation are 
called as a Benard phenomenon, by name of 
French researcher B.H.Benard, who one of 
the first has studied convective instability of 
the liquid (1900). The burning surface is 
spontaneously divided on the hexagonal 
hydrodynamic Benard cells (Figure 3), and 
we have result of this instability, as a center-
pulsating burning mode. 

 
 

 
 

FIGURE 3. THE HEXAGONAL HYDRODYNAMIC BENARD CELLS 
ON THE BURNING SURFACE 

 
The size of originated cells practically does 
not depend from the burning surface sizes. 
At the density difference change between the 
layers, for example, at increase of the heat 
flow, will be observed alternation of 
transitions from stability to chaos and from 
chaos to stability, i.e. formation and 
destruction of the Benard structures. This 
process results in a curvature of burning 
surface. The carbonic microstructures on the 
extinguished propellant burning surface have 
hexagonal symmetry (Ref. 5 and Ref. 8), 
repeating symmetry of the RBI. Obviously, 
that RBI can significantly deform a 

temperature field in the energetic material 
heated-up layer. In comparison with other 
theoretical schemes, taking into account of 
the RBI phenomenon allows to explain 
dependence of the burning centers sizes from 
the CP pressure. The RBI, also, are the 
reason of appearance of the burning wave 
thermal instability phenomenon (Ref. 2). The 
unstable (vibrating) combustion arises at 
achievement of amplitude of micro-
oscillations in the burning zone of some 
threshold value, that dependent on 
geometrical characteristics of acoustic cavity 
and from the propellant properties. The 
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frequency of micro-oscillations on the 
propellant burning surface is determined by 
the parameters of self-organizing synergetics 
microstructures on its burning surface. 
Suggested theoretical scheme allows to give 
an explanation of the experimental results 
obtained by Prof. V.N. Marshakov (Ref. 1 
and Ref. 2), and also of results, presented in 
the paper (Ref. 11). In particular, at use of 
fine AP (Ref. 11), in the liquid-viscous layer 
and on the propellant burning surface are 
created more favorable conditions for 
formation of synergetics microstructures - 
the burning centers, which induce the high-
frequency oscillatory combustion in the 
nozzleless rocket motor. Obviously that for 
each concrete solid propellant the considered 
phenomenon of self-organizing synergetics 
microstructures on the burning surface will 
have own peculiarities and will appear in a 
various degree. In particular, for each 
concrete energetic material will match the 
individual form of the contact surface which 
divides spatial zones, formed by liquid 
components having various density. 
 
MATHEMATICAL MODELING OF 
THE RAYLEIGH-BENARD 
HYDRODYNAMIC INSTABILITY  
 
Mathematical modeling of the self-
organizing RBI phenomenon is executed in 
accordance with the papers of Prof. 
Yu.M.Davydov of Russia (Ref. 14 and Ref. 
16). In spatially three-dimensional case the 
RBI can arise in orthogonal (tetragonal) or 
hexagonal (hexahedral) symmetry. For 
studying of the RBI phenomenon, is solved 
Euler's complete equations system (1) - (6), 
which has been written down in a 
dimensionless form, with taking into account 
of the gravitational field. 
 

0)W(divt =⋅ρ+∂ρ∂ ;                                      (1)   

                     
0xP)Wu(divt)u( =∂∂+⋅⋅ρ+∂⋅ρ∂ ;       (2) 

 
0yP)Wv(divt)v( =∂∂+⋅⋅ρ+∂⋅ρ∂ ;     (3) 
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)Ww(divt)w(
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+⋅⋅ρ+∂⋅ρ∂
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=⋅⋅ρ+⋅+
+⋅⋅ρ+∂⋅ρ∂ ;                          (5) 

 
 

)2/)wvu(E()1k(P 222 ++−⋅ρ⋅−= ,       (6) 
 
The RBI problem is considered in the 
Cartesian coordinates system (x, y, z), 
connected with the initial position of the 
interface of two mediums with various 
density ( 12 ρ>ρ ).  
 
In the model is used piecewise-constant 
density distribution (isochoric model): 
 

.0zif,)z,y,x(

;0zif,)z,y,x(

2

1

≥ρ=ρ

<ρ=ρ
                       (7)          

 
Up to the initial time moment the interface 
of two mediums is at rest (u=v=w=0) and is 
on the surface (x, y, 0). The acceleration 
vector of the mass forces (g = const) is 
directed along perpendicular to the contact 
surface, in the side of more light-weight 
component. For determination of initial 
distribution of the pressure Р and total 
specific energy Е is used static pressure 
distribution along the height:  
 

0g)zdPd( =⋅ρ+ .                               (8)   
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Carrying out integration of the equation (8) 
with a condition (7) we shall receive the law 
of pressure distribution along the height: 
 
 

0zif,zgP~)z,y,x(P

;0zif,zgP~)z,y,x(P

2

1

≥⋅⋅ρ−=

<⋅⋅ρ−=
,        (9)  

Then the law of total specific energy 
distribution, taking into account of 
expression (9), is determined in the 
following form:  
 

2/)wvu(
])1k([/)z,y,x(P)z,y,x(E

222 +++
+ρ⋅−=

.      (10) 

 
To initiate the RBI development, at the time 
moment t = 0, on the contact surface, that 
separates two spatial zones, formed by liquid 
components with different density, are set 
the disturbances  (random fluctuation) of the 
velocities in the following form: 
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Equations (11) - (13) should have property 
of equality to zero of divergence of the 
velocity function:  
 

 

0z/w
y/vx/u)W(div

=∂∂+
+∂∂+∂∂=

.         (15) 

 
 
Thus, at t = 0 in the continuum are not 
brought the parasitic disturbances, which 
during the time, may not disappear, despite 
of smoothing influence of the scheme 
viscosity. 
The boundary conditions on the upper and 
lower boundaries are set as a flowing-out 
condition with taking into account the law of 
physical parameters distribution along the 
vertical coordinate "z" (equations (7) - (10)). 
On the lateral boundaries are set the 
symmetry conditions (non-flowing) for 
required functions. Position of the contact 
surface is determined on the density value: 
 

2/)( 210 ρ+ρ=ρ .                             (16) 
 
Calculation of the RBI development is 
carried out on the not-orthogonal (triangular 
and hexagonal) and orthogonal (rectangular) 
spatial-three-dimensional calculating grids. 
The numerical calculations of the 
complicated spatial-three-dimensional 
hydrodynamic problems of RBI are executed 
with use of difference schemes of 
Yu.M.Davydov large particles method (Ref. 
14 and Ref. 16). Approbation of used 
numerical algorithms was carried out by 
comparison with numerical calculations of 
the Rayleigh-Taylor instability problem, 
executed by other authors and also by 
comparison with the experimental data. In 
spatially three-dimensional case the interface 
surface disturbances can generate hexagonal 
or tetragonal grids. On the basis of executed 
numerical calculations are  obtained  the  
forms  of  contact  surface  of  two  
mediums,  for various  time moments 
(Figure 4,  t - is the dimensionless time of 
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the process).  In the result, on the burning 
surface of energetic material appear the 
synergetics self-organizing microstructures 
having the symmetry (for example, 
hexagonal symmetry) formed by the 
hydrodynamic instability processes.  For 
each concrete solid propellant will match the 
individual form of the contact surface, that 
separates spatial zones, formed by liquid 
components with different density. On the 
basis of numerical modeling results, taking 
into account processes of self-organizing of 
the synergetics dissipative micro-structures 
on the solid propellant charge burning 
surface, may be created a new highly 
effective  technologies for suppression of the 
combustion instability in the SPS. 
 
 

 
 
 

         
 
 

           
 
 

 
 

FIGURE 4. CHANGES OF THE FORM 
OF CONTACT SURFACE THAT 

SEPARATES TWO SPATIAL ZONES, 
FORMED BY LIQUID COMPONENTS 

WITH DIFFERENT DENSITY, AT 
SPATIAL-THREE-DIMENSIONAL 

RAYLEIGH-BENARD INSTABILITY 
PHENOMENON   ( 1012 =ρρ ) 

 
In particular, on the surface of the absorber 
of acoustic oscillations, installed in the SPS 
combustion chamber, under influence of 
micro-oscillatory process at the solid 
propellant charge burning is possible 
formation of self-adaptive microstructures. 
Also is possible to provide controlling of 
formation of synergetics self-organizing 
microstructures on the energetic materials 
burning surface. 
 
 
CONCLUSIONS 
 

New theoretical scheme, that gives 
explanation of the original cause of 
occurrence of unstable or center-pulsating 
burning mode of the gunpowders, rocket 
propellants and explosives are suggested. In 
accordance with this theoretical scheme, in 
the local areas of the energetic material 
liquid-viscous layer, on the contact surface, 
which separates spatial zones, formed by 
liquid components with different density, 
arises the self-organizing Rayleigh-Benard 
hydrodynamic instability phenomenon. On 
the basis of executed numerical calculations 
are obtained the forms of contact surface of 
two mediums, for various time moments. 
Suggested theoretical scheme may be used at 
researches of the solid rocket propellants 
center-pulsating burning mode and for 
creation of new highly effective technologies 
and systems for suppression of the solid 
propulsion systems combustion instability. 
In particular, is possible to provide 
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controlling of formation of synergetics self-
organizing microstructures on the energetic 
materials burning surface. 
 
 
NOMENCLATURE 
 
A - is the amplitude; 2/WJE 2+=  - is the 
specific total energy; g � is the acceleration 
of free-fall, directed along �z� axis; H ( z ) � 
is the Havisaid function; J � is the specific 
internal energy; k - is the adiabatic exponent 
(the ratio of specific heats); L - is the area 
cross-sectional size; P - is the pressure; 

)0,y,x(PPPP~ 21 ===  - is the condition of 
the pressure continuity on the contact 
surface; 22 yxr += ; R(t) � is the electric 
conductivity of the solid propellant burning 
surface; t - is the time of the process, 
dimensionless time of the process; u, v, w � 
are the components of the velocity vector; W 
= {u , v , w }  - is the velocity vector; (x, y, z) 
� are the Cartesian coordinates system; 
 
 
Greek Symbols 
 

L/π⋅=γ 2  - is the wave number; ρ  - is the 
density of the solid propellant reactionary 
layer; 21 , ρρ  - is the density values at z → 
0 on the different sides from the contact 
surface, respectively. 
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AZODICARBONAMIDINE DINITRATE – A HIGH NITROGEN SELF-DEFLAGRATING 
FUEL FOR USE IN PYROTECHNIC GAS GENERATORS AND PROPELLANTS* 
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Azodicarbonamidine dinitrate (AZODN), also referred to as azobisformamidine dinitrate, easily prepared 
by oxidation of a solution of an aminoguanidine salt in nitric acid is an attractive high-nitrogen fuel 
ingredient for use in gas generators, gun propellants, smokeless rocket propellants, and ignition materials.  
AZODN is an attractive gas generant ingredient because it burns rapidly and provides a high gas output 
with either non-metallic or metallic oxidizers and eliminates a number of problems inherent with 
ammonium nitrate based systems e.g. hygroscopicity, difficult ignition at low temperatures and pressures, 
necessity of phase stabilizers, and low burning rates.  Because AZODN is basically a self-deflagrating 
solid monopropellant and exhibits a higher burning rate than many other state-of-the-art high nitrogen 
ingredients, it has also found application as a ballistic additive for use with other organic fuels in gas 
generant formulations.  AZODN is compatible with a number of oxidizers and other high nitrogen fuel 
components.  Because of a more favorable oxygen balance when compared with other ingredients such as 
guanidine nitrate, nitroguanidine, ethylenediamine dinitrate, and cyclotrimethylenetrinitramine (RDX); a 
lower concentration of oxidizer is required for burning to innocuous combustion products such as 
nitrogen, carbon dioxide and water vapor.  Theoretical and experimental investigation of the relatively 
high oxygen balance self-deflagrating compound for use in pyrotechnic gas generators will be discussed. 
 

                                                 
* This work was performed for Atlantic Research Corporation at Gainesville, Virginia. 
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INTRODUCTION 
 
This paper will discuss ingredients for 

pyrotechnic gas generant and propellant 
compositions and more specifically a novel high 
oxygen balance fuel, azodicarbonamidine 
dinitrate (AZODN).  Azodicarbonamidine 
dinitrate, also known as azobisformamidine 
dinitrate or azodiformamidine dinitrate, is 
attractive for use in gas generants for airbag 
occupant restraint systems for automobiles, 
inflation and expulsion devices, ignition 
materials, fire suppression devices, gun 
propellants, and minimum smoke rocket 
propellants.  This paper will emphasize the use 
of AZODN in airbag systems. 

There is a high demand for non-azide 
pyrotechnic gas generant compositions that 
perform consistently within numerous 
constraints.  These include: acceptable burning 
rates with relatively low flame temperatures, a 
high volume of substantially non-toxic gas, and 
a low volume of fine particulate matter that can 
produce smoke.  It is also desirable to limit, as 
much as possible, the formation of solid 
combustion products and any corrosive effluent. 

Various gas generant compositions have 
been formulated in past attempts to meet these 
desirable characteristics.  Certain non-azide gas 
generants are based on the use of high nitrogen 
fuels such as aminotetrazole and diammonium 
5,5’-bitetrazole with metallic oxidizers such as 
strontium nitrate or potassium nitrate.  These 
formulations provide moderate to high burning 
rates but relatively low gas yields and a high 
concentration of solid combustion products.  
When phase stabilized ammonium nitrate 
(PSAN) is substituted for a metal nitrate in the 
above compositions to provide a high gas yield, 
lower burning rates and marginal ignitability 
result accompanied in some instances with poor 
thermal stability.  An attempt to improve upon 
alkali metal and alkaline earth salt oxidized 
systems with regard to gas output and decreased 
level of solid combustion products, while 
maintaining a high burning rate, has been 
partially successful by substitution of 
oxygenated fuels such as guanidine nitrate, 
nitroguanidine, or RDX for the high nitrogen 
tetrazole derivatives discussed above.  
Unfortunately, because these fuels have negative 

oxygen balances in the range of –22 to –31 %, 
the level of metallic oxidizer used in these 
formulations to achieve the stoichiometry 
required to burn to a non-toxic gas still results in 
formation of a prohibitively high level of solid 
combustion products. 

AZODN was selected as a potential 
candidate ingredient after conducting an 
extensive literature search for a high nitrogen 
fuel of reasonable density which would provide 
a significantly greater oxygen balance than the 
types of ingredients discussed above.  
Calculations indicated that AZODN had a 
negative oxygen balance of only -13%.  By 
utilizing a fuel with a better oxygen balance, a 
lower concentration of metallic oxidizer is 
required, which equates to formation of a lower 
level of solid combustion products when the 
formulation is burned. 

Information pertaining to AZODN was 
first published in Europe in 1892 by Johannes 
Thiele while he was investigating the chemistry 
of nitroguanidine, aminoguanidine, and 5-
aminotetrazole.1  Thiele called the compound 
azodicarbonamidinnitrat and prepared it by the 
potassium permanganate  oxidation of 
aminoguanidine nitrate in nitric acid.  Additional 
limited investigation occurred during the ‘40’s, 
‘50’s, and ‘60’s in the United States and 
Canada.2,3 

AZODN is a yellow colored, self-
deflagrating material which can be ignited and 
sustains very rapid combustion at ambient 
pressure. 

FUNDAMENTALS 
The chemical formula and molecular 

weight for AZODN is C2H8N8O6 and 240, 
respectively.  The structure of AZODN is as 
follows: 

 
 
As discussed above, AZODN can be synthesized 
by the oxidative reaction of an aminoguanidine 
salt in a nitric acid solution. 

[ox] 
H2NNHC(=NH)NH2 + HNO3 !!!! AZODN  (1) 
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Aminoguanidine salts include: nitrate, 

carbonate, and sulfate.  Aminoguanidine 
carbonate is considered the most viable 
approach from an economical point of view.  
The density of AZODN was determined to be 
1.71 to 1.72 g/cc by pyncnometer and 
measurements of highly compressed pellets.  
The density and other material characteristics 
are compared with the properties of other 
oxygenated fuels in Table 1. 

Table 1 reveals that AZODN has a 
better oxygen balance to carbon dioxide and 

water when compared with cyclotrimethylene-
trinitramine (RDX), ethylenediamine dinitrate 
(EDDN), guanidine nitrate (GN), nitroguanidine 
(NQ), and triaminoguanidine nitrate (TAGN).  
Table 1 also shows that AZODN’s flame 
temperature is in the range of other ingredients 
which have been considered for use in gas 
generant and gun propellant formulations.  In 
addition, all of the entries in Table 1 – including 
AZODN – provide excellent average molecular 
weight values for combustion species. 

 
 
 

Table 1 
Comparison of Azodicarbonamidine Dinitrate (AZODN) With Other Oxygenated Fuels 

 
 AZODN RDX EDDN GN NQ TAGN 
 AZODICARBONAMIDINE 

DINITRATE 
CYCLOTRIMETHYLENE 

TRINITRAMINE 
ETHYLENEDIAMINE 

DINITRATE 
GUANIDINE 

NITRATE NITROGUANIDINE TAG 
NITRATE 

       
Formula : C2H8N8O6 C3H6N606 C2H10N406 CH6N403 CH4N4O2 CH9N703 
       
Molecular 
Weight : 240 222 186 122 104 167 

       
Density, g/cc: 1.72 1.82 1.60 1.44 1.76 1.54 
       
Melting Point, °C 182 – 185 (Dec) 203 - 204 185 - 187 214 235 214 (Dec) 
       
Heat of Formation 
Kcal/mole: -88 +16 -156 -93 -22 -11 

       
Flame 
Temperature, °K 2480 3284 1966 1398 1841 2052 

       
Oxygen Balance 
% CO2/H2O: -13.3 -21.6 -25.8 -26.2 -30.8 -33.5 

       
Total number of 
oxygen atoms in 
compound 
---divided by--- 
Total oxygen 
atoms required 
for formation of 
O2 and CO2 

0.75 0.67 0.67 0.60 0.50 0.46 

       
Carbon, %: 10.0 16.2 12.9 9.8 11.5 7.2 
Hydrogen, %: 3.3 2.7 5.4 4.9 3.8 5.4 
Oxygen, %: 40.0 43.3 51.6 39.4 30.9 28.7 
Nitrogen, % : 46.7 37.8 30.1 45.9 53.8 58.7 
       
Average 
molecular weight 
of combustion 
products 

      

  Chamber: 23.97 23.86 20.67 20.35 20.80 18.55 
  Exhaust: 24.00 24.67 20.77 22.18 21.80 19.00 
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AZODN’s heat of formation of -88 
kcal/mole was theoretically estimated and 
experimentally verified using bomb calorimetry.  
The thermal stability of a number of samples of 
AZODN, when evaluated with differential 
scanning calorimetry (DSC), indicated an 
exothermic onset of decomposition in the range 
of 168 – 173°C with major decomposition 
occurring in the temperature range of 183 – 
186°C.  AZODN powder was pressed into 
pellets and subjected to thermal aging at 107°C 
for 400 hours (17 days).  Measurement of weight 
loss as well as dimensional changes indicated 
that AZODN was acceptable for further 
evaluation in airbag propellant formulations. 

 
AZODN powder was also pressed into 

pellets at 48,000 psi, coated with an epoxy 
inhibitor, and burned in a strand burner 
(Crawford bomb) to measure its burning rate at 
various pressures.  The burning rate for AZODN 
was determined to be 0.34 and 0.56 inches per 
second at 500 and 1000 psi, respectively 
resulting in a burning rate pressure exponent of 
0.63.  The self-deflagration of AZODN was then 
verified by igniting powder, granules, and 
pellets of the material at ambient pressure.  In all 
attempts, the material sustained combustion and 
burned rapidly to completion.  The impact, 
friction, and electrostatic sensitivity of AZODN 
is shown in Table 2. 

Limited experimental data for different 
batches of material suggest that particle size may 
have an influence on sensitivity.  Detonation 
susceptibility was also determined for the 
material.  The data indicates that it is a 
moderately sensitive ingredient detonable with a 
#8 cap, comparable to other organic oxygenated 
fuel ingredients such as RDX, TAGN, or 
EDDN; and more sensitive than ingredients such 
as nitroguanidine and guanidine nitrate. 

AZODN is essentially a solid 
monopropellant with a negative oxygen balance 
of -13% which can be used alone, or combusted 
in combination with oxidizers and other 
additives for very rapid and substantially 
smokeless deflagration.  In each instance, with 
proper ingredient selection, rapid gas production 
with minimal solid combustion products result.  
Because AZODN exhibits high burning rates at 

low pressures and readily ignites and sustains 
combustion at ambient pressure and sub-zero 
temperatures, lighter weight inflators can be 
designed with lower strength materials, in 
contrast to the high pressure designs required 
with low burning rate ammonium nitrate based 
compositions. 

Table 2 
Hazards Data for AZODN 

TEST RESULT 

  

Impact 10 neg. @ 145 Kg cm 

  

Friction 10 neg. @ 1800 psi @ 90° 

  

ESD 10 neg. @ 6 joules 

 

DISCUSSION 
The importance of AZODN as a high 

oxygen balance fuel is readily apparent in Table 
3 where it is compared in propellant 
formulations with other fuels currently used in 
the industry.  In Table 3, strontium nitrate was 
selected as the oxidizer and all compositions 
were formulated at an O/F ratio to provide on 
combustion, gaseous components consisting of 
CO2, N2, and water vapor.  The better oxygen 
balance of AZODN over that of conventional 
oxygenated fuels, such as guanidine nitrate, 
allows the use of a much lower concentration of 
strontium nitrate which equates to a 42% 
reduction in solid combustion products.  In 
addition, gas output is greater for the AZODN 
formulation.  When a comparison is made with 
non-oxygenated fuel such as 5-aminotetrazole in 
a propellant formulation where the oxidizer is 
required to supply all of the oxygen, the 
advantage of using AZODN is even greater.  As 
shown in Table 3, when AZODN is compared 
with 5-aminotetrazole a 60% reduction in solid 
combustion species and a 31% increase in gas 
output is realized for the formulation containing 
AZODN. 
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Table 3 

Influence of Oxygen Balance of Fuel on Formation of Solid Combustion Products 
(Strontium Nitrate Oxidizer) [O/F = 0.95] 

 
 
 
 
Fuel 

 
 

Oxygen Balance 
to CO2 and H2O 

 
 

Oxidizer/Fuel 
Weight % 

 
Flame 
Temp 
(K) 

 
Gas Output 
mol/100g 
propellant 

Solid 
Combustion 

Products 
Weight % 

      
AZODN -13.3% 21.8/78.2 2734 3.24 12.5 
      
EDDN -25.8 36.5/63.5 2546 3.24 17.9 
      
GN -26.2 37.5/62.5 2236 3.06 21.6 
      
5ATZ -- 62.1/37.9 2700 2.48 31.2 

 
Table 4 

Material Influences on AZODN Propellants 
 

  Propellant Formulations (O/F = 0.95) 
Ingredients AZODN A B C D E F 

        
AZODN 100 78.00 68.15 79.10 69.85 81.25 72.65 
        
NH4ClO4 --- 11.70 15.29 12.10 15.75 --- --- 
        
KNO3 --- 10.30 13.56 --- --- --- --- 
        
NaNO3 --- --- --- 8.80 11.40 --- --- 
        
KClO4 --- --- --- --- --- 18.75 24.35 
        
QPAC 40 --- --- 3.00 --- 3.0 --- 3.00 
        
Solid 
Combustion 
Products % 

negligible 7.5 10.0 6.0 7.8 10.1 13.0 

        
Gas Output % 100 92.5 90.0 94.0 92.2 89.9 87.0 
        
Moles 
Gas/100gm 4.2 3.7 3.6 3.7 3.7 3.5 3.4 

        
Flame Temp 
(K) 2480 2777 2777 2779 2796 2809 2859 

        
Rb in/sec 
1000 psi 0.56 0.57 0.54 0.63 0.49 1.02 0.85 
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AZODN was investigated with a variety 
of oxidizers in gas generant formulations as 
shown in Table 4.  Ammonium perchlorate, 
potassium perchlorate, and mixtures of 
ammonium perchlorate with either sodium 
nitrate or potassium nitrate were found to be 
compatible with AZODN.4  Propellant 
formulations prepared from these oxidizers 
provided a range of burning rates from 0.57 to 
1.02 inches per second at 1000 psi and a range 
of gas outputs of 87 – 94%.  On a molar basis, 
gas output was achieved in a range of 3.4 to 3.7 
moles of gas/100gms propellant.  If a lower 
flame temperature than those shown for the 
formulations in Table 4 is desired, coolants can 
be added to the formulations which result in a 
slight increase in formation of solid combustion 
products.  It will also be observed in Table 4 that 
neat AZODN when burned, provides 4.2 moles 
of gas per 100gms, and because of ease of 
ignitability, has potential use in pressurized 
oxygenated gas hybrid systems where the use of 
an oxygen deficient pyrotechnic material, 
combusted in conjunction with an oxygen doped 
gas such as argon or nitrogen, is acceptable. 

If a lower flame temperature propellant 
is desired for providing an acceptable burning 
rate essentially free of solid combustion 
products and substantially only gas in the form 
of nitrogen, carbon dioxide, and water vapor, 
phase stabilized ammonium nitrate (PSAN) may 
be used as the oxidizer with AZODN.  Because 
neat AZODN is readily ignitable, exhibits a high 
burning rate, and has a higher oxygen balance 
than other fuels such as those in Table 1, a lower 
concentration of ammonium nitrate is required 
to burn to nitrogen, carbon dioxide, and water 
vapor.  This results in an overall decrease in the 
total amount of phase stabilizer required in the 
propellant formulation. 

 
Although it is well known that a number 

of disadvantages are associated with the use of 
ammonium nitrate (AN) in any propellant 
system, (e.g. hygroscopicity and phase changes), 
it has been determined that AZODN is 
compatible and does not form eutectics with 
phase stabilized ammonium nitrate in propellant 
formulations.  Propellants have been 
successfully formulated containing AZODN and 
PSAN which provide acceptable burning rates.5  

These propellants burn completely at ambient 
pressure, ignite readily, pass thermal aging and 
temperature cycling requirements, have low 
flame temperatures, and provide gas outputs of 
95-98%. 

If AZODN is substituted for GN in a 
formulation utilizing a combination of 
ammonium perchlorate (AP) and sodium nitrate 
(SN), a significant reduction in the formation of 
solid combustion products is realized.  In 
addition to participating as an oxidizer, the SN is 
used as a scavenger for conversion of the 
hydrogen chloride to innocuous sodium 
chloride.  As shown in Table 5, when the 
propellant containing AZODN is burned, the 
concentration of solid combustion products is 
reduced by 32%, which results in less 
sophisticated and less costly filtration demands 
for the inflator design.  As previously described, 
when AZODN is substituted in formulations 
containing other oxygenated fuels (such as GN, 
NQ or RDX), significantly higher burning rates 
result. 

Table 5 
Influence of AZODN Substitution in a 

AP/SN/GN Propellant Formulation 
 

 Formulation Wt% 

Ingredient AZODN 
Guanidine 

Nitrate (GN) 
   
NH4ClO4 15.75 23.20 
   
NaNO3 11.40 16.80 
   
AZODN 69.85 --- 
   
GN --- 57.00 
   
QPAC-40 3.00 3.00 
   
Total Gas Output, %: 92.20 88.50 
   
Moles Gas/ 100 gm: 3.70 3.70 
   
Solid Combustion 
Products, %: 7.80 11.50 

 
Strontium nitrate is a popular oxidizer 

for use in gas generants.  The density of 
strontium nitrate is greater than either potassium 
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or sodium nitrate which makes it attractive for 
use in volume limited inflator designs for airbag 
systems.  It has been used with 5-aminotetrazole 
to formulate high burning rate formulations 
which operate at lower pressures than 
ammonium nitrate systems.  In addition, when 
properly utilized with other ingredients the solid 
combustion products are formed as a clinker or 
slag in the combustion chamber of the inflator 
which allows less chance for hot solid 
particulates to escape into the bag.  AZODN has 
been found compatible with strontium nitrate.6  
Pellets pressed from formulations containing 
strontium nitrate and AZODN exhibit excellent 
crush strength with little or no dimensional 
change when cycled between -40 and 107°C and 
thermally aged at 400 hours at 107°C.  The 
advantage of substituting AZODN for the 5-
aminotetrazole fuel component in strontium 
nitrate oxidized formulations is shown in Table 
6.  A significant increase in gas output with an 
associated decrease in formation of solid 
combustion products results.  In addition, like 5-
aminotetrazole, the formulation containing 
AZODN also provides a high burning rate which 
allows operation at lower pressures. 

 
Table 6 

Influence of AZODN Substitution in a SrN/5-
ATZ Propellant Formulation 

 
 Formulation Wt% 
Ingredient AZODN 5-ATZ
   
Sr(NO3)2 28.40 63.70 
   
AZODN 68.60 --- 
   
5-ATZ --- 33.30 
   
QPAC-40 3.00 3.00 
   
Total Gas Output, %: 88.7 70.9 
Moles Gas/ 100 gm: 3.20 2.46 
   
Solid Combustion 
Products, %: 11.3 29.1 

 
Figure 1 provides the results of inflator 

tests conducted in a 60 liter tank using the 
AZODN/strontium nitrate formulation shown in 
Table 6.  It will be observed that the formulation 
provided excellent action times and gas output at 
both low and ambient temperatures.  Pellets 
(0.09 x 0.5”) were pressed and tested in PD-67 
hardware.  A thirty (30) gram charge was ignited 
with a 150 mg squib and a total of 1.20 gms of 
boron potassium nitrate (BKNO3) pellets and 
granules.  The times to inflator and tank peak 
pressure, at both -40° and +21°C, were deemed 
acceptable. 

In Table 7, AZODN is compared with 
nitroguanidine (NQ) in a potassium perchlorate 
oxidized formulation.  Again, both compositions 
were formulated to burn to innocuous gases.  As 
shown in Table 7, the use of AZODN provides a 
greater gas output with a significant decrease in 
formation of solid combustion products. 

 
Table 7 

Influence of AZODN Substitution in KP/NQ 
Propellant Formulation 

 
 Formulation Wt%
Ingredient AZODN (NQ) 
   
KClO4 24.35 41.70 
   
AZODN 72.65 --- 
   
NQ --- 55.30 
   
QPAC-40 3.00 3.00 
   
Total Gas Output, %: 87.0 77.6 
   
Moles Gas/ 100 gm: 3.40 3.12 
   
Solid Combustion 
Products, %: 13.0 22.4 
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CONCLUSION 
 

The authors of this paper have shown 
the advantages of using azodicarbonamidine 
dinitrate in pyrotechnic gas generants used in 
airbag systems.  Although no one panacea exists 
for solving all of the challenges facing the 
development of advanced inflation systems for 
occupant safety, it is believed that AZODN does 
represent an improvement over the state of the 
art. 
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DYNAMIC MECHANICAL BEHAVIOR OF PBX 

AT HIGH STRAIN RATE 
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ABSTRACT  In this paper, the PBX’s dynamic mechanical behavior is studied based on the 
experimental results by split Hopkinson pressure bar (SHPB) system. The result shows that the 
split Hopkinson pressure bar is a suitable loading technique to experimentally study the dynamic 
mechanical behavior of PBX. But this technique can’t reach higher strain rate due to the 
mechanical character of PBX. For the PBX studied in this paper, the highest strain rate, the 
SHPB system can reach, is about 220s-1. The mechanical properties of PBX depend on strain rate, 
with an increase of strain rate, both the compressive strength and the critical strain increase. 
Then an experiential constitutive relation, based on the experimental results, is derived to 
describe the mechanical behavior of PBX at low and high strain rate. 
KEYWORDS Polymer bonded explosive (PBX), split Hopkinson pressure bar (SHPB), 
dynamic mechanical property, nonlinear constitutive relation  
 
 
1 INTRODUCTION 

Polymer bonded explosive (PBX) is a 
composite of energetic particulate and 
polymer, in which the volume fraction of 
energetic particulate may be up to 85% or 
more. Due to the character of microstructure, 
the mechanical behavior of PBX depends on 
loading rate or strain rate [1]. The strain rate 
affects not only the strength but also the 
elastic modulus and critical strain of PBX [2]. 
Moreover, because of the character of failure 
mechanism, the mechanical behavior of PBX 
may be different under tensile and 
compressive loading condition.  

At present, as many researchers’ works 
[2,3,4], the traditional split Hopkinson 
pressure bar (SHPB) technique is utilized to 
study the dynamic mechanical behavior of 
PBX under compressive loading condition at 
high strain rate. But, because of the low 
strength and brittleness, this technique and the 

experimental method should be further 
investigated for reasonably revealing the 
dynamic properties of PBX. According to the 
quasi-static and dynamic experimental results, 
a nonlinear constitutive relation can be 
derived to describe the mechanical behavior 
of PBX at low and high strain rate. 
 
2 DYNAMIC EXPERIMENT 

The PBX studied in this paper is a 
composite of HMX, TATB and polymer. The 
cylindrical sample of PBX is quasi-statically 
compressed on MTS and dynamically loaded 
by SHPB. 

According to the research of SHPB 
technique, if the ratio of length and diameter 
of the sample is reasonably determined, the 
inertia effects of the sample at longitudinal 
and radial directions can be neglected, then 
the wave propagation can be analyzed through 
the 1-D elastic wave propagation theory. In 



 

 770 

this paper, the length and diameter of the PBX 
cylindrical sample are designed as 6.0mm and 
12.0mm respectively, this is to say the ratio is 
selected as 0.5 according to the experimental 
research of polymer [5].  

The aluminum alloy striker, incident and 
transmitter bars are of the same diameter of 
14.5mm and respective length of 300mm, 
600mm and 600mm. 

When dynamically loaded by the 
Hopkinson pressure bar, the PBX sample 
deforms and failures finally, but the bars 
themselves deform elastically. Therefore, 
based on the 1-D elastic wave propagation 
theory and the strain signals recorded by the 
strain gauges assembled on the bars, the strain 
rate and stress of the sample can be worked 
out. During the deformation of the sample, if 
the forces on the two ends of the sample reach 

the balanced state, the strain rate )(tε& , strain 

ε(t), and stress σ(t) of the sample can be 
worked out from the incident wave and 
transmitted wave. 

In experiment, the velocity of the striker 
bar should be low, so the small deformation of 
the incident bar may result in lower 
deformation of the transmitter bar due to the 
low strength of the PBX sample. In order to 
obtain more accurate signals from the incident 
bar and transmitter bar, the semi-conductive 
strain gauges are assembled on the two bars. 

More than 20 samples are dynamically 
loaded by the SHPB at several velocities of 
the striker bar. The experiments show that the 
SHPB with aluminum alloy bars is a suitable 
dynamically loading technique for PBX. 

When the impact velocity of the striker 
bar is lower, such as 3.7m/s, the three waves 
are very intact and smooth. But with the 
increase of impact velocity, the shape of 

transmitted wave changes and become more 
and more steep. 

Due to the character of mechanical 
behavior of the PBX, if the impact velocity is 
too low, the PBX sample shows deformation 
but does not fracture. In this case, the small 
deformation of PBX cannot reach its strength. 
On the other hand, for the very high impact 
velocity, the sample fractures before it reaches 
the balanced state. In this case, it is difficult to 
study the PBX’s dynamic strength. Thus, if 
the SHPB technique is applied to 
experimentally study the dynamic behavior of 
PBX, the impact velocity of the striker bar 
should be controlled within certain range. For 
the PBX studied in this paper, the results 
show that impact velocity should be within 
4.0m/s~9.0m/s. 

The experimental result shows that when 
the impact velocity is about 5.6m/s, the 
transmitted wave gradually increases, after the 
sample reaches the balanced state of stress, 
the stress of the sample reaches the maximum 
and then decreases. Thus, at this impact 
velocity, the sample deforms and reaches its 
strength, and its dynamic mechanical behavior 
may be studied according to the elastic stress 
wave theory. 

According to the 1-D elastic wave 
propagation theory, the stress-strain curve of 
the PBX at impact velocity of 5.6m/s is 
obtained which are illustrated in Fig.1.  

Because the elastic wave velocity of the 
PBX is low, it needs some time for the wave 
to propagate from one end of the sample to 
the another, which makes the stresses at the 
two ends inconsistent because of the time 
delay. It is necessary to shift the time of the 
stress-time curve to process the experimental 
data. The traditional method is to shift ∆t that 
is the time for the wave to travel from one end 
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of the PBX sample to another. But, recent 
research into the SHPB technique indicates 
that it is more reasonable to shift half of ∆t, 
see [6]. 

 
The stress-strain curves processed after 

no shift, shift half of ∆t and shift ∆t are all 
illustrated in Fig.1. Time shifting does not 
affect the strength, but it may affect the strain 
and consequently influence the constitutive 
relation of the material. The stress-strain 
curve of half of ∆t shift is selected to analyze 
the dynamic properties of the PBX. 

Fig.2 shows the relation of strain rate and 
time. This relation of PBX is evidently 
different from that of metals. It is well known 
that the flow stress of metal increases with the 
increasing of deformation under impact 
loading. But for PBX, if the stress reaches the 
maximum, the sample is fractured, and then 
the stress decreases, but the deformation and 
strain rate increase greatly. 

Therefore, for PBX, the strain rate of the 
dynamic loading should be determined from 
part of the strain rate-time curve. This part 

indicates the deformation state of the sample 
after it reaches the balanced state of stress and 
before it is fractured. Thus for the impact 
velocity of about 5.6m/s, the strain rate of the 
dynamic loading is about 220s-1. 

 
 
3 EFFECT OF STRAIN RATE  

According to the experimental results and 
the research into the experimental technique, 
the dynamic mechanical properties of the 
PBX, dynamic compressive strength, critical 
strain (the strain corresponding to the 
strength), and strain rate are list in Table1. It 
also gives the corresponding quasi-static 
values tested on MTS at strain rate about 
2.0×10-3/s. 

 
Table 1 Mechanical properties of PBX at low and 

high strain rate 

Strain rate (s-1) 2.0×10-3 220 

Compressive 
strength (MPa ) 34.0 51.3 

Critical strain (10-2) 0.668 0.866 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.1 Stress-strain curve of the PBX  
from SHPB experiment 

 
 
 
 
 
 
 
 
 
 
 
 

Fig.2  Strain rate-time curve  
for the PBX impacted by SHPB 
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It is evident that with an increase of strain 
rate the strength and critical strain of PBX 
increase. 

It is difficult, even impossible, to measure 
the dynamic elastic modulus at high strain 
rate by SHPB. When the strain rate increases 
at low level such as that tested on MTS, the 
experimental results [2] have shown that the 
elastic modulus of PBX increases also with an 
increase of strain rate.  

Therefore, it is can be concluded that the 
strength, elastic modulus, and critical strain 
(corresponding to the strength or maximum 
stress) of PBX increase with an increase of 
strain rate. 
 
4 CONSTITUTIVE RELATION 

If the PBX sample is compressed, its 
stress increases with an increase of strain. 
When the stress reaches the maximum, this 
stress is called the material strength, the 
sample is seriously damaged, then the stress 
decreases as the strain continues to increase. 

Although there are several constitutive 
relations to describe the mechanical behavior 
at high strain rate of material such as metal, 
but they are not suitable for the PBX. 

At present, a phenomenal mathematical 
expression is derived to describe the PBX’s 
stress-strain curve at low and high strain rate. 

For polymers, ZWT (Zhu-Wang-Tang) 
constitutive model is convenient: 
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(1) 
where E0, α, β, E1, θ1, E2, and θ2 are 
constants. 

In this model, the former three terms 

describes the nonlinear elastic mechanical 
behavior independent of strain rate. The last 
two terms describe the viscoelastic behavior 
at low and high strain rate. 

For PBX studied in this paper, the 
experimental results at low and high strain 
rates indicate that the viscoelastic character is 
not evident. Of course, in the relaxation and 
creep tests, the PBX is significantly 
viscoelastic. 

According to the experimental results, as 
shown in Fig.1 and the following Fig.3, the 
nonlinear stress-strain curve can be regarded 
as nonlinear elastic behavior. On the other 
hand, the mechanical properties of the PBX 
are dependent on strain rate. Thus the strain 
rate dependent nonlinear expression is 
derived: 

32 )()()(
mmmm

cba
ε
ε

ε
ε

ε
ε

σ
σ +−=     (2) 

where a, b, and c are unknown parameters, σm 
and εm are the maximum stress or strength 
and the corresponding strain at the associated 
strain rate respectively. 

The experimental stress-strain curve 
indicates that there is a maximum value for 
stress, therefore the three unknown 
parameters are not independent. Their 
relations are: 

32 −= ab             (3) 
2−= ac              (4) 

When the strain is small, or at the early 
loading period, the elastic modulus can be 
determined from the stress-strain curve. 
Therefore, neglecting the higher order terms 
when the strain is small, we get: 

mmEa σε /=          (5) 

Thus, if the dependence of the mechanical 
properties on the strain rate is obtained, the 
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unknown parameters can be determined, and 
the constitutive relation is derived. 

Fig. 3 gives the comparison of the 
stress-strain curves at low and high strain rate 
by experiment and the mathematical 
expression. 

 
It is evident that the mathematical 

expression can describe the experimental 
stress-strain curves at low and high strain rate. 

It is should be noted that there is just one 
unknown parameter in the mathematical 
expression and this parameter is solely 
determined by the strain rate dependent 
mechanical properties. For the strain rate at 
low level, for example, the PBX specimen is 
compressed on MTS, this one parameter 
nonlinear expression is suitable to describe 
the mechanical behavior of PBX compressed 
at different strain rate. For higher strain rate, 
such as the SHPB loading technique, because 
the dynamic elastic modulus can not be 
determined easily, this nonlinear constitutive 
model can not accurately describe the early 
part of the stress-strain curve. This is needed 
further work combined with the research of 

the high strain rate loading technique. 
 

5 CONCLUSION 
PBX is a kind of particulate-filled 

composite. Its mechanical behavior is 
different from that of other materials such as 
metal. If the sample of PBX is subjected to 
compressive load at low or high strain rate, in 
the stress-strain curve, the stress increases 
with an increase of strain, and then reaches 
the maximum value without obvious yielding. 
After that, the stress gradually decreases as 
the strain continues to increase. 

In this paper, a kind of PBX sample is 
compressed at low strain rate on MTS and 
high strain rate by Hopkinson pressure bar. 
According the experimental results, the 
dynamic loading technique is studied, the 
dependence of mechanical properties on strain 
rate is investigated, and nonlinear constitutive 
relation is derived to describe the mechanical 
behavior of PBX at low and high stain rate.  

The traditional split Hopkinson pressure 
bar is a suitable loading technique to 
experimentally study the dynamic mechanical 
behavior of PBX.  

But this technique can not reach higher 
strain rate due to the mechanical character of 
PBX. In order to study the dynamic 
mechanical properties, the impact velocity 
should not be too low or too high, for the 
studied PBX and SHPB system, the suggested 
velocity is within the interval 4.0m/s~9.0m/s.  

The strain rate should be determined from 
part of the strain rate-time curve. This part 
indicates the deformation state of the sample 
after it reaches the balanced state of stress and 
before it is fractured. For the PBX studied in 
this paper, the highest strain rate, the SHPB 
system can reach, is about 220s-1. 

Besides that, it is not reasonable to shift 

 
 
 
 
 
 
 
 
 
 
 
 

Fig.3 Stress-strain curves by experiment and 
mathematical expression 
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∆t, which is the time for the wave to travel 
from one end of the PBX sample to the 
another, to analyze the stress-strain curve 
from the experimental data. The stress-strain 
curve of half of ∆t shift is selected to analyze 
the dynamic properties of the PBX. 

The experiments at low and high strain 
rate show that with an increase of strain rate 
the strength and critical strain increase. 

According to the characters of the 
stress-strain curve obtained from the 
experiments, a nonlinear constitutive relation 
with one unknown parameter is derived to 
describe the mechanical behavior of PBX at 
low and high strain rate. This nonlinear 
constitutive relation is simple and suitable for 
the PBX at low strain rate range. 

For higher strain rate, this nonlinear 
model can not accurately describe the early 
part of the stress-strain curve due to the 
difficulty in determining the dynamic elastic 
modulus. This is needed further work 
combined with the research of dynamic 
loading technique. 
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Sodium azide based automotive airbag gas generants have been shown to be 
environmentally unfriendly. Azides from airbag production facilities and scrapped 
automobiles may contaminate soil and ground water. Non-azide pyrotechnic 
airbag systems are one solution to this problem. Initial Talley pyrotechnic 
formulations were far less toxic than azide systems, but had performance issues. 
These issues included high operating pressures, ignition difficulties, performance 
variability and detonability of main generant. A series of main generant/enhancer 
combinations were formulated which resolved most of these issues, although still 
required high (27 to 62 megapascals) operating pressures. Because of the pressure 
requirements, these Talley systems require an ignition enhancer. The current 
Talley main automotive airbag gas generant is a guanidine nitrate, ammonium 
perchlorate and sodium nitrate based composition. The current ignition enhancer 
is based on the same three ingredients with the addition of RDX. These 
compositions are used in Talley’s D60 automotive airbag inflators. 

 
A brief discussion of the problems associated with azide based systems will be 
presented. The properties and formulations of the pyrotechnic generant and 
ignition enhancer compositions will be presented, along with their development 
history. Inflator development will be briefly examined. General methods of 
ingredient and formulation preparation will be given. Characterization data, such 
as selected chemical, physical, mechanical and ballistic properties will be 
presented. The effects on performance of aging these compositions in various 
environments will be examined. The results of hazards testing (friction, impact, 
electrostatic, detonation etc.) will be presented. Acceptance criteria and 
performance testing will be described and the results will be discussed.  
 

 
INTRODUCTION 
One of the original automotive airbag 
systems was based on sodium azide gas 
generants. Sodium azide systems have the 
advantages of operating at low pressure 
(thus requiring simple, inexpensive 
hardware) and producing almost exclusively 
nitrogen as the output gas. This system 
dominated the automotive airbag industry 
for two decades. 
 

The most serious downside to azide based 
systems is the toxicity of the sodium azide 
itself. With  millions of autos with azide 
based airbags in junkyards, the potential for 
serious ground-water contamination is 
evident. Many European and East Asian 
countries have severely restricted the import 
of cars containing azide based airbag system 
because of these concerns. 
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Currently, one of the primary methods of 
inflating automotive airbags is with 
pyrotechnic based systems. These systems 
generally rely on a combination of an 
organic fuel, mixed with an oxidizer (either 
organic or inorganic) and any of several 
pressing aids, burn rate modifiers or other 
ingredients. Several hurdles are present in 
non-azide systems. First, organic based 
formulations often are not as easily ignitable 
as azide systems. Because of this, most 
pyrotechnic airbag systems make use of an 
ignition enhancer to boost the pressure to 
enhance main charge ignition. This increases 
the weight and complexity of the airbag 
hardware. Second, non-azide generants 
generally require a higher pressure to burn 
efficiently.  The higher pressure burning 
often leads to higher temperature output 
gasses, as well. In addition to the possibility 
of burning the occupant, these hot gasses 
cool (and therefore, contract) quickly, 
requiring more generant to complete bag fill. 
Thirdly, the output gasses of a non-azide 
system, in addition to water and carbon 
dioxide, usually contain other species which 
are toxic, such as carbon monoxide and 
cyanide gas. The automotive industry has 
placed tight limits on these toxic species. 
The water vapor itself presents a problem, as 
it can give rise to steam burns. When the 
water vapor condenses out of the output 
gasses, it deprives the inflator of some of its 
gas volume, as well. Confident of being able 
to mitigate these issues, Talley’s reentry into 
the automotive airbag business centered on 
non-azide pyrotechnic systems. 
 
RESULTS AND DISCUSSIONS 
 
Material Preparation 
All of the materials developed by Talley for 
use as automotive airbag gas generants or 
ignition enhancers were prepared similarly. 
First, the raw materials were ground (using a 
fluid energy mill or hammermill) to a 

particle size range of 8 to 20 microns. The 
ground materials were then dried and were 
mixed in twin-shell type mixers. The 
powder blend was then granulated. The 
ignition enhancers were generally used in a 
granular form. For the main gas generants, 
the granules were pressed into pellets. For 
safety reasons, all operations were 
performed remotely. 
 
General Inflator Configuration and 
Ignition Train 
 
The inflators used by Talley were generally 
constructed as shown in Figure 1. 
 
Figure 1: Diagram of Typical Talley Inflator 
 
 
 
                                           1 
 
                                          2 
 
                       3 
                                           4 
 
The area labeled #1 is the initiator, which 
begins the ignition train. The output from 
the initiator ignites the ignition enhancer in 
the vented enhancer cup (#2). The output 
gasses from the enhancer pressurize the 
inflator and ignite the main charge (#3). In 
the event of a car fire, the autoignition 
compound (#4) ignites (generally at 
temperatures from 120oC to 160oC), igniting 
the enhancer and functioning the inflator in 
a normal manner. 
 
 
Phase I : Ammonium Nitrate Based 
Systems 
Talley’s initial efforts for a pyrotechnic 
automotive airbag gas generant focused on 
ammonium nitrate based systems. 
Ammonium nitrate was chosen as the main 
oxidizer largely due to it’s low solid output. 
The first generant to show promise after 
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initial testing was designated TAL-1305. 
The composition of TAL-1305 is as follows: 
 
 
Guanidine Nitrate 49.4% 
Ammonium Nitrate 39.4% 
Potassium Perchlorate 11.2% 
 
Because of the difficulty in igniting 
ammonium nitrate and guanidine nitrate 
compositions at low to moderate pressure, 
an ignition enhancer was developed to assist 
in the ignition of the TAL-1305. This 
ignition enhancer, designated TALI-35, has 
the following composition: 
 
Ammonium Nitrate 59.4% 
Cyclonite (RDX) 40.6% 
 
As could be expected based on its 
composition,  DOT testing revealed TALI-
35 to be a 1.1D explosive. TAL-1305 was 
also classified as a DOT 1.1D explosive 
based on the results of #8 Blasting Cap test. 
It was determined that an inflator with 1.1 
material as the main gas generating 
composition was undesirable and the TAL-
1305 and TALI-35 combination was 
shelved. 
 
The next gas generant/ignition enhancer pair 
developed was TAL-1306 and TALI-35. 
TAL-1306 was developed from the desire to 
make the main gas generant in the inflator a 
DOT 1.3 material instead of a DOT 1.1 
explosive. The thought process was that the 
potassium perchlorate was sensitizing the 
generant to detonation, so its removal might 
reduce the detonation sensitivity of the 
formulation (#8 Blasting Cap tests proved 
this to be true). TALI-35 was retained as the 
ignition enhancer for TAL-1306. The 
formulation for TAL-1306 was as follows: 
 
Ammonium Nitrate 54.5% 
Guanidine Nitrate 45.5% 

 
Although not a DOT 1.1 material, the TAL-
1306 system suffered from two of the same 
shortcomings that the TAL-1305 system did. 
Both gas generant/ignition enhancer 
combinations (as do most ammonium nitrate 
based formulations) require high pressure 
(in the realm of 103 megapascals or 15,000 
psi) to burn efficiently. To contain this 
extreme pressure, the inflator was 
constructed of very strong, very heavy and 
very expensive materials. The inflator 
required for these systems was determined 
to be too large, heavy and expensive to be 
competitive in the automotive market.  
 
The other issue plaguing both TAL-1305 
and TAL-1306 was also directly related to 
ammonium nitrate. One of the main 
problems with any ammonium nitrate based 
formulation is the change in the crystalline 
structure of the ammonium nitrate with 
changing temperature. The following table 
illustrates the density (and therefore, the 
volume) changes which occur as ammonium 
nitrate is heated. 
 
Table 1: Crystalline Forms of Ammonium 
Nitrate 
 
Crystalline Form Density Range 
β-Orthorhombic 1.725 g/cc -17 to 32.1oC 
γ-Orthorhombic 1.661 g/cc 32.1 to 84.2oC 
Tetragonal 1.666 g/cc 84.2 to 125.2oC 
Cubic 1.594 g/cc 125.2 to 169.6oC 
 
There is also a meta-stable transition 
occurring at 50oC between the β-
orthorhombic form and the tetragonal form1. 
 
These density and volume changes cause the 
ammonium nitrate to expand and contract 
with changing temperature and will 
eventually cause the tablet or grain of gas 
generant to fall apart. The automotive 
industry required temperature cycling 
(multiple cycles from -40oC to +90oC to -
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40oC  over a four hour period) would often 
cause pellets or grains of gas generants 
containing ammonium nitrate to break up. 
Fragmented gas generant pellets or grains 
may overpressurize the inflator upon 
ignition and compromise the inflator 
housing, giving rise to a serious safety 
concern.  
 
Finally, the performance of the TAL-1306 
inflator system was inadequate. The TAL-
1306 based inflator did not reach its peak 
pressure quickly enough to meet automotive 
industry pressure/time requirements. For 
these reasons, it was determined that future 
formulations would not contain ammonium 
nitrate. 
 
Phase II: Perchlorate Based Systems 
If ammonium nitrate was not feasible for use 
as an oxidizer, a reasonable substitute was 
ammonium perchlorate. The next main 
charge formulation which received serious 
consideration was designated TAL-1307. Its 
composition is as follows: 
 
 
Guanidine Nitrate 56.6% 
Ammonium Perchlorate 22.8% 
Potassium Nitrate 20.6% 
 
In conjunction with changing the main 
charge, the ignition enhancer formulation 
was changed, as well. TALI-35 was replaced 
with TALI-36 in a further effort to reduce 
the amount of DOT 1.1 explosive in the 
inflator. The formulation for TALI-36 is as 
follows: 
 
 
Ammonium Perchlorate  42.4% 
Sodium Nitrate  32.2% 
Microcrystalline Cellulose  25.0% 
Fumed Silica   0.4% 
 

The fumed silica is used as a processing aid. 
Replacing ammonium nitrate with 
ammonium perchlorate entails some trade-
offs. Ammonium perchlorate produces free 
chlorine or hydrochloric acid as combustion 
products. One method to scavenge these 
species is to add an alkali metal nitrate. This 
solves the hydrochloric acid problem but 
creates another issue. Adding alkali metal 
nitrates to the formulation increases the 
amount of solids produced by the inflator. 
These solids are mostly molten salts and can 
cause bag damage if not contained inside the 
inflator. 
 
The high solid content of the generant 
output also means that there is less gas being 
produced for each gram of generant, 
requiring more generant per inflator to 
achieve the required gas output. An 
investigation was begun to determine the 
perchlorate/nitrate combination which 
generated the least amount of solids. The 
optimum combination for lowest solid 
content was found to be ammonium 
perchlorate and lithium nitrate. A 
composition based on lithium nitrate, 
ammonium perchlorate and guanidine nitrate 
was found to produce 8.6% solids by 
weight. However, the extremely hygroscopic 
nature of lithium nitrate makes it difficult to 
work with. Because sodium nitrate is less 
hygroscopic than lithium nitrate and sodium 
nitrate produces less solids than potassium 
nitrate (11.5% solids versus 14.2% for TAL-
1307), sodium nitrate was chosen to be used 
in the next formulation. 
 
TAL-1308 was the designation of the next 
formulation to be examined. Its composition 
is as follows: 
 
Guanidine Nitrate 58.5% 
Ammonium Perchlorate 23.5% 
Sodium Nitrate 17.8% 
Fumed Silica 0.2% 
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TAL-1308 was paired with TALI-36 as its 
ignition enhancer in initial testing. Although 
initial testing of this gas generant/ignition 
enhancer pair looked promising, it was 
determined that the inflator to be used with 
these generants was too large and heavy to 
be competitive. To allow for a smaller 
inflator to be used, the operating pressure 
had to be reduced to roughly 55 
megapascals. In this pressure regime, the 
TALI-36 failed to bring the pressure up 
rapidly enough to give consistent 
performance. It was clear that a more 
powerful ignition enhancer was required. 
 
For reasons of simplicity, it was determined 
to use as many common ingredients for the 
main generant and the enhancer as possible. 
The easiest way to do this is to add a burn 
catalyst to the main generant to make the 
ignition enhancer. The formulation which 
resulted from this effort was designated 
TALI-37. The composition of TALI-37 is as 
follows: 
 
Guanidine Nitrate 30.0% 
Ammonium Perchlorate 21.3% 
Sodium Nitrate 16.2% 
Fumed Silica   0.2% 
Cyclonite (RDX) 32.3% 
 
The TAL-1308/TALI-37 combination 
appeared to work well in initial testing. If a 
design validation with the proposed lighter 
inflator (designated the D60 for its 60mm 
nominal diameter) were to be entered, 
further characterization of this generant 
combination would be required. 
 
Properties and Characterization of TAL-
1308 and TALI-37  
 
The theoretical reaction equation for the 
combustion of TAL-1308 is as follows: 
 

5CH6N4O3 + 2NH4ClO4 + 2NaNO3 + 
0.004SiO2→ 5CO2 + 19H2O + 12N2 + 
2NaCl + 0.004SiO2 
 
The fumed silica essentially does not take 
part in the reaction. In reality, the 
mechanism is not as clean as the reaction 
shown above. Less than ideal pressures and 
temperatures give rise to incomplete 
combustion and side reactions. A more 
realistic reaction equation can be obtained 
from thermochemical modeling software. 
One reaction equation produced (from the 
New PEP program) is as follows: 
 
0.537CH6N4O3 + 0.224NH4ClO4 + 
0.235NaNO3 + 0.004SiO2→ 0.537CO2 + 
2.059H2O + 1.3035N2 + 0.224NaCl + 
0.0055Na2O + 0.004SiO2 +0.035675 O2 
 
Similarly the theoretical combustion 
reaction for TALI-37 is as follows: 
 
32CH6N4O3 + 24NH4ClO4 + 24NaNO3 + 
19C3H6N6O6  + 0.004 SiO2 → 89CO2 + 
201H2O + 145N2 + 24NaCl  + 0.004 SiO2 
 
The reaction equation from the 
thermochemical modeling program NewPEP 
is as follows: 
 
0.321CH6N4O3 + 0.237NH4ClO4 + 
0.248NaNO3 + 0.190C3H6N6O6 + 0.004SiO2 
→ 0.891CO2 + 2.007H2O + 1.4545N2 + 
0.237NaCl + 0.0055 Na2O + 0.004 SiO2 + 
0.00025 O2 
 
As with the case of TAL-1308, the fumed 
silica essentially does not participate in the 
reaction. 
 
The initial characterization of TAL-1308 
and TAI-37 consisted of determining the 
Department of Transportation shipping 
hazard class. TAL-1308 was tested as a 
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small pellet (roughly 0.5 cm diameter) and 
as a powder. TALI-37 was tested as a  
-20mesh/+80mesh (180 to 850 micron) 
granule. The results of these tests can be 
found in Table 2 below.  
 
Table 2: DOT Hazard Data for TAL-1308 
and TALI-37 
Test TAL-1308 

Powder 
TAL-1308 
Pellets 

TALI-37 
granules 

#8 Blasting 
Cap 1.91 cm 0.00 cm 1.44 cm 

Impact 0/10 
positive 

0/10 
positive 

1/10 
positive 

BAM Friction >80 N >80 N >80 N 
Thermal 
Stability 

0.011% 
wt loss 

0.006% 
wt loss 

0.009% 
wt loss 

Small  Scale 
Burn 

*no 
explosion 

*no 
explosion 

*no 
explosion 

D.O.T 
Classification 1.1C 1.3C 1.1C 

 
* The TALI-37 burned vigorously. The 
TAL-1308 did not burn. 
 
A brief description of these tests can be 
found in Appendix A.2    
 
As can be seen in Table 2, TAL-1308 is less 
detonable as a pellet than as a powder. This 
is largely due to surface area effects. 
Various other properties of TAL-1308 and 
TALI-37 have been measured. Table 3 lists 
some of these properties. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 3: Selected TAL-1308 and TALI-37 
Physical and Chemical Data 
Test TAL-1308 TALI-37 
Bulk Density-powder 0.43 g/cm3 0.43g/cm3 
Tapped Density- Powder 0.69 g/cm3 0.70g/cm3 
Density-Pellets 1.63 g/cm3 1.69g/cm3 
Heat of Reaction 1090 cal/g 1320cal/g 
Flame temperature* 2066oC 2582oC 
Major combustion 
gases* 

36.9% N2 35.7% CO2 

 36.7% H2O 30.4% N2 
 24.5% CO2 30.1% H2O 
Major combustion solid* 99% NaCl 98% NaCl 
DSC autoignition Temp ~300oC ~225oC 
Melting Point ~150oC ~150oC 
ESD Sensitivity 4.5J 8.0J 
BAM Friction >360 N 160N 
Impact Sensitivity >200kg-cm 30 kg-cm 
   
Pellet Break Strength ~169N N/A 
Pi-k 0.811 1.39 
Pressure Exponent (1000 
psi, %/ oC) 

0.205 0.290 

* From NewPEP 
 
One of the more interesting aspects of TAL-
1308 is the relative inertness of this material 
at ambient pressure. TAL-1308 requires 
pressure in the range of 20 megapascals to 
ignite and burn, below this threshold, it will 
not burn. Five kilograms of TAL-1308 was 
suspended in a funnel over a large burner. 
Upon ignition, the TAL-1308 melted and 
pooled and solidified on the floor but did not 
ignite. In another series of tests, sealed paint 
cans containing roughly three kilograms of 
TAL-1308 were placed on a standard 
automotive bonfire. Some of the cans were 
stacked on each other, some had 10 
kilogram weights stacked on the lids. In no 
case did the TAL-1308 do any more than 
melt, pressurize the can and pop the lid 
open. After the molten material was exposed 
to high heat for several minutes, some of the 
components volatilized, ignited and burned. 
This burning was not vigorous . It appeared 
that the TAL-1308 burned to completion. 
TAL-1308 pellets loosely confined in paint 
can containers were also tested for response 
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to a #8 blasting cap. There was no evidence 
that any of the TAL-1308 ignited or 
detonated. 
 
Performance/Properties after Thermal 
Aging 
One of the requirements of the automotive 
industry is for the airbag inflator to survive 
thermal aging. The two regimes most often 
encountered are 90oC for 1000 hours or 
107oC for 408 hours. The requirements are 
for the inflator not to function or for the 
generant not to degrade during the aging and 
for the inflator to function normally after the 
thermal aging. For the D60 inflator to 
function normally, the pellets must not 
fragment when ignited by the ignition 
enhancer or an overpressurization situation 
could occur. The likelihood of the pellets 
fragmenting is measured by the break 
strength of the pellet. The break strength 
was measured radially, with the axial axis 
oriented horizontally. The tester used was a 
Model 1011 Instron. The nominal break 
strength of a 0.5cm pellet was 220 Newtons. 
It was estimated that the minimum break 
strength required for the inflator to function 
normally was 89 N. The results of one 
thermal aging study are listed in Table 4 
below. 
 
Table 4: TAL-1308 Pellet Break Strength vs 
Aging Temperature 

Temperature Aging Time Break Strength 
Baseline N/A 169N 
90C 1000 hours 160N 
100C 500 hours 146N 
110C 250 hours 138N 
120C 125 hours 89N 

 
As can be seen from this data, the higher 
temperature aging weakens the pellets more 
than the lower temperature aging. 
Concurrent moisture analysis indicates that 
the strength loss corresponds to a moisture 
loss in the pellet. Additionally, there is some 
indication that a small amount of the 

guanidine nitrate may volatilize at higher 
temperatures. Loss of guanidine nitrate 
could also weaken the pellets. In no case, 
however, were the pellets weakened below 
the limit required for safe functioning. 
 
Similarly, it is required that the handling 
hazards of TAL-1308 and TALI-37 not 
increase significantly during or after thermal 
aging. Studies have shown no increase in 
electrostatic, friction or impact sensitivities 
after aging at 90oC for 1000 hours. 
 
CONCLUSION 
 
Despite the success of TAL-1308 and TALI-
37 in Talley’s D-60 inflator, there are still 
areas in which the TAL-1308/TALI-37 
combination is not optimal. One of the 
major hurdles is the 11-12% solids 
produced. This material is largely in the 
form of molten sodium chloride. Retaining 
the sodium chloride in the inflator is key to 
preventing bag damage. This required extra 
screens and filters and increased the cost and 
complexity of the inflator. Talley has since 
developed another gas generant (TAL-1309) 
which produces a solid “clinker” that 
remains in the inflator in a solid mass. 
Another issue faced by TAL-1308/TALI-37 
is the large amount of water vapor produced. 
This vapor condenses quickly and robs the 
inflator of some of its gas volume, requiring 
extra generant to compensate for the water 
vapor loss. 
The pressure required for the complete 
combustion of TAL-1308 was high enough 
(roughly 27 megapascals) to require special 
steels for inflator construction. This also 
added to the cost of the inflator system. 
 
The combination of TAL-1308 and TALI-37 
has been shown to be an effective 
generant/enhancer combination for use in 
automotive inflators. This pair was used to 
complete two production programs. 
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APPENDIX A 
 
Description of Tests 
 
#8 Blasting Cap- A quantity of the test 
material is placed on a 3.81 cm diameter 
lead cylinder. The test material is initiated 
with a #8 blasting cap. If the lead cylinder is 
deformed more than 0.318 cm, the test 
material is a DOT 1.1 explosive.  
 
Impact- A 3.62 kg weight is dropped on a 
small (~100 mg) sample of the test material 
from a height of 10 cm. The test is repeated 
10 times and the number of positive 
responses (fire, detonation, smoke etc) are 
noted. More than 4 positive responses 
indicates a failed test. 
 
Alternately, the test may be run by dropping 
a 2 kg weight from various heights to 
determine the maximum energy (in kg-cm) 
which can be imparted to the sample without 
causing a positive reaction in 10 repeat 
trials. 
 
BAM Friction- A small (10mg) sample of 
the test material is placed on a roughened 
ceramic plate. The BAM tester moves a 
roughened ceramic pin over the sample with 
a force which can be set from 5 to 360 
Newtons (N). If the sample shows evidence 
of a positive response at a force less than 80 
N, the test material has failed the test. 
 

Thermal Stability- A weighed quantity of 
the test material is heated in an oven at 75oC 
for 48 hours. Greater than 10% weight loss, 
evidence of reaction or explosion are 
considered a failure of the test. 
 
Small Scale Burn- Ten grams of the test 
material is placed in a plastic beaker on 
kerosene soaked sawdust. The sawdust is 
ignited. Evidence of violent burning, 
explosion or detonation indicates a failed 
test. 
 
 
Note: 
1 megapascal = 145 psi 
 
1 Newton = 0.22 lb force 
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ABSTRACT 
 

In order to obtain a better understanding of the shock attenuation characteristics in 
PMMA gap, shock pressure profile was directly measured with piezo-resistive manganin gauges 
embedded in several lengths of PMMA gaps.  From the peak pressures at several distances from 
the interface with detonating pentolite, a calibration curve of shock attenuation in PMMA was 
made as a formula: P = 10.9 exp(-0.052l )  (5< l <55mm).  The curve was compared with the 
published calibration curve which was determined by the indirect procedure with the gap length 
vs. shock passing time relationship and the shock Hugoniot of PMMA.  

Shock pressure through PMMA gap was also calculated with the hydrodynamic code 
AUTODYN®- 2D and compared with the experimental results.  In the numerical study, JWL 
EOS was used as EOS of pentolite and Mie-Gruneisen EOS was used for PMMA and PVC. The 
experimentally observed calibration curve showed more smoothly than the published calibration 
curve and both showed a good agreement.  Furthermore, the shock front structure was 
visualized with the high speed camera recordings and the shock front curvature was also 
numerically simulated by the AUTODYN®-2D. 
 
KEYWORDS 

Card gap test, PMMA, Shock pressure, Manganin gauge, Calibration curve, Shock 
Hugoniot, AUTODYN®-2D  
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INTRODUCTION 
 

A card gap test has been widely used for quantitative evaluation of the shock sensitivity 
of energetic materials.  In this test the shock wave generated by a standard donor explosive is 
transmitted to the test explosive through an inert gap. The shock sensitivity is obtained as the 
minimum length of the gap when the detonation within the acceptor fails1).  The minimum 
shock pressure for the stable detonation of the test explosive is calculated using a gap length vs. 
shock pressure calibration curve. However, the calibration curve is usually determined so far by 
the indirect procedure based on passing time of the shock wave through the gap of several 
lengths, shock Hugoniot data of the gap material and one dimensional shock wave theory2).  
The verification of the calibration curve is expected in accordance with the direct pressure 
measurement technique in high pressure region.  

It is the purpose of this investigation to obtain a calibration curve of shock attenuation in 
polymethyl methacrylate (PMMA) by the direct pressure measurement and compare with the 
usual method and also with the numerical simulation.  The characteristics of shock wave 
propagation through an inert gap were evaluated by two-dimensional calculation with 
hydrodynamic code AUTODYN®-2D, and the calculated results were compared with the 
experimental values. 
 
 
EXPERIMENTAL 
 
Experimental arrangement 

Fig.1 shows an experimental arrangement of the shock pressure measurement system.  
This detonator-donor-gap assembly is same as the shock charging system of the standard card 
gap test3). Pentolite (ρo=1650kg.m-3) loaded in polyvinyl chloride (PVC) tube (VP-30) was used 
as the donor explosive, and PMMA (ρo=1185kg.m-3) was used as the gap material.  Peak 
pressures and pressure profiles of shock waves were measured with 50Ω piezo-resistive 
manganin gauges (MN4-50-EK) of Dynasen, Inc..  The gauge is photo-etched from a single foil 
and encapsulated between two 25 µm thick layers of kapton using epoxy resin as gauge filler and 
binder. The manganin grid size is 3.8×3.8 mm and about 10 µm in thickness4). 

A 5mm thick PMMA plate was put between the gauge and donor pentolite to protect the 
gauge from the short-circuiting5)6).  These gauges, protection plates and PMMA gap were glued 
with epoxy resin and pressed to fix. 

The peak pressure of the shock wave at several gap lengths i.e. the shock pressure after 
several distances from the interface with donor pentolite were measured using manganin gauges 
embedded between 5mm PMMA plate and PMMA gap with desired length. Two manganin 
gauges were also used to detect the arrival of shock waves and shock passing times during 
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several gap lengths were determined simultaneously for usual calibration.  

 
Fig. 1   Experimental arrangement of shock attenuation in PMMA 

 
Results 

Pressure profiles of shock waves in PMMA are shown in Fig.2 and from the peak 
pressure vs. gap length plots the peak pressure at each distance from the donor pentolite was 
obtained as following formula7): 

P = 10.9 exp(-0.052l )    (5< l <55)             (1) 
where P is peak pressure (GPa), l is gap length (mm).  Above formula is applicable only in the 
range of the gap length from 5 to 55 mm due to the pressure cover range of the 50Ω manganin 
gauge. 

On the other hand the peak pressure vs. gap length curve was obtained by the usual 
method using the shock passing time in each length of PMMA gap with the shock Hugoniot data 
of PMMA which was reported by Deal as follows7)8): 

( )2 0.00280.19
 0.00690.38P
 l
l

+
−=   ( 505 << l )   (2) 

Two calibration curves are in good agreement in the range of 5 to 40 mm within the experimental 
error.   

Shock Hugoniot of PMMA can be obtained from the experimental values by Eq.(2) with 
the conservation of momentum of one dimensional shock wave and a linear least squares fit as:  

US＝2.76＋1.42UP      (3) 

φ31
φ3830

PMMA Gap
5～

50

PMMA Block

50

30

(Unit : mm)

5

No.6 Detonator

Manganin
Gauge

Pentolite

PVC Tube

φ31
φ3830

PMMA Gap
5～

50

PMMA Block

50

30

(Unit : mm)

5

No.6 Detonator

Manganin
Gauge

Pentolite

PVC Tube



 

 718

Although the physical characteristics of PMMA differ by polymerization conditions the 
above formula coincides very much with the reference data which was reported by Deal as 
following formula8): 
  US＝2.88＋1.38UP      (4) 

Fig. 2   Pressure profiles of shock waves in PMMA gap measured by manganin gauges 
 
 
NUMERICAL ANALYSIS 
 
Conditions of analysis 

Although one-dimensional flow of shock wave is assumed in the experimental 
determination of peak pressure the shock front is considered as not being flat and it has a 
curvature because the donor pentolite is initiated by an electrical detonator.  In this section 
shock pressure through PMMA gap was also calculated with the hydrodynamic code 
AUTODYN®-2D developed by Century Dynamics Inc. and the result of two-dimensional 
calculation is carried out. 

AUTODYN®-2D is based on the conservation laws of differential equations in the 
continuum mechanics and the explicit finite difference method9).  Fig.3 shows the schematic 
view of the analyzed system in this study and the calculation was carried out with 
two-dimensional axial symmetry model. PMMA and PVC were assumed as inert solids and 
pentolite was as high explosive.  To compare with the manganin gauge results Lagrangian 
coordinate system was applied to PMMA and calculated points were arranged in this system.  
Eulerian coordinate system was applied to detonating pentolite because of the probable over 
distortion of Lagrange mesh. 
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Parameters of each equation of state (EOS) applied in this study are described in Tables 
1 and 210)11).  JWL EOS was used as EOS of pentolite and Mie-Grüneisen EOS was used for 
PMMA and PVC.  As the attempt to apply JWL EOS to AUTODYN®-2D has been 

reported12)13) the parameters of JWL EOS were obtained by fitting the detonation characteristics 
with KHT EOS in this analysis.  Eq.(4) was used as the shock Hugoniot for Mie-Grüneisen 
EOS.  

Fig. 3   Configuration of the analysis model of shock propagation 
Table 1   C-J and JWL parameters of detonating pentolite 

C-J JWL 

Explosives P 
[Mbar] 

D 
[cm/µs] 

E0 

[Mb･cal/cm2] 
ρ 

[g/cm2] 
A 

[Mbar] 
B 

[Mbar] R1 R2 ω 

Pentolite 0.232 0.746 0.0889 1.65 8.710 0.194 5.513 1.461 0.335 

V
E)VRexp(

VR
1B)VRexp(

VR
1Ap 2

2
1

1

ω+−






 ω−+−






 ω−=  

 
Table 2   Mie-Grüneisen parameters of PMMA and PVC 

 

Material ρο 

[g/cm3] 

C 
[cm/µs] s Γ 

PMMA 1.185 0.285 1.37 0.97 

PVC 1.376 0.231 1.47 1.00 

 

Axis

Void

Output

Pentolite

Ignite

PMMA

: Lagrange (30×60)

: Euler (135×230)

Axis

Void

Output

Pentolite

Ignite

PMMA

: Lagrange (30×60)

: Euler (135×230)
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Results and discussions 
Pressure-time histories at each output point of Lagrange coordinate system in PMMA 

were calculated and peak pressure vs. gap length plot was made as well as experimental result.  
A typical calculated pressure profile at 5mm from the donor pentolite is shown in Fig.4 with the 
experimentally measured profile.  Although the pressure rise is less sharp than the measured 
profile the peak pressure shows a very good agreement. 

Fig. 4   Comparison of measured and calculated shock pressure profiles 
Fig.5 shows the gap length vs. pressure curve, i.e. the calibration curve of the gap test 

and the shock attenuation in PMMA.  The calculated peak pressures give a coincidence in the 
high-pressure region with the experimental values.  However, they show higher peak pressures 
than the experimental ones as gap length increases.  The difference between the experimental 
results and the calculation was considered as following reasons; 

(1)Shock front is not flat and has a curvature despite one-dimensional shock wave is assumed 
in the analysis of experimental data. 

(2)Shock wave does not enter to the gauge with a perpendicular angle. 
(3)Physical characteristics of materials in high pressure region do not fit the real values and 

appropriate values are needed to adjust them. 
Fig.6 shows the isobar diagrams of the shock wave propagation through pentolite and 

PMMA gap, and the pressure level is given as a contour image in the figure.  It is obvious that 
the detonation/shock front has a curvature because of the point initiation of the electric detonator 
and rarefaction wave from the side wall.  Fig.7 shows the high speed camera recordings of 
shock wave through PMMA gap with 4 µsec steps which were taken at 1000000fps by the 
Cordin model-124.  The shock front curvature is observed and gives a very good representation 
with the AUTODYN® simulation14).  Regarding (2) and (3), discreet experimental preparation 
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and a further investigation on physical model will be desired. 

Fig. 5   Shock attenuation in PMMA computed by AUTODYN®-2D  
compared with experimental results 

 
 
 

 
(1µsec after initiation)         (3.5µsec)               (6.5µsec)  

Fig.6   Pressure contours of shock propagation through PMMA gap  
calculated with AUTODYN®-2D
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Fig. 7   High-speed camera photographs of shock wave propagation in PMMA gap 

 
CONCLUSIONS 
 

From the experimental and numerical analysis, following conclusions can be drawn: 
(1)The calibration curve was determined in a form of exponential function as P = 10.9 exp 

(-0.052 l) by the direct pressure measurement, and it showed a good agreement with the usual 
method which was determined with shock Hugoniot. 

(2)As a result of the numerical analysis with AUTODYN®-2D, the attenuation of the shock 
pressure in PMMA was more gradual than the experimental result. This may be because of the 
parameters of the material model and/or the assumption of one-dimensional shock wave in the 
experiment. 

(3)From the high-speed camera records, the curvature of the shock front was observed and it was 
successfully reproduced by the simulation. 
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Abstract 
 
The use of gun propellants, whose burning rates of those propellants do not strongly depend on 
the propellant temperature, is a method of increasing the muzzle velocity of gun projectiles, 
because the max. gas pressure can be exploited to full advantage. 
 
While other companies try to reduce the temperature coefficient of a gun propellant by utilizing 
an appropriate surface coating or by igniting the propellant charge by means of a plasma jet, we 
have developed a novel type of gun propellant, whose temperature coefficient as well as the 
temperature sensitivity is lowered by using a new energetic plasticizer.  This approach enables a 
complete family of propellants, whose specific energies vary in a wide range.  The adiabatic 
flame temperatures of these propellants are more than 500 K below the temperature of the JA 2 
propellant at a same or higher level of the specific energy force). 
 
Due to the new energetic plasticizer the novel propellants are showing the desired favourable 
temperature behaviour in the closed vessel and gun tests in that way, that the maximum gun 
pressure as well as the dynamic vivacity is highest near 21 °C and then decreases with increasing 
temperature.  Furthermore these propellants proved insensitive when subjected to a shaped 
charge attack and to fast cook off.  Measurements in the Accelerating Rate Calorimeter ( ARC ) 
of this novel propellant type compared with JA 2 (double base prop.), M 30 (triple base prop.), 
CAB – LOVA and single base propellants are giving outstanding results. 
 
Up to now test firings have been carried out beside the closed vessel, in a 40 mm proof gun 
barrel, a 44 mm smoth barrel bore gun and in a 75 mm canon, which is scale model of the 120 
mm tank gun.  In case of the 75 mm scale model gun for example was found that the new 
propellant provides an increase of the muzzle velocity compared with the JA 2 propellant, 
because of the better thermochemistry and the more favourable temperature gradient.  That 
stands for the beginning of a new propellant and ammunition generation. 
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Introduction 
 
Gun propellants, whose burning rates do not very strongly depend on the propellant temperature, 
is a good method of increasing the muzzle velocity of gun ammunitions.  Because the 
permissible maximum pressure can be exploited to full advantage. 
 
While other institutions try to reduce the temperature coefficient of a gun propellant by utilizing 
an appropriate surface coating or by igniting the propellant charge by means of a plasma jet.  The 
Fraunhofer Institut Chemische Technologie (ICT) in conjunction with Diehl company has been 
developing a novel type of a gun propellant, whose temperature coefficient as well as the 
temperature sensitivity is lowered by using a new energetic plasticizer [1], [2].  This approach 
enables a complete family of propellants, whose specific energies vary in a wide range. 
 
 

Processing Technologies for LTC Propellants 
 
For processing these new LTC propellants is used the batch technology based on batch-mixer 
and rampress for pressing through dies the propellant strands.  The improved technology is the 
continuous process with the co-rotating twin-screw extruder (Fig.1). 
 
Fig. 1:  Twin – Screw Extruder Technology 
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Chem./Phys. Characteristics 
 
The new gun propellants are consisting of a crystalline explosive, a binder and a special three 
component plasticizer. Depending on the formulation, the performance data vary on a large scale 
allowing a wide application in machine gun, tank gun or artillery ammunition.  The special 
feature of these propellants is a high specific energy (Impetus), at a comparatively low adiabatic 
flame temperature and low molecular weights of reaction gases (Table 1).  This turns out to be 
particularly valuable with respect to barrel erosion. 
 
 
Table 1:  Performance data 
 

Formulation Impetus (J/g) Tf (K) M* (g/mol) 
1 1080 2540 19.4 
2 1180 2910 20.8 
3 1300 3390 21.6 

 
 
The safety features of the new gun propellants are improved compared to those of the 
conventional nitrocellulose propellants. The ignition temperature ranging from about 230 °C to 
240 °C is appreciable higher than that of the nitrocellulose propellants (Table 2). This high 
ignition temperature has an extremely positive effect on the cook-off temperature of the 
cartridge. 
 
The chemical stability is also significantly improved in comparison with conventional 
propellants.  The long term stability test at 90 °C after 18 days shows a loss of weight of only 
0.80 to 1.10 %, after 30 days the loss of weight ranges between 1.30 and 1.65 %.  The required 
value after 18 days is of the order of 3 % at the most.  The vacuum stability test at 90 °C proved 
a gas production of about 1.06 ml only. 
 
 
Table 2:  Safety data 
 

Loss of weight after 18 days < 1.10 % 
Loss of weight after 30 days < 1.65 % 

Sensitivity to friction 160 N 
Sensitivity to impact 4 J 
Ignition temperature > 230 °C 

Fast cook off test burning 
Shaped charge impact test burning 
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Investigations in the ARC (Accelerating Rate Calorimeter) of M30, JA 2, CAB – LOVA and 
Single Base Propellants (Fig. 2, 3) compared with the LTC Propellants with the new plasticizer 
(Fig. 3) are showing the improvement in the accelerating rate and ignition of the LTC 
Propellants. 
 
Fig. 2:  Accelerating Rate Investigations of M30, JA 2, Single Base Prop. 
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Fig. 3:  Accelerating Rate Investigations of LTC Propellants compared with CAB – LOVA, 

M30 and Single Base Prop. 
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Ballistic Characteristics 
 
Closed vessel firing tests at different temperatures to test the combustion behaviour and varying 
loading densities were carried out.  The dynamic vivacity and the burning rate were determined 
from the measured values.  This went to prove the particular temperature behaviour of the novel 
gun propellants, i.e. the vivacity and burning rate at a propellant temperature of 50 °C were 
lower than the corresponding values observed at 21 °C (Fig. 4).  This temperature behaviour 
proved to be reproducible and was also found when different formulations were used. 
 
Proceeding on the assumption that one-sided mechanical load on the propellant grains does not 
occur in the closed vessel at small loading densities, it follows that this particular temperature 
behaviour is a recipe-specific characteristic. Up to present, a behaviour such as this has not been 
observed with any other gun propellant. 
 
 
Fig. 4: Dynamic vivacity at 21 °C and 50 °C 

 
 
Prop. 1, 2 and 3 was tested in a 40 mm Gun. Fig. 5 shows the max. gun pressure vs. propellant 
temperature determined for the three propellants.  Prop. 2 and 3 are showing the LTC-effect. 
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Fig. 5:  40 mm Gun Firing Test 

The difference between LTC propellants and the conventional propellants shows Fig. 5, nearly 
constant gas pressure and muzzle velocity from – 40 °C till + 50 °C. 
 
Fig. 6:  Temperature behaviour of gun propellants 
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In order to examine the novel propellants for an application in the tank gun, several different 
formulations were extensively tested in a 75 mm scale model gun. Based on internal ballistic 
similarity laws, this model gun was derived from the 120 mm tank gun of the Leopard 2 combat 
tank. Thus it was possible to compare directly the performance yielded by the novel-type 
propellants with that of the established JA 2 propellants.  After determining the charge mass, the 
propellants were tested at the following temperatures: - 40 °C, - 20 °C, 0 °C, 21 °C, 35 °C and 50 
°C. Fig. 7,8,9 shows a typical test result. 
 
 
Fig. 7:  Temperature behaviour of LTC compared to JA 2 (max. gas pressure) 
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the JA 2 propellant at 50 °C.  In this way it was possible to raise the muzzle velocity by 
approximately 100 m/s to 1750 m/s as compared to the JA 2 propellant. 

3400

3600

3800

4000

4200

4400

4600

4800

5000

5200

5400

5600

-50 -40 -30 -20 -10 0 10 20 30 40 50 60

propellant temperature (°C)

m
ax

im
um

 p
re

ss
ur

e 
(b

ar
)

LTC-Propellant

JA2-TLP 



 640

Fig. 8:  Temperature behaviour of LTC compared to JA 2 (muzzle velocity) 
 
 

 
The steepness of the maximum pressure decline with continuously rising temperature was 
dependent on the respective formulation; hence follows that this steepness is a propellant specific 
quantity.  A precise analysis of all firing test data obtained in the closed vessel as well as in the 
40 mm and the 75 mm gun ( Fig. 9 ) showed that the propellant temperature coefficient, as 
determined in the closed vessel, is directly correlated with the temperature gradient in the gun. 
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Fig. 9:  75 mm test firing of optimized LTC Propellant 
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This correlation enables the temperature behaviour of a formulation to be examined by means of 
the closed vessel and, in the end, to be specifically adjusted without being obliged to carry out 
expensive tests in the weapon.  Thus the closed vessel remains an important test equipment in the 
curse of the development of new propellants. 

 
 

Summary 
 
The application of a novel plasticizer enables a whole family of propellants to be produced.  It is 
possible to adjust the specific energy of the propellants within a wide range, and, at the same 
time, the respective flame temperature is considerably lower than what we are used to in case of 
conventional propellants.  On that account new propellants are less erosive than comparable 
ones.  Due to the fact that the ignition temperature of the new propellants amounts to far more 
than those of M30, JA 2 and Single Base Propellants, what are showing also the results in the 
ARC.  This propellants are well suited for cartridges requiring a high cook-off temperature.  
That’s why these propellants are usable in machine gun ammunition, in tank gun ammunition 
and in artillery ammunition as well.  Besides their high energy density, which alone can be 
profitably used for an increased in performance, it is their particular temperature behaviour 
which produces another, by far more important increase in performance, since the permissible 
maximum pressure can now be utilized to full advantage. 
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 The present method is based on the energy conversion from the pulsed laser energy to 
high pressure high temperature plasma flow by pulse laser ablation of thin metal layer ad-
jacent to explosive.  Method is also based on our findings that very efficient energy con-
version process from optical to mechanical takes place by intentional roughening of the 
surface of a transparent medium through which laser beam propagates.  Aluminum coat-
ing of less than 1 µm thickness was made to further enhance the absorption of laser energy 
at the roughened surface.   
 One of the main characteristics of this experiment is that a very small amount of PETN 
of 3 to 15 mg is sandwitched in between the PMMA plates.  Explosive layer thickness is 
almost 500 µm.  Nd:YAG laser beam was focused through a PMMA plate of roughened 
surface, which simulates experimentally the use of plastic optical fiber.  Initiation process 
was observed by the streak photography of the self-luminous wave front in PETN as well 
as the pulse laser shadowgraphy of the high-amplitude stress wave in PMMA medium in-
duced by the detonation. 
 About 200-400 ns delay after laser irradiation, the first shock wave is generated in a 
PMMA plate placed at the other side against the direction of laser radiation.  With some 
definite delay time, the second shock is generated in a PMMA plate of the opposite side.  
These wave production process is explained by the PETN powder compaction process by 
the high-temperature metal plasma.  
 

 
Introduction 
 Instantaneous high tenperature high 
pressure state can be achieved on the solid sur-
face by focusing very intense laser beam on it.  
This results in an explosive burst of plasma 
and particles from the surface, and the phe-
nomena is called laser ablation.  This is one 
of the processes that the laser pulse energy can 
be converted to other form of energy very 
effieicently.  The phenomena can be applied 
to various physics experiments as well as engi-
neering and medical applications.  Ultra high 

pressure states attained by this process is con-
sidered promising as a scientific tool to study 
these high energy density states and its applica-
tions.   
 We are studying the feasibility of apply-
ing the same phenomena to the initiation of 
high explosive charge without danger of acci-
dental explosion by electrical noise.  Accurate 
timing of initiation can be expected by the 
proper choice of energy deposition method.     
Various attempts have been made by focusing 
the laser energy directly on the explosive 
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charge.  In this application, infrared and ns 
duration laser is preferable.  Since most of the 
explosive are not good absorber of light, direct 
absorption of laser energy by explosives is not 
very efficient.  
 In this sense, a process of converting 
the energy of laser pulse to another form of en-
ergy that can be absorbed by the explosive 
charge is required.  One of such methods is to 
mix light-abosrbing material with the explo-
sive material, acceleration of thin metal foil to 
high velocity to be collided with the explosive 
(Watson et al, 2000), etc.   
 In this study, we propose a new energy 
deposition method on explosive through the 
generation of high-temperature metal plasma 
due to the pulse laser ablation of vacuum de-
posited thin metal layer on a roughened poly-
mer surface.  During the course of this work, 
we have found an enhanced absorption of pulse 
laser energy by a roughened surface.(Nakahara 
& Nagayama (1998,1999))  As a result, high-
pressure shock wave generation was evidenced 
in an ambient medium by using the laser shad-
owgraphy technique.  We are currently study-
ing applications for several areas.  One of the 
applications is medicine as a well controllable 
short pressure pulse for various kinds of mi-
crosurgeries.  Strength of shock wave pro-
duced in these conditions is further enhanced, 
if a thin metal layer is deposited on the rough-
ened surface.  In such cases, laser energy 
transfer to the desired position might be made 
through use of plastic or glass optical fiber.  
End surface of the optical fiber is intentionally 
roughened and then metallized.  Deposition of 
the laser energy through the fiber causes an in-
tense ablation of the metal layer.  Then, we 
have studied initiation of high explosive charge 
by this process.  
 In this report, we have presented streak 
photographs of luminous reaction front, and 
several shadowgraphs to show the generation 
of high pressure shock wave in the container 
material of explosive, and described the initia-
tion tests and discuss the laser ablation induced 
initiation process of very thin layer explosive.  

Physical processes of the initiation scenario 
have been duscussed based on the shadow-
graphs. 
 
Experimental 
 PETN powder we have used was pro-
vided by Asahi chemical industry, LTD.  
Grain size is about 100 µm, and is hand pressed 
into the experimental specimen assembly ex-
plained later.  An important parameter of the 
sensitivity of explosive is the initial density, 
which is estimated by the measured mass di-
vided by the calculated volume. 
 Quantity of PETN powder used in an 
experiment is chosen to be limited to less than 
10-15 mg.  Due to this small quantity of 
specimen, estimated initial density may have 
rather large error of 10-20 %.  Typical value 
of the initial density of PETN powder in this 
experiment is 0.6 to 0.9 g/cm3 ± 0.1 g/cm3 .   
 Abosrption of laser pulse energy and its 
conversion to another form of energy can be 
achieved here by the following procedure.  In 
practical applications, laser beam energy is 
provided through the transparent fiber medium. 
We intentionally roughen and metallize surface 
of the output surface of the fiber.  The most 
important difference is that the laser fluence 
should be less than the ablation threshold flu-
ence of the laser transmitting medium, but be 
larger than the ablation threshold fluence of the 
roughened and metallized surface layer. 
 In both cases, air shock waves and 
high-pressure stress wave in PMMA are ob-
served.  In case of smooth surface, air break-
down-induced shock front by laser focus can 
be recorded.  Since most of the laser beam 
transmits through smooth PMMA surface, a 
small portion of laser energy is absorbed at the 
surface causing a weak pressure waves in air 
and in PMMA.  When the PMMA surface is 
roughened, one notices that a very strong ab-
sorption of laser energy causes a much stronger 
shock waves in air and in PMMA emanating 
from the roughened interface.  As an energy 
source, Nd:YAG laser pulse of 4 ns duration, 
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180 mJ/pulse is focused on the interface with 
the spot radius of about 2 mm.   
 In this study, aluminum layer is depos-
ited to further enhance laser absorption on the 
roughened interface of transparent medium 
with air.  Much stronger shock wave genera-
tion is seen compared with the case of no coat-
ing.  Resultant air shock velocity in these 
cases exceeds 10 km/s at an early stage of less 
than 500ns delay time.  Shock velocity in air 
exceeds over that in PMMA in an early stage, 
but decays very fast.  Shock in PMMA decays 
very fast as well 
 

 
 
Fig. 1  Experimental setup for detonation 
sensitivity test.  Thick PMMA plates of both 
sides are used to observe the induced high 
pressure stress wave in PMMA by explosion. 
 
 Interaction of the high-energy density 
plasma with high explosive is the key of the 
initiation process.  We have tested the initia-
tion test of PETN powder charged into very 
thin layer of 0.5 mm to 1 mm.  Total amount 
of PETN charge is around 10 mg per shot.  
Figure 1 shows the experimental setup for the 
present study.  PETN powder is filled into 0.5 
mm space, one of the wall surface is roughened 
and aluminized.  Pulse laser beam is focused 
on the rear surface of the aluminized layer to 
ablate the layer.  Explosive sensitivity was 
tested with varying the focussed diameter and 
laser energy.  Although thickness of the ex-
plosive layer is very thin, explosion is observed 
for the laser focus onto less than 2 mm diame-
ter.  Explosion is determined by the streak 

record of self luminous front propagation, 
sound, smell, and broken assemblies.  In 
some cases, incomplete detonation, half deto-
nation was observed.  All the evidences in 
this case is intermediate between complete 
detonation and no detonation. If minimum en-
ergy density value is necessary to initiate the 
explosive, the explosive initiation in the pre-
sent procedure can be scaled independent of 
the size of explosive medium.  It is found that 
the results cannot be described by the laser flu-
ence.  Extremely small amount of explosive 
used in this experiment is supposed to be less 
than the limiting size of SDT to steady detona-
tion, although previous data on the impact ini-
tiation tests suggests the high sensitivity of 
powdered PETN.   
 

 
 

Fig. 2 Streak photograph of delayed detonation 
of PETN powder of 10 mg.  Nd:YAG laser 
pulse of 180 mJ is focused to about 1.5mm di-
ameter. 
 
 Figure 2 shows a typical example of  
streak photograph of self emission due to laser 
induced reaction of PETN thin layer.  As seen 
in Fig. 2, detonation reaction is found to be de-
layed 200-300 ns after laser ablation.  In the 
photographs, intense flash due to laser ablation 
is recorded in the streak photograph even 
through the opaque powder explosive layer.  
This is due to the extremely large intensity of 
light flash of ablation.  Light intensity of abla-
tion is brighter than the self emission of deto-
nation.  This is attributed to be the extreme 
high temperature of ablated metal plasma.  It 
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is shown in Fig. 2 that detonation front pro-
ceeds almost at constant velocity.  This result 
is surprising in the sense of existence of limit-
ing diameter of steady detonation.  Detona-
tion velocity estimated by the slope of the 
streak photography is 4 km/s, while the pub-
lished data of density dependence of detonation 
velocity in powdery PETN is 4.8 km/s.  
Agreement of these two values suggests that 
the emission observed in this study seems to be 
due to almost steady detonation wave front 
even in an extremely thin and very small amout 
of explosive charge.   Delay time of detona-
tion is found to be different depending on the 
explosive layer thickness.  For 0.5 mm thick 
and 1.0 mm thick assemblies, the difference in 
delay time is about 300 ns, while the difference 
in explosive thickness is 0.5 mm.  This differ-
ence seems somewhat too long by considering 
the propagation velocity of shock wave inside 
the unreacted powder explosive layer.  Fur-
ther experiments are necessary to study the 
physics of process realized by plasma-induced 
explosive initiation process.   
 Figure 3 shows the typical shadowgraph 
of the induced high pressure stress waves in 
PMMA.  SHG of Nd:YAG laser of 12 ns was 
used as a light source, which was triggered 
synchronized with the ablation laser irradiation 
with a definite delay time.  Ablation laser 
beam comes from lhs of the figure.  Three 
wave fronts are seen, two in lhs PMMA plate, 
one in rhs PMMA plate.  As easily recognized 
by the figure, these three wave front position is 
shifted slightly with each other.  The most 
thin fastest front is created by the laser abla-
tion, while the other two are caused by the 
detonation of PETN powder.  Since we have 
used a small aperture inside the optiocs of 
shadowgraph record, dark region behind the 
wave front suggests that high amplitude stress 
field is induced by the detonation.  Estimated 
stress value by the wave propagation velocity 
amounts to several GPa.   
 

 
 

Fig. 3  Laser shadowgraph of high-pressure 
stress wave in PMMA plate induced by the in-
plane detonation of PETN powder.  Delay 
time after laser irradiation is 1168 ns. 
 
Discussion 
 By a series of experiments of 
shadowgraphy of stress waves in PMMA as in 
Fig. 3, one may plot the x-t diagrams of three 
kinds of wave trajectories in PMMA.  These 
plots showed that the first stress wave was 
induced by the ablation of metal layer at the 
pulse laser input, and this wave propagates 
only through the PMMA plate of the laser 
focused side.  Corresponding stress wave to 
the laser beam direction could not be observed.  
This result may be attributed to the fact that 
high-temperature high-pressure plasma gener-
ated by laser ablation may act as a piston to 
press the low density PETN powder strongly to 
the PMMA wall of the opposite side.  This 
may take time to induce another stress wave in 
PMMA plate.   
 Instead, second very strong stress wave 
front can be observed in the rhs PMMA plate 
as seen in Fig. 3.  This may be caused by the 
detonation reaction occuring inplane along the 
PMMA wall.  In this sequence, the second 
wave may be induced after some definte delay 
time after inducing the first wave.  In this 
case, on the contrary, the stress wave cannot be 
induced to the laser side.  This result is then 
interpreted as follows: high pressure detonation 
gas may be produced very near the wall of rhs 
PMMA plate.   



 

 367

 Third stress wave to the laser side will 
be produced only after some other time delay 
from the second wave.  This may be due to 
the finite time required for the high pressure 
detonation gas to expand to touch the lhs 
PMMA plate.  Exprimental x-t diagram for 
these three wave fronts clearly shows the 
above-explained behavior.   
 It is interesting to discuss the physical 
process of the first birth of hot spots in PETN 
powder by the hot metal vapor produced by 
laser ablation.  Energy consideration spent by 
the laser ablation suggests that several possible 
scenarios of the initiation of individual powder 
grains can be constructed.  That is, the PETN 
particles are surrounded by hot temperature 
gas, which heats up the particles to the tem-
perature of reaction onset.  The other possibil-
ity is that compression of porous PETN col-
umn by the stress wave driven by metal vapor 
of at least more than several GPa may cause 
the birth of hot spots due to friction, fracture of 
PETN particles. 
 We have adopted the thin PETN layer 
assembly for the initiation experiment, mainly 
because we expected that confinement of high 
temperature ablation plasma to the narrow 
space may be preferable for the fast onset of 
chemical reaction.  In other words, the explo-
sion delay time after laser ablation is shorter in 
this inplane reaction geometry than in the case 
of slender column of PETN.  This is evi-
denced experimentally in our experiment. 
 To apply the method to practice, an as-
sembly by which the inplane detonation is  
lead to main explosive column must be de-
signed.   
 
 
Conclusion 
 A new energy conversion mechanism 
has been studied from the laser pulse energy to 
shock wave energy by intentional roughening 
of energy deposition surface with thin metal 
coating.  Combination of surface roughness 
and thin metal layer is very effective for the 
enhanced absorption of laser energy and pro-

duces a very strong shock wave in ambient 
media.  We have succeeded in the detonation 
of very thin PETN powder layer almost in the 
steady propagation mode.  Possible scenarios 
of the initiation process were discussed.   
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ABSTRACT 
 

The syntheses and characterization of various tetrazine and furazan compounds offer a 
different approach to explosives development.  Traditional explosives such as TNT or 
RDX rely on the oxidation of the carbon and hydrogen atoms by the oxygen carrying nitro 
group to produce the explosive energy.  High-nitrogen compounds rely instead on large positive 
heats of formation for that energy. Some of these high-nitrogen compounds have been shown to 
be less sensitive to initiation (e.g. by impact) when compared to traditional nitro-containing 
explosives of similar performances. 
 

Using the precursor, 3,6-bis-(3,5-dimethylpyrazol-1-yl)-s-tetrazine (BDT), several useful 
energetic compounds based on the s-tetrazine system have been synthesized and studied. The 
compound, 3,3’-azobis(6-amino-s-tetrazine) or DAAT, detonates as a half inch rate stick despite 
having no oxygen in the molecule.  Using peroxytrifluoroacetic acid, DAAT can be oxidized to 
give mixtures of N-oxide isomers (DAATO3.5) with an average oxygen content of about 3.5.  
This energetic mixture burns at extremely high rates and with low dependency on pressure. 
 

Another tetrazine compound of interest is 3,6-diguanidino-s-tetrazine (DGT) and its 
dinitrate and diperchlorate salts.  DGT is easily synthesized by reacting BDT with guanidine in 
methanol. Using Caro’s acid, DGT can be further oxidized to give 3,6-diguanidino-s-tetrazine-
1,4-di-N-oxide (DGT-DO).  Like DGT, the di-N-oxide can react with nitric acid or perchloric 
acid to give the dinitrate and the diperchlorate salts.  
 

The compounds, 4,4’-diamino-3,3’-azoxyfurazan (DAAF) and 4,4’-diamino-3,3’-
azofurazan (DAAzF), may have important future roles in insensitive explosive applications.  
Neither DAAF nor DAAzF can be initiated by laboratory impact drop tests, yet both have in 
some aspects better explosive performances than 1,3,5-triamino-2,4,6-trinitrobenzene 
TATB the standard of insensitive high explosives.  The thermal stability of DAAzF is equal to 
that of hexanitrostilbene (HNS), yet it has a greater CJ pressure and detonation velocity. In an 
effort to reduce the critical diameter of TATB without sacrificing its insensitivity, we have 
studied the explosive performances of TATB mixed with DAAzF (X-0561) and TATB mixed 
with DAAF (X-0563). 
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Introduction 
 

At Los Alamos National Laboratory, the synthesis of compounds high in nitrogen content 
has been the focus of our efforts for the past decade. A majority of these compounds derive most 
of their energy from the heat of formation rather than from the oxidation of the carbon backbone, 
such as with traditional energetic materials. The increased nitrogen content in the molecular 
framework typically leads to higher densities and the reduced amounts of hydrogen and carbon 
allow the oxygen balance to be achieved more easily.  Our investigation of the furazan and 
1,2,4,5-tetrazine (also known as s-tetrazine) heterocycles has offered a different approach to 
energetic materials development. 
 
Tetrazine Explosives 
 

Los Alamos has spent considerable effort on energetic tetrazine systems.  The tetrazine 
ring is only exceeded in its nitrogen content by the tetrazoles and yet this ring system has largely 
been unexplored for use in energetic materials. The precursor for most of the tetrazines that we 
have synthesized is the useful intermediate, 3,6-bis-(3,5-dimethyl-pyrazol-1-yl)-s-tetrazine 
(BDT). This compound is easily prepared from triaminoguanidine hydrochloride and 2,4-
pentanedione followed by oxidation (Figure 1)1.  Reaction of BDT with two equivalents of 
hydrazine yields 3,6-dihydrazino-s-tetrazine (Figure 2, DHT)2,3, which is a highly energetic fuel 
having a measured heat of formation of +536 kJ/mol and a H50 of 65 cm (2.5 kg, Type 12). DHT 
detonates unconfined (Dv=7.54 km/s, ρ=1.56) at 0.50 inches and calculates to perform well in 
both rocket and gun propellant applications, which is partly attributed to its high hydrogen 
makeup.  DHT is an example of a high-nitrogen compound that can sustain a detonation using 
chemical energy solely derived from its heat of formation rather than combustion-like reactions. 
 

 
 
Figure 1. The important precursor of most tetrazine compounds, BDT, is synthesized from 
triaminoguanidine hydrochloride and 2,4-pentanedione followed by oxidation by oxygen or 
nitrogen dioxide.   
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Figure 2. Synthesis scheme of 3,6-dihydrazino-s-tetrazine (DHT). 
 
 

Interest in the synthesis of azo-s-tetrazines came in part from our previous calorimetric 
studies of compounds containing the hydrazo, azoxy and azo groups.  There is a large increase in 
internal energy in the conversion of the hydrazo group to either the azo or azoxy group. 
Extrapolating from these data, we speculated that the following target compound containing the 
azo group, 3,3’-azobis(6-amino-s-tetrazine) (DAAT) would have a very large, positive heat of 
formation due to the intrinsically energy-rich s-tetrazine ring.  Figure 3 gives the synthesis 
scheme for the formation of DAAT4. The precursor, 3,3'-hydrazobis[6-(3,5-dimethylpyrazol-1-
yl)-s-tetrazine] (HDPT) is easily generated by treatment of BDT with 0.5 equivalent of hydrazine 
in isopropyl alcohol. While a variety of oxidizing reagents were tested in the oxidation of the 
hydrazo group to an azo moiety, none was as effective as N-bromosuccinimide (NBS), which 
also brominated the 3,5-dimethyl-pyrazol-1-yl rings to give the azo compound, 3,3'-azobis[(4-
bromo-3,5-dimethylpyrazol-1-yl)-s-tetrazine] (ABDPT).  Treatment of ABDPT with ammonia in 
dimethylsulfoxide (DMSO) produces DAAT as a bis-DMSO solvate in about 50% yield. Pure 
DAAT free of DMSO is obtained by treatment of the solvate with boiling water. 
 

Analysis of the bis-DMSO solvate of DAAT by X-ray crystallography revealed that the 
molecules are in an E-configuration and form planar sheets despite the DMSO molecules present 
in the crystal.  A density of 1.526 g/cm3 was determined from the X-ray crystal structure of the 
bis-DMSO solvate, while a density of 1.78 g/cm3 was measured for the pure material.  This is 
likely to be the most dense C, H, N molecule known and is attributed to the graphite-like 
structure of DAAT. 

 
Figure 3. General synthesis scheme of 3,3'-azobis(6-amino-s-tetrazine) (DAAT). 
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The pure material is thermally stable to 252°C by DSC and the ∆Hf was measured to be 
+862 kJ/mol by combustion calorimetry.  This is a very high heat of formation and when 
normalized on a per atom basis, a value of 43.1 kJ/atom is realized. Some sensitivity properties 
include a drop weight impact value of 70 cm while the popular high-explosive HMX is 25 cm.  
The compound is insensitive to initiation by spark (>0.36 J) or friction (BAM, >36 kg).   
 

A poly-rho test was performed on DAAT formulated with 5% Kel-F 800 (Figure 4), 
which demonstrated the performance of a non-oxygen containing explosive.  The poly-rho test 
can be described as an explosive rate stick composed of pellets with increasing density. Between 
each pellet is a Mylar® foil switch that can detect the arrival of a detonation front.  Typically a 
booster train of PBX 9407 pellets is used to initiate the rate stick at the low density end, while 
the times for the detonation front to travel the distance of each pellet are recorded by an 
oscilloscope. In essence, the poly-rho test is a single shot experiment that yields detonation 
velocity as a function of explosive density. 
 

 
Figure 4.  Poly-rho data for DAAT with 5 weight percent Kel-F 800 binder.  The fitted line is 
extrapolated to the theoretical maximum density (TMD) of the explosive. 
 

We oxidized DAAT with peroxytrifluoroacetic acid in methylene chloride in the effort to 
improve the density and explosive performance of DAAT (Figure 5)5.  What we obtained was a 
mixture of various N-oxides of DAAT with an average oxygen content of approximately 3.5 as 
determined by C,H,N analysis.  We attempted to isolate one or more pure N-oxides from the 
mixture by recrystallization from DMF solvent, but only 3,3’-azobis(6-amino-5-N-oxide-s-
tetrazine) (or more simply the di-N-oxide of DAAT) could be isolated and identified by X-ray 
crystallography.  This mixture of N-oxides, which we name as DAATO3.5, burns at 
exceptionally high rates and with low dependency on pressure, two attributes that are desirable in 
high-performance propellant applications. Figure 6 shows the burn rate plot of DAATO3.5 along 
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with that of HMX, a popular propellant ingredient. From the plot the pressure exponent of 
DAATO3.5 measures at 0.27.  Table 1 gives some sensitivity data for the mixture.  DAATO3.5 
is sensitive to friction and spark; friction testing on the BAM apparatus gave highly varied 
results with 15 goes out of 25 between 2 and 14 kilograms. However, these sensitivities can be 
attenuated by the addition of binder.  We found the addition of 5% polyvinyl alcohol (PVA) and 
1% triethylene glycol plasticizer (TEG) eliminated its sensitivity to spark and reduced friction 
sensitivity to about 17 kg (BAM); the impact sensitivity (H50) also decreased, changing from 20 
to 32 cm (2.5 kg, Type 12).  The density of DAATO3.5 was found to be relatively high by gas 
pycnometry (ca. 1.88), especially so for a mixture of compounds.  However, we found that we 
could not press DAATO3.5 to densities greater than 80% of theoretical maximum density 
(TMD), which we attribute to its unusual morphology.  A scanning electron micrograph (SEM) 
of DAATO3.5 powder revealed the material to have an extremely porous structure, almost 
resembling that of coral.   

Figure 5. Synthesis scheme for the oxidation of DAAT. 
 

Other tetrazine explosives include the dinitrate and diperchlorate salts of 3,6-diguanidino-
s-tetrazine.  Similar to the synthesis of DHT (Figure 2), the diguanidino derivative is prepared by 
reacting BDT with a slight excess of guanidine free base in methanol solvent (Figure 7).  The 
resulting crude product, which contains the 3-guanidino-6-methoxy-s-tetrazine as an impurity, is 
recrystallized from dilute perchloric acid to produce in pure form the diperchlorate salt of DGT.  
The explosive properties of this salt are listed in Table 2.  Pure DGT is obtained by treating the 
diperchlorate salt with aqueous sodium hydroxide to produce a dark red solid, which is filtered 
and dried.  The water-insoluble dinitrate salt of DGT is easily obtained by triturating purified 
DGT with excess nitric acid in water and filtering.  The explosive properties of the dinitrate salt 
are also listed in Table 2.  The poly-rho data of the diperchlorate and dinitrate salts of DGT are 
shown in Figures 8 and 9 respectively.  
 
 DAATO3.5 DAATO3.5  

with 5% PVA + 1% TEG 
H50 (cm), Type 12 20 32 
Onset (°C) 177 169 
Spark Sensitivity at 0.36 Joules 13 goes out of 13 0 goes out of 13 
Friction (BAM, kg) between 2-14 17  

 
Table 1.  Sensitivity data for DAATO3.5. 
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Figure 6. Burn rate data of DAATO3.5 along with fitted burn rate data of HMX reference.  
DAATO3.5 is perhaps the fastest burning organic material known. 
 
 Oxidizing DGT with Caro’s acid to form the di-N-oxide (DGT-DO, Figure 7) can 
increase the oxygen balance of DGT.  The diperchlorate salt of DGT-DO is nearly CO2 balanced 
and has a measured density of 1.94 g/cm3; the onset of thermal decomposition is 195oC by DSC.  
The calculated detonation velocity at TMD is 9.1 km/sec with a PCJ of 360 kbar.  Unfortunately, 
this salt has a H50 of 10 cm, which is comparable to that of PETN.  The dinitrate salt of DGT-DO 
was also synthesized, but it was found to be a thermally unstable material, having a DSC onset of 
115oC. 
 
 

 
 
Figure 7. Synthesis scheme of DGT and its oxidation to the di-N-oxide. 
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 Diperchlorate Salt Dinitrate Salt 
Dv (km/s) [Density, g/cc] 8.07 [1.79] 7.31 [1.60] 
H50 (cm), Type 12 24 116 
PCJ (kbar) [Density, g/cc] 312 [1.794] 284 [calc] 
Onset (°C)† 265 226 
Density (g/cm) † 1.90 1.72 
Spark (0.36 J) † > 0.36 > 0.36 
Friction (BAM, kg) † 8.6 > 36  

 
Table 2.  Explosive properties of the diperchlorate and dinitrate salts of DGT. †For pure 
explosive only. 
 
 

 
Figure 8.  Poly-rho data of the diperchlorate salt of DGT.  Fitted line is extrapolated to the 
theoretical maximum density of this explosive. 
 
Furazan Explosives 
 
The compound 3,4-diaminofurazan (DAF) is a useful precursor to two furazan explosives, 
namely 3,3’-diamino-4,4’-azoxyfurazan (DAAF), 3,3’-diamino-4,4’-azofurazan (DAAzF) along 
with a relatively unstable impurity, 3-amino-4-nitrofurazan (ANF, Figure 10) .  DAF was first 
reported by our laboratory in 1968, but was later extensively examined by the Russians6 who 
used a variety of peroxide reagents to form mixtures of DAAF, DAAzF and ANF.  These 
mixtures were difficult to separate and purify, and the contaminant ANF depressed their thermal 
stability. We found that DAAF could be synthesized fairly purely and in high yield by oxidizing 
DAF with sulfuric acid and hydrogen peroxide.  This is followed by recrystallization from 
DMSO/water to remove trace ANF. 
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Pure orange-yellow DAAF has a DSC onset of 248°C and an X-ray crystal density of 1.747 
g/cm3.  The heat of formation (∆Hf) was measured to be +443 kJ/mol by combustion calorimetry.  
DAAF has a drop height (H50) greater than 320 cm (2.5 kg, Type 12) and elicits no response to 
spark (>0.36 J) or friction (>36 kg, BAM).  A Henkin critical temperature was determined to be 
252°C for pure DAAF while DAAF formulated with 5 volume percent of Kel-F 800 binder has a 
critical temperature of 241°C. 
 

 
Figure 9. Poly-rho data of the dinitrate salt of DGT.  Fitted line is extrapolated to the 
theoretical maximum density of this explosive. 
 
 

  
 
Figure 10.  The furazan precursor, 3,4-diaminofurazan (DAF), readily oxidizes to form mixtures 
of DAAF, DAAzF and ANF. 
 

A poly-rho test of DAAF performed at two diameters, 0.50 and 0.25 inches (0.50 inch 
poly-rho data are plotted in Figure 13) revealed that detonation velocity is relatively independent 
of diameter7.  These data were further verified by successfully detonating an unconfined rate 
stick of pellets at a density of 1.69 g/cm3 and 3 mm in diameter atop a witness plate.  A failure 
diameter of less than 3 mm is unprecedented in a material which is insensitive to impact.  The 
detonation pressure (PCJ) was estimated to be 299 kbar from a 0.50 inch diameter plate dent at a 
density of 1.69 g/cm3.  
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In addition, the shock sensitivity of DAAF (with 5 wt. % Kel-F binder) was characterized 
by performing six wedge tests7.   The resulting Pop plot demonstrated that DAAF is similar to 
HMX in terms of shock sensitivity.  This is very unusual for an explosive that can not be 
initiated by impact and clearly bucks the sensitivity-performance relationship that is typical of 
traditional explosives. 
 

The explosive DAAzF has excellent thermal properties having a DSC onset comparable 
to that of HNS (315°C) and a measured ∆Hf of +536 kJ/mol, which is greater than that of DAAF. 
DAAzF is synthesized by reducing DAAF with zinc and acetic acid to form the hydrazo 
intermediate, 3,3’-diamino-4,4’-hydrazofurazan (DAHF), followed by its oxidation to the azo-
derivative (Figure 11). Despite its large internal energy, DAAzF is insensitive to impact 
(H50>320 cm, Type 12), spark (>0.36 J) and friction (>36 kg, BAM).  When compared to DAAF, 
DAAzF has lower detonation velocity and CJ pressure, presumably because the increase in the 
heat of formation is not sufficient to offset the loss of the one azoxy oxygen in the molecule (see 
Table 3). The poly-rho detonation velocities of DAAzF when shot as two different diameter rate 
sticks (0.50 and 0.25 inches, with 0.50 inch data plotted in Figure 12) were found to be 
dependent on diameter. But despite this dependence, a 3 mm diameter shot at a density of 1.65 
g/cm3 detonated cleanly with no confinement.  A 0.50 inch diameter plate dent placed the 
detonation pressure at 262 kbar with a pellet density of 1.65 g/cm3. 
 
 
 PBX 9502 DAAF + 5% Kel-F DAAzF + 5% Kel-F 
Dv (km/s) [Density, g/cc] 7.71 [1.90] 7.98 [1.69] 7.56 [1.65] 
H50 (cm), Type 12 > 320 >320 > 320 
PCJ (kbar) [Density, g/cc] 289 [1.895] 299 [1.69] 262 [165] 
Onset (°C)† ~330 248 315 
Failure Diameter (mm) 9 < 3 < 3 
Density (g/cm) † 1.938 1.747 1.70 
∆Hf (kJ/mol) † -154 +443 +536 

 
Table 3.  Explosive performance data of PBX 9502 (TATB with 5 wt. % Kel-F),  DAAF and 
DAAzF with Kel-F binder. †For pure explosive only. 
 

  
Figure 11.  Synthesis scheme of  pure 3,3’-diamino-4,4’-azofurazan (DAAzF). 
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 While it is well known that TATB is extremely insensitive, its fairly large critical 
diameter of about 9 mm precludes its use in small explosive devices. Because DAAF and 
DAAzF have critical diameters of less than 3 mm and in some aspects have better explosive 
performances than TATB, we speculate that DAAF and DAAzF are more sensitive than TATB.  
Unfortunately it is difficult to accurately compare the sensitivities of these three explosives since 
all are quite insensitive. With the hopes of improving the explosive performance of TATB (e.g. 
critical diameter) without sacrificing its insensitivity, we investigated the explosive properties of 
DAAF and TATB mixtures as well as DAAzF and TATB mixtures. As one might expect, the 
addition of either DAAF or DAAzF to TATB might have a concomitant increase in sensitivity.  
However, the explosive formulator might appreciate the ability to tailor-make an insensitive 
explosive composition for a specific application while maintaining maximum insensitivity. 
 

 
Figure 12. Poly-rho data for X-0561, PBX-9502 and DAAzF with 5% Kel-F binder.  All rate 
sticks are 0.5 inches in diameter and fitted lines terminate at theoretical maximum density 
condition (TMD). 
 

The first explosive mixture, X-0561, is composed by weight of 47.5% DAAzF, 47.5% 
TATB and 5% Kel-F 800 binder.  The second mixture, X-0563, is composed of 47.5% DAAF, 
47.5% TATB and 5% Kel-F 800 binder.  Figures 12 and 13 have the poly-rho data for X-0561 
and X-0563 respectively.  For comparison, the poly-rho data for PBX 9502 (95% TATB + 5% 
Kel-F), DAAF and DAAzF (both with 5% Kel-F) are included in Figures 12 and 13.  All poly-
rhos were performed as 0.50 inch rate sticks, except for one additional X-0563 poly-rho 
performed as a 0.25 inch rate stick (Figure 13).  With respect to detonation velocity, the X-0561 
formulation appears to behave no differently than either DAAzF or TATB.  However, a 0.25 
inch (6.4 mm) poly-rho of X-0561 failed, thus suggesting that the critical diameter for that 
material is somewhere between 9 mm (for pure TATB) and 6.4 mm.  For X-0563, the detonation 
velocity appears to be an average of the two pure materials, TATB and DAAF.  The poly-rho 
experiment was repeated with success for a 0.25 inch rate stick; however, there is a slight 
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reduction in detonation velocity between the 0.50 and 0.25 inch rate sticks, which is attributed to 
a diameter effect.  Complete detonation of a 3 mm rate stick of X-0563 was found to be possible, 
thus demonstrating that the critical diameter of this explosive is less than 3 mm.   

 
The detonation pressure for X-0563 was measured to be 278 kbar at a density of 1.757 

g/cm3, which is the highest density that could be achieved with our press.  Typically, we obtain 
the detonation pressure from the plate dent experiment using 0.50 inch pellets. In an identical 
experiment, pellets of PBX-9502 pressed at highest possible density (1.888 g/cm3) gave a 
detonation pressure of 284 kbar. Thus PBX-9502 and X-0563 have similar detonation 
performances when compared in terms of detonation velocity and pressure.  For PBX-9502 
pressed at a density of 1.758 g/cm3, which is nearly equal to the density of the above X-0563 
experiment, we obtained a detonation pressure of 260 kbar.   
 

 
Figure 13. Poly-rho data for X-0563, PBX-9502 and DAAF with 5% Kel-F binder.  Both DAAF 
and PBX-9502 were performed as 0.50 inch rate sticks, while two poly-rhos were performed for 
X-0563 as 0.50 and 0.25 inch rate sticks. All fitted lines terminate at theoretical maximum 
density condition (TMD). 
 
Conclusion 
 

Utilizing the useful precursor, 3,6-bis-(3,5-dimethylpyrazol-1-yl)-s-tetrazine (BDT), 
several useful energetic compounds based on the s-tetrazine system have been synthesized and 
studied. The compound, 3,3’-azobis(6-amino-s-tetrazine) (DAAT), was found to detonate as a 
half inch rate stick despite having no oxygen in the molecule. DAAT can be oxidized to give 
mixtures of N-oxide isomers (DAATO3.5) with an average oxygen content of about 3.5.  
DAATO3.5 burns at extremely high rates and with low dependency on pressure. The compound, 
3,6-diguanidino-s-tetrazine (DGT), is synthesized by reacting BDT with guanidine free base in 
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methanol. The dinitrate and diperchlorate salts of DGT have been characterized as explosives.   
The high-nitrogen explosives based on the furazan system, 4,4’-diamino-3,3’-azoxyfurazan 
(DAAF) and 4,4’-diamino-3,3’-azofurazan (DAAzF), were formulated with TATB in an effort to 
reduce its critical diameter without sacrificing its insensitivity. 
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 The pyrotechnic mixture boron, potassium nitrate (BKNO3) and a polyester has been 

used in ignition systems since the nineteen fifties.  The most widely used BKNO3 formulation is 

a homogeneous mixture of finely divided metallic boron, potassium nitrate and a binder blended 

in an approximate ratio of 24/70/6, in accordance with MIL-P-46694. BKNO3 replaces black 

powder in the MK311 MOD 0 igniters used in the MK 90 rocket motor.  MIL-P-46694 BKNO3 

is no longer commercially available because of strident environmental and safety requirements.  

A commercially available BKNO3 similar to the MIL-P-46694 formulation was selected for use 

in the MK 311 MOD 0 igniter.  A thermal characterization of the newly selected BKNO3 is 

required.  This paper reviews and summarizes BKNO3 availability problems and recommends 

thermal characterization methods for use. 
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High Energy  Materials Research Laboratory, Pune - 411021, INDIA. 

 
ABSTRACT 

 
 The light outputs of flares containing magnesium, sodium nitrate and binder have been 
studied as a function of binder content and metal – oxidant ratio by using two different binders 
viz. hydroxyl terminated poly butadiene and poly vinyl butyral. In addition to performance, the 
formulations have been evaluated for sensitivity, burning rates, ignition temperature, calorimetric 
values and mechanical properties. Thermo chemical calculations using REAL program were also 
carried out at constant pressure. 
 
INTRODUCTUION 

The night time military  operations are 
faced with problems of poor visibility,  
particularly difficulties in command control 
and engagement of targets.  Illuminating 
flares are used to overcome the visibility 
problem. A typical formulation of 
magnesium - sodium nitrate and binder 
system appears to be an appropriate choice 
for these applications. Binders play an 
important role in the illuminating 
compositions to improve the performance. A 
variety of binders have been used in order to 
achieve compositions with the required 
characteristics of processability, mechanical 
properties and  performance. In addition, the 
binder not only acts as  a fuel, but also 
contributes by way of increasing the heat,  
gas  and   light output.  

Linseed oil, lithographic varnish, waxes 
etc. have been used as  binders in most of 
the conventional illuminating compositions 
1, 2. In order to improve luminous efficiency,  
synthetic resins such as epoxy, polyester, 
phenolic, polysulphides, fluro polymers etc. 
have been used as  substitutes for 
conventional binders, because of their better 
thermal and mechanical properties and 
higher luminous efficiencies 3-6. In the 
present study, a number of compositions 

were formulated   by varying binder 
percentage (2-10%) and changing 
magnesium - sodium nitrate ratio (60:40 - 
75:25) by using two binders i.e. hydroxyl 
terminated poly butadiene - HTPB and poly 
vinyl butyral - BR-80, in order to investigate 
the effect of binders on the luminous 
efficiency of illuminating compositions.  

EXPERIMENTAL 
Materials 

Magnesium  Grade  "O" , Hydroxyl 
terminated polybutadiene  and Poly vinyl 
butyral , Toluene di-isocyanate (TDI ), 
Ferric  acetyl   acetonate (FeAA)        and 
Methyl ethyl ketone (MEK)  were obtained 
from commercial sources and were used as 
received.  Sodium nitrate  was ground , dried  
at 100°C and sieved to required particle size 
before use.  
Preparation of compositions 

The compositions using BR-80 binder 
were prepared by hand mixing  and  dried at 
room temperature for 76 hours.  HTPB 
compositions were prepared  by hand 
mixing and pressed immediately after 
mixing and cured at room temperature for 
24 hours. All compositions (200g each)  
were pressed into  paper containers of 
ID:42.4 mm and OD : 46.8 mm. at a dead 
load of 20 tons.    
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 Methods  
Impact sensitivity measurements 

were carried out on the locally fabricated 
Fall  Hammer apparatus.  It consists of 
approximately 2 cm long striker and 2.5 cm 
anvil machined to 1.5 cm diameter and 
hardened on the base.  A 20 mg of the 
sample is centered on the anvil over a piece 
of aluminium foil.  The striker is then placed 
over the foil and  hit by a 2 kg weight 
dropped from heights, which are varied 
according to the Bruceton stair-case method. 
Friction sensitivity was determined  using a 
Julius Peter apparatus.   The sample was 
placed over a ceramic friction plate .  The 
pre-determined weight was applied over the 
sample through the friction pin and the 
sample was subjected to friction. 

Cal.Val. was determined by a Parr 
adiabatic bomb calorimeter under argon 
atmosphere. Ignition temperature  was 
determined, using a locally fabricated DTA 
apparatus at a heating rate of 40oC/min 
using 10 mg  sample. Mechanical Properties 
were determined  using Instron Universal 
Testing Machine. 
 The measurement of light intensity 
and burning time was carried out by using a 
EG & G make photometer (Model 550) .  
The  flare  was  mounted  inside the  tunnel  
of 1.5 m  diameter  on the stand at a distance 
of 1 m from the front side of tunnel.  The 
exhaust fan was kept on  and after achieving  
4-5 m/s wind velocity , the flare was ignited 
electrically.  The luminosity was measured 
at a distance of 6 m from the flare.   

RESULTS AND DISCUSSIONS 
The details of the formulations 

studied are given in Table 1. The data on 
luminosity (Table 2) show that, for constant 
magnesium - sodium nitrate ratio (60:40) 
luminosity gradually reduces on increasing 
binder content (2-10 %). However, the 
efficiency of the compositions increases up 
to 4% binder and beyond 4 % , it decreases. 
Further, the luminosity of the compositions 

increases with increase in magnesium 
content (57.60 - 72.00 % ). The luminous 
efficiency increases  with increase in 
magnesium content up to 67.0%, but it 
decreases  beyond 67%. Further the 
luminous efficiency of the compositions 
based on  4% BR-80 is found to be slightly 
more than the corresponding HTPB based 
compositions. This may be attributed to the  
higher oxygen content of BR-80 which 
agrees with the reported data3,7. Plots of 
luminosity-magnesium content and 
efficiency-magnesium content for the HTPB 
and BR-80 based illuminating compositions  
are given in Figures 1 and 2 respectively. 

 

The data on burning  rates (Table 2) 
of the compositions indicate that  both  LBR 
and MBR decreases with increase in binder 
content. It is observed that  LBR & MBR are 
found to be increasing linearly with increase 
in magnesium content. This behavior results 
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from the increasing thermal conductivity of 
the composition with increasing metal 
content and from the reaction of excess 
magnesium, vaporized by the heat evolved 
from the pyrotehcnic process, with oxygen 
from atmosphere8.  The illuminating 
compositions based on BR-80 show higher 
burning  rates compared to HTPB based 
compositions. This  may be due to  higher 
calorimetric values of BR-80 based 
compositions as compared to HTPB based 

compositions. Plots of LBR- magnesium 
content and MBR-magnesium content for 
the HTPB and BR-80 based illuminating 
compositions  are given in Figures 3 and 4 
respective 

Ignition temperature results 
presented in the Table 3 show that, the 
temperature of ignition is low and ease of 
ignition of the compositions is increased by 
the increasing binder content. This trend is 

similar to the observation made by 
Griffiths.T.T. etal9. 
 The results of calorimetric values of 
compositions are given in Table 3. It can be 
seen from the results that Cal.Val. decreases 
with increase in  percentage of binder and 
magnesium. The Cal.Val. for BR-80 based 
compositions is high which is attributed to 
the  high oxygen content. Impact and 
friction sensitivity data of the compositions 
are presented in Table 3.  the tendency of  
the formulations becoming more sensitive to 
impact with increase in binder. Most of the 
compositions are friction insensitive up to 
36 kg. Compressive strength  of  
compositions  are  presented  in  the  Table  
4. The compositions based on HTPB show 
poor mechanical properties on increasing 
binder. The compressive strength depends 
on binder and for a given binder,  fuel 
oxidizer ratio does not  show much  effect 
on the mechanical properties within the 
range of study. Mechanical properties of the 
compositions with 4% binder are  good. 

Thermo chemical calculations (Table 
5) also were carried out using REAL 
program10 at constant pressure, the 
parameters predicted were flame 
temperature, concentrations of species, total 
number of moles of products etc.. From the 
results it can be seen that the flame 
temperature and MgO content of BR-80 
based compositions are slightly more than 
that of HTPB based compositions. Flame 
temperature and  MgO content decreases 
with increase in magnesium content. 

CONCLUSION 
The luminosity and luminous 

efficiency reduces with increase in binder 
content . Good luminous  efficiency is 
achieved when the magnesium - sodium 
nitrate  ratio  is 70:30 with 4% binder. 
Mechanical properties of the compositions 
with 4% binder are reasonably good. All the 
compositions are insensitive to friction and 
therefore they may be considered safe for 

FIG.3 
Linear Burn Rate of  HTPB and BR-80  based 
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processing. This study suggests that the 
binder BR-80 has better potential than 
HTPB for illuminating compositions.  
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Table 1. Details of Formulations 

 
Comp.

No. 
Mg 
(%) 

 

NaNO3 
(%) 

Binder 
(%) 

 
1 58.80 39.2 2  HTPB 
2 57.60 38.4 4  HTPB 
3 56.40 37.6 6  HTPB 
4 55.20 36.8 8  HTPB 
5 54.00 36.0 10  HTPB 

 
6 62.4 33.6 4  HTPB 
7 67.2 28.8 4  HTPB 
8 72.0 24.0 4  HTPB 

 
9 57.6 38.4 4  BR-80 
10 62.4 33.6 4  BR-80 
11 67.2 28.8 4  BR-80 
12 72.0 24.0 4  BR-80 

 
 

Table  2. Light Intensity and Burning Rates 
 

Comp. 
No. 

Linear 
Burning 

Rate 
( mm/s) 

Mass Burning 
Rate 

 
(g/s) 

Luminosity 
 
 

(Cd  x 10 5) 

Efficiency 
 
 

(10 4 x Cd  s/g) 
 

1 4.10 10.6 3.27 3.07 
2 2.6 6.7 2.77 4.49 
3 1.89 4.8 1.8 3.68 
4 1.69 4.4 1.02 2.33 
5 1.66 4.3 0.43 1.0 

 
6 3.0 7.7 3.40 4.57 
7 3.4 8.4 3.57 4.64 
8 4.0 10.1 3.68 4.16 

 
9 2.9 7.3 3.07 4.40 
10 3.1 7.8 3.51 4.72 
11 3.5 8.7 4.00 4.89 
12 4.5 10.7 4.48 4.68 
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Table 3.Impact and Friction Sensitivity, Ignition Temperature and Calorimetric Values 

 
Comp. No. 50 %Height 

 
 

(cm) 

Fof I Friction 
insensitive 

upto 
(kg) 

Ignition 
temperature 

 
(oC) 

Cal.Val. 
 
 

(cal/g) 
 

1 70 84 36 537 1370 
2 62 66 36 535 1356 
3 58 70 36 510 1324 
4 45 48 36 443 1317 
5 46 49 36 435 1308 

 
6 56 59 36 526 1129 
7 57 60 36 520 1064 
8 67 71 36 506 861 

 
9 63 59 32.4 580 1384 
10 66 62 36 558 1303 
11 70 68 36 559 1168 
12 68 63 32.4 497 979 

 
Table 4.Mechanical Properties 

 
Comp.No. Compressive strength 

(kg/cm2) 
% Compression 

1 146 6.2 
2 226 5.9 
3 75 8.2 
4 56 9.2 
5 39 12.2 

 
6 167 5.2 
7 245 5.3 
8 229 5.1 

 
9 224 6.5 
10 191 6.4 
11 227 6.6 
12 225 7.2 
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Table 5 Thermo Chemical Data 

 
COMP.No. Flame 

Temperature 
( oC) 

Mg 
 

(mole/kg) 

MgO 
 

(mole/kg) 

Na 
 

(mole/kg) 
1 2559 11.91 12.05 4.58 
2 1933 12.97 10.65 4.49 
3 1686 12.98 10.12 4.39 
4 1680 12.50 10.08 4.29 
5 1673 12.03 10.03 4.19 

 
6 1662 15.25 10.34 3.93 
7 1467 17.36 10.20 3.36 
8 1291 17.63 08.53 2.80 

 
9 2340 11.83 11.67 4.47 
10 1674 15.05 10.45 3.91 
11 1589 16.94 10.53 3.35 
12 1305 18.10 09.10 2.81 
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Study on Decreasing the Visible Light Output of 
Infrared Flare 

 
Pan Gongpei, Zhou Zunning, Guan Hua, Li Yi 

(Chemical Department, Nanjing University of Science & Technology, Nanjing, China, 210094) 
 

Abstract: This paper deals with the decrease 
of visible light output of infrared flare. 
Urotropine (hexamethylenetetramine C6H12N4) 
is selected as a visible light fade agent for the 
KNO3-Mg-Si infrared flare composition. 
Effect of particle size and coat material of 
C6H12N4 on fading visible light is 
experimentally studied, and the visible light 
fade mechanism of C6H12N4 is also discussed. 
Experiment results show that KNO3-Mg-Si 
composition with additional C6H12N4 coated 
by prepolymerization polyester resin and 
combustion catalyzer has high near infrared 
and low visible light output. 
Keywords: Infrared Flare  Visible Light  
Light Fade Agent  Night Vision Device 
 
1 Introduction 

The stadia of active infrared and dim-light 
night vision device can be doubled 4~7 times 
when using infrared flare as secondary light 
source. The active infrared night vision device 
can work without infrared projector, and 
possibility of being detected is decreased. The 
spectrum responding bands of infrared and 
dim light night vision device is in 0.7~1.1µm 
bands (the peak wavelength is 0.7~0.8µm). 
Infrared flare should illuminate enemy field 
and not our field, it need high near infrared 
output and low visible light output. 

Metal powders such like magnesium are 
usually added in infrared flare composition to 
increase near infrared radiation intensity 

mI µ1.1~7.0 , the visible light output is also 

increased. This paper deals with the visible 
light fade agent which can decrease visible 
light output of KNO3-Mg-Si composition and 

not significantly decrease mI µ1.1~7.0 . 

2 Theoretic Background 
Infrared radiation is emitted with visible 

light during the combustion of infrared flare 
composition. There are two methods to 
decrease the visible light output. The first is to 
adjust the spectrum energy distribution of 
flame, make the energy of radiation 
concentrated in 0.7~1.1µm bands and 
decrease the energy in 0.4~0.7µm bands. The 
second is to decrease flame temperature. 
2.1 Adjust the Spectrum Energy 
Distribution of Flame 

To adjust the spectrum energy distribution 
of composition’s flame is the most 
significative method. Near infrared radiation 
is close neighborhood to visible light on 
spectrum. Many factors could effect the 
radiation of composition’s flame. The material 
which can decided the flame radiation is 
produced after chemical reaction, not existing 
in pyrotechnic composition (Ref 1). This 
method cannot be further studied. 
2.2 Decrease the Flame Temperature 

According to Stefan-Boltzmann law, the 

radiant exitance of black body bM  is in 

direct ratio with quadruplicate of temperature 
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T as 4TM b σ= . That is to say decrease the 

flame temperature by changing the mass ratio 
of KNO3-Mg-Si composition could decrease 
visible light output. But at the same time 

mI µ1.1~7.0  is significantly decreased. This is 

not favorable for infrared flare. 
Some visible light fade agent which can 
decrease the visible light output whereas 

mI µ1.1~7.0  is not significantly decreased is 

thought an effective method to improve 
infrared flare. 
3 Experiment 
3.1 Light Fade Agent Selection 

Screening test of visible light fade agent is 
done among shellac, barium stearate, natrium 
biboricum, tin and urotropine. The foundation 
formula is KNO3 62%, Mg 16%, Si 8%, 
binder 5%, and light fade agent 9%. The 
experimental grain is pressed Φ15mm 

diameter. Visible light intensity mI µ7.0~4.0  and 

near infrared radiation intensity mI µ1.1~7.0  are 

synchronously measured by a transient 
radiation spectrophotometer. Results are 
shown in Table 1. 

Table 1. Visible light fade agent screening test results 

No. Material mI µ7.0~4.0 (×104cd) mI µ1.1~7.0 (W/Sr) Burning rate (mm/s) 

1 — 0.047 9.88 1.59 
2 Shellac 0.027 7.10 1.26 
3 Barium stearate 0.033 1.32 1.33 
4 Natrium biboricum 0.020 1.67 0.99 
5 Tin 0.059 2.53 1.78 
6 Urotropine 0.025 9.56 1.61 

 
Screening test results show that though 

barium stearate could significantly decrease 

visible light, it decreases mI µ1.1~7.0  at the sane 

time. Natrium biboricum decreases more 
infrared radiation than visible light. Tin 
increases visible light. Urotropine decreases 
visible light 46.8% and does not decrease 
infrared output. Urotropine is thought the 
selected visible light fade agent for further 
studies. 

 
 

3.2 Particle Size Selection of Urotropine 
 Particle size screening test of urotropine 
is done using the rest between No 20 screen 
and No 40 screen (fat sample) and undersize 
of No 200 (fine sample). Results are shown in 

Table 2. Table 2 shows that mI µ1.1~7.0  is 

maximal when fat sample: thin sample is 1:1, 
but its visible light is higher than fat sample, 
its mass burning rate is higher, too. Thus 
urotropine rest between No 20 screen and No 
40 screen (fat sample) is selected in 
composition. 
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Table 2. Effect of urotropine particle size on visible light output 

Particle size 
(Fat sample: thin sample) 

mI µ76.0~4.0  

(×104cd) 
mI µ1.1~7.0  (W/Sr) Burning rate 

(mm/s) 

Thin sample 0.027 8.30 1.34 
1:1 0.036 13.00 1.94 
2:1 0.029 8.39 1.57 
3:1 0.027 8.93 1.61 

Fat sample 0.021 9.78 1.63 
 
3.3 Light Fade Test of Coated Urotropine 

Results in Table 2 are thought caused by 
imperfect burning product of urotropine in 
action zone combusts in flame zone. Because 
urotropine absorbs heat in flame zone, 
decreases flame temperature and produces 
gases, the visible light is decreased. So 

urotropine is coated by 10% shellac and 10% 
graphite, experimental results are shown in 
Table 3. Results in Table 3 show that coat 
material is very important. 10% shellac 
significantly decreases the burning rate of 
composition grain and decrease infrared 
radiation as well. 10% graphite do not affect 
burning rate of composition grain. 

 
Table 3. Light fade test of coated urotropine 

Coat material mI µ76.0~4.0  (×104cd) mI µ1.1~7.0  (W/Sr) Burning rate (mm/s) 

10% shellac 0.019 6.83 1.19 
10% graphite 0.025 8.72 1.59 

 
3.4 Comprehensive Experiment 

Studies on the coated urotropine show that 
prepolymerization polyester resin as a coat 
material can increase infrared radiation. 
Further studies show that combustion 

catalyzer which can expand 0.7~1.1µm 
spectrum can greatly change the performance 
of composition. It can increase burning rate 
and infrared radiation intensity; the visible 
light is different with formulas (Table 4). 

 
Table 4. Comprehensive light fades experiment results 

No. 
Prepolymerization polyester resin 

and combustion catalyzer (%) 
mI µ76.0~4.0  

(×104cd) 

mI µ1.1~7.0  

(W/Sr) 

Burning rate 
(mm/s) 

1 — 0.047 9.88 1.59 
2 8 0.051 19.73 2.1 
3 12 0.062 30.6 3.4 
4 16 0.040 26.0 3.1 
5 19 0.030 20.6 2.7 
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4 Discussion and Conclusion 

(1) Experimental results show that 
urotropine has good effect on near infrared 
output and visible light fade. The reason is 
urotropine sublimate and partly decompose at 
about 263°C (Ref 2), it has colorless flame 
and its completely combustion produces 
25KJ/g heat. Sublimate of urotropine can take 
part in combustion reaction; it can maintain 
the products of KNO3-Mg-Si (the radiator) as 
no additive urotropine. The urotropine coming 
into flame reaction absorbs heat when it 
decomposes, then it decreases the flame 
temperature. According to Stefan-Boltzmann 
law, the visible light and infrared radiation are 
decreased. Because the flame of urotropine is 
colorless (no visible light radiator), and 
25KJ/g heat is produced, the infrared 
radiation is compensated. The flame area is 
expanded by combustion products of 
urotropine such like CO2, H2O, N2, the 
radiation intensity is increased, too. Therefore 
urotropine can increases infrared radiation 
and decreases visible light output. 

(2) The particle size of urotropine is 
important to radiation of composition. 
Suitable particle size can decrease visible 
light output and maintain infrared radiation. 
When the particle of urotropine is too fine, it 
is completely burned in reaction zone of 
composition, absorbs heat, decreases burning 
rate of composition grain and decreases 
visible light and infrared radiation. When the 
fat and fine particles of urotropine are mixed 
with improper ratio, the burning rate of 
composition grain increases and the visible 
light and infrared radiation output increase, 
too. Ideal urotropine particle does not burn in 
composition reaction zone but in flame zone, 

thus infrared radiation and visible light output 
of composition maintain good performance. 

(3) Urotropine coated by prepoly- 
merization polyester resin as the visible light 
fade agent with combustion catalyzer can 
effectively decrease the visible light output 
and maintain the infrared radiation of 
KNO3-Mg-Si composition. 
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ABSTRACT 
An estimated 45 to 50 million emplaced 

landmines in over 60 countries kill or maim 
approximately 10,000 people annually. An 
international humanitarian demining effort is 
underway to eliminate this global problem. 
Currently, the most common in-situ mine 
neutralization procedure is demolition using 
small explosive charges such as C-4 or TNT.  
However, this method is not suitable for 
mines placed on or near important structures 
such as bridges, public buildings, railroads, 
water or oil wells and power lines. 
Explosive destruction in these circumstances 
will also damage these structures. In 
addition, detonation of metal case mines 
increases the amount of metal contamination 
in an area, making post-clearance quality 
control much more difficult and time 
consuming. Burning landmines in-situ is an 
alternative method of neutralization that can 
avoid these problems.  The US Army 
Communications Electronics Command 
(CECOM) Night Vision and Electronic 
Sensors Directorate (NVESD), under the 
DoD Humanitarian Demining Research and 
Development (R&D) Program, has been 
working to develop a chemical solution for 
non-explosive in-situ mine neutralization. 
To date the R&D Program has developed 
four prototype chemical delivery systems. 
Two systems use diethylene triamine 
(DETA), which is hypergolic with TNT, 
Tetryl and TNT based explosives, and the 
other two are based on binary chemicals. 
The first DETA system is known as Bullet 

with Chemical Capsule (BCC).  The second 
DETA based system, the Reactive Mine 
Clearance (REMIC) device, improved 
chemical delivery performance over the 
BCC. The third and fourth systems (Small 
and Large REMIC-II) use binary chemicals 
to neutralize a wider range of explosives, 
and improve performance against a variety 
of mine case thickness when compared to 
the DETA based prototypes.  This paper 
summarizes tests of the four devices against 
anti-personnel (AP) and anti-tank (AT) 
mines.  Each device has advantages and 
disadvantages involving cost, reliability, 
terrain, main charge explosive type, target 
case thickness and type, chemical toxicity, 
shelf life, shipment and storage.  Chemical 
mine neutralization systems provide a means 
to make demining safer, more reliable, and 
less expensive. 
 

INTRODUCTION 
 Landmines have played an important 
role in land warfare since their introduction 
in World War I.  They were widely used 
during World War II, and in many conflicts 
ever since.  The variety of landmines is 
tremendous. They range from crude 
mechanical to complex electromechanical 
systems. They vary in size, shape, case 
material, fuze design, explosive type, and 
method of emplacement.  The world is 
polluted with an estimated 45-50 million 
mines in over 60 countries.  Landmines 
killed or maimed approximately 10,000 
people in 2000 alone [1].   



 

 464

 
A strong international effort to eliminate 

the landmine problem has been underway 
for several years. The most common in-situ 
mine neutralization procedure used by 
deminers is demolition, using small 
explosive charges such as a C-4 or blocks of 
TNT.  However, this method is not suitable 
against mines emplaced on or near important 
structures such as bridges, public building, 
railroads, water or oil wells, and power 
lines. In addition, detonation of metal case 
mines increases the amount of metal 
contamination in the area, making post-
clearance quality control much more 
difficult and time consuming. Other serious 
drawbacks with removal for detonation 
include safety, cost, effective destruction, 
time constraints, storage, transportation, 
training, and the potential for the explosive 
to be stolen. Development of a reliable 
means for in-situ mine neutralization by 
burning can provide a solution to these 
problems.   
 
 To address this need, the US Army 
Communications Electronics Command 
(CECOM) Night Vision and Electronic 
Sensors Directorate (NVESD), under the 
DoD Humanitarian Demining Research and 
Development (R&D) Program, has been 
actively developing prototype chemical 
delivery systems for in-situ neutralization of 
mines by burning.  
     

BACKGROUND 
A 2,4,6-Trinitrotoluene (TNT) and 

TNT-based explosive such as Composition 
B (TNT + RDX), also known as Comp B, or 
amatol (TNT + NH4NO3), is the main 
explosive charge in many anti-personnel 
(AP) and anti-tank (AT) mines.  TNT is a 
military and secondary explosive.  
Secondary explosives fall into one of three 
categories, all of which contain nitro (NO2): 

 

! Nitrate ester - O-NO2, of which 
PETN is an example.  

! Nitroarenes - C-NO2, which includes 
TNT. 

! Nitramines - N-NO2, characterized 
by RDX.  
 

TNT is a popular explosive. It melts at a 
relatively low temperature (810C) and is 
therefore readily cast.  Chemical stability is 
high and sensitivity to impact is low. Due to 
its low melting point, TNT is used in a 
mixture with metal, oxidized and many high 
explosives such as Tritonal (TNT + Al), 
Cyclotol (RDX + TNT), Octol (HMX + 
TNT), Baratol (TNT + Ba(NO3)2, Pentolite 
(PETN +TNT) [2] etc.  Explosives contain 
considerable oxygen within their metastable 
molecules; hence they do not need air in 
order to detonate, deflagrate, or dissociate 
by autocatalytic decomposition.  TNT will 
generally burn fiercely but without transition 
to detonation if simply ignited; i.e., without 
use of a detonator and explosive booster 
charge to shock-initiate the TNT.  Hence, a 
stimulus means such as a chemical 
hypergolic or high temperature thermite is 
capable of causing autocatalytic 
decomposition instead of detonation.  The 
chemical transformation of TNT, as well as 
most other secondary explosives, can 
proceed by four general mechanisms:  

 
1. Burning 
2. Heterogeneous chemical reaction 
3. Detonation 
4. Autocatalytic decomposition 

 
Open-pit burning, by spraying kerosene 

or fuel oil on propellant and explosive and 
then igniting it, is a common practice for the 
disposal of propellants and explosives.  
Burning of confined, often buried ordnance 
is not feasible because of its dependence on 
oxygen.  Heterogeneous chemical reaction 
of explosives with suitable chemical 
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reagents is effective [3] but requires 
excessive quantities of such reagents, and 
there is no practical, effective delivery 
system for in-situ neutralization, especially 
in the case of buried mines.  Detonation of 
explosive ordnance is a viable option that is 
in practice, but as discussed previously has 
several drawbacks.   
 

Autocatalytic decomposition and 
burning are the simplest, cheapest, and most 
effective options for chemical neutralization 
of landmine explosives.  These types of 
chemical neutralization are most readily 
achieved by using suitable chemicals that 
are hypergolic or pyrophoric with the 
explosives; e.g., metal alkyls and aliphatic 
amines.  Very small amounts, even several 
drops in laboratory tests, cause nearly 
instantaneous hypergolic ignition of TNT, 
Comp.B, and Tetryl. However amines and 
metal alkyls failed to ignite RDX, C-4 and 
PETN explosives used in several AP and AT 
mines.   
 

The US Army Communications 
Electronics Command (CECOM) Night 
Vision and Electronic Sensors Directorate 
(NVESD), under the DoD Humanitarian 
Demining Research and Development 
(R&D) Program, has developed four 
prototype chemical delivery systems for in-
situ mine neutralization by burning.  Two 
delivery systems use diethylene triamine 
(DETA), which is hypergolic with TNT, 
Tetryl, Comp.B and other TNT based 
explosives. The other two systems use 
binary chemicals that are effective against a 
wide range of explosives. The first DETA 
based system, developed by IIT Research 
Institute, is the Bullet with Chemical 
Capsule (BCC).  The second, developed by 
BAE Systems, is the Reactive Mine 
Clearance (REMIC) System.  
 

BAE developed both binary chemical 
systems under contract with NVESD. In 
addition to being based on binary chemicals, 
the Small REMIC-II and Large REMIC-II 
fine-tune the original REMIC to different-
sized targets. BAE System’s Integrated 
Defense Solutions developed a new binary 
chemical consisting of solid and liquid 
chemicals. Separately, both chemicals are 
safe to handle, transport, and store and they 
are non-toxic.  However, when these 
chemicals are combined, they react and 
burn. 
 

Regardless of the type of chemicals 
used, any chemical neutralization system 
must have a delivery system that can first 
expose the explosive inside the mine by 
cutting into and opening the case without 
causing detonation, then introduce the 
chemical(s) into the opening. The next 
section describes the four delivery systems 
developed under the Humanitarian 
Demining R&D Program. 
 

DELIVERY SYSTEMS 
Bullet with Chemical Capsule (BCC) 
Dr. Allen Tulis and James Austing, 

former members of IIT Research Institute, 
developed the Bullet with Chemical Capsule 
(BCC) [4]. The BCC uses diethylene 
triamine (DETA) in a plastic bottle placed 
just above the landmine, over an area where 
the main charge is located. The BCC 
delivery mechanism is a simple tripod as 
shown in Figures 1a and 1b.  A bullet, shot 
through the capsule and into the mine, 
ruptures the capsule, penetrates the mine 
casing and enters into the explosive charge, 
carrying the dispersed chemical into the 
explosive charge inside the mine. Within 
seconds a highly exothermic, hypergolic 
autocatalytic self-destruction of the 
explosive charge takes place and the 
explosive starts to burn.  Neutralization is 
completed within minutes, specific time 
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depending on the size and type of explosive, 
and type of mine case.  The prototype design 
is robust. It can be operated remotely and it 
is reusable (Figures 1a and 1b). Remote 
operation is by an electric squib, and a 
tripod for positioning the delivery device 

above the mine.  The chemical-filled (60 
mL) plastic bottle is secured inside a quick-
disconnect reducer assembly at the bottom 
of the gun tube. Once the squib is fired, it 
produces gas pressure, driving a hammer to 
impact a firing pin, which in turn fires a 
cartridge.  The bullet penetrates the 

chemical filled capsule, the mine casing, and 
the main explosive charge, thereby 
shattering a portion of the explosive charge. 
The DETA follows-through behind the 
bullet and contacts the explosive charge, 
causing hypergolic ignition and autocatalytic 

decomposition of the explosive charge. With 
fresh consumables (DETA filled plastic 
bottle, cartridge, bullet, and squib), the 
delivery system is ready for the next mine. 
Figure 1c shows across-sectional drawing of 
the BCC delivery system. The system was 
tested against AP and AT mines with metal, 

Figure 1a: Original BCC Design 

Figure 1b: BCC - Improved Tripod Figure 1c: Cross Section of BCC 



 

 

wood, and plastic casings.  The results of 
this test are shown in Table 1.  In test, the 
BCC proved effective against TNT, 
Comp.B, Tetryl and TNT-based explosive. 
 

Although the BCC demonstrated the 
concept of non-explosive neutralization of 
landmines, testing revealed delivery system 
design issues that would not be acceptable 
for field use. In order to prevent damage to 
the delivery system, it had to be pulled away 
from the mine as soon as burning 
commenced. The system had to be cleaned 
before each use, which would be too 
inefficient in actual demining operations. In 
addition, a system that requires a lesser 
quantity of DETA was desired. Under a 
CECOM-NVESD contract, TRACOR (now 
Integrated Defense Solutions Division, BAE 
Systems) developed the Reactive Mine 
Clearing System (REMIC) to address these 
problems. 
 
Reactive Mine Clearing (REMIC) System 
 REMIC was designed using CTH 
hydrocode. It contains two main 
components; a linear charge top component, 
and chemical reservoirs at both sides of the 
bottom portion.  The linear cutting charge is 
designed to cut through the mine case, 
thereby exposing the explosive fill without 
detonating it [5, 6]. The linear charge cuts a 
larger opening in the mine case compared to 
the BCC. This improvement reduces the 
amount of chemical needed, and 
significantly decreases the burning time. The 
two reservoirs each contain 7 mL of DETA.  
The reservoir is designed such that the 
expanding jet gases break the reservoirs and 
eject the DETA into the mine.  The device is 
about 7.4 cm wide, 10.2 cm long and 7.4 cm 
high, and weighs 340 grams.  It consists of 
an aluminum or copper sheet linear shaped 
charge liner, detasheet explosive (20 g), and 
Teflon reservoirs for the DETA.  Remote 
initiation is by a blasting cap or detonating 

cord with the REMIC suspended above the 
mine at a specified standoff distance with a 
monopod support (Figure 2). Once the 
device is initiated remotely, it produces a 
high velocity jet, which cuts the mine case. 
Next, hot gas from the jet breaks the 
chemical reservoirs and the chemical enters 
the mine.  The chemical reacts pyrogolically 
with the explosive, causing the explosive to 
start burning.  The burning reaction is self-
sustained and will not transition to high-
order unless a fuze or detonator reacts to the 
Figure 2: REMIC device on the left, and burning 
AT landmine following REMIC initiation.  
467

approaching burn front by detonating, which 
may initiate any remaining main charge 
explosives.  Burning will typically last for 5 
to 12 minutes depending on the amount and 
type of explosive, type of mine case and size 
of the opening in the mine case. REMIC was 
tested against unfuzed AP and AT mines of 
various cases such as metal, plastic and 
wood.  Both types of mines were either flush 
buried or had one cm of soil overburden.  
The test results are tabulated in Table 2.   
 

Though REMIC proved to be simple to 
operate, it is not effective against hard case 
metallic and plastic mines, and since it uses 
DETA alone applicability is limited to mines 
containing TNT or TNT –based explosive.  
Teflon, used for constructing chemical 
reservoirs, is harmful to the environment 
and to humans when it is depolymerized at 
high temperature. It is also difficult material 
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work with. To address problems with the 
REMIC, BAE Systems developed the 
REMIC II System.  
 
Reactive Mine Clearance II (REMIC-II) 

REMIC II will neutralize all types of 
mines, regardless of explosive type or mine 
case thickness.  BAE developed two variants 
of REMIC-II. Both use the same binary 
chemicals, which are effective against a 
wide range of secondary explosives. Small 
REMIC-II can cut open steel mine cases up 
to 0.32 cm thick using a copper linear 
cutting charge. The large REMIC-II is able 
to cut open a steel case up to 1.27 cm thick 
using a heavier version of the linear shaped 
charge.   
 

Small Reactive Mine Clearance-II 
(REMIC-II) 

      The small REMIC-II was developed to 
fine tune the original REMIC to neutralize 
thin-cased AT and AP mines. Each small 
REMIC-II device is made of a castable 
polyurethane (Figure 3). Dimensions are 6.6 
cm long, 5.1 cm wide and 5.1 cm high.  
Total weight is approximately 62 grams.  
There are four one (1) mL glass tubes which 
contain the binary chemical neutralizer. 
They are located at the bottom of the device, 
with two pairs at each side, one on top of the 
other. The solid reagent (oxidizer) tube is on 
top and the liquid goes into the bottom tube 
of each pair. The linear cutting charge uses a 
2mm thick PETN-based detasheet explosive 
driver mated to a curved 1mm thick piece of 
aluminum.  The liner is a shallow, curved 
shaped charge plate that upon detonation 
develops a high velocity linear cutting jet 
formed of particles of the liner.  The device 
is placed above the explosive section of a 
thin case AP or AT mine with a stand that 
provides versatile orientation and standoff 
control of the device over the mine.  The 
device is initiated remotely by inserting an 
electric blasting cap, which is placed inside 

a holder that accepts the blasting cap and 
hold it firmly in place.  Once the electric cap 
is initiated with a demolition device, the 
linear shaped charge jet perforates the mine 
casing, while the explosive by-products of 
the cutting charge fracture the reservoir 
tubes and direct the chemicals into the mine. 
Once the binary chemicals combine inside 

the mine, burning begins with sufficient heat 
to initiate burning of the explosive in the 
mine.  Figure 3 shows the support structure 
for positioning the device over a mine. The 
device is designed so it can be used from a 
side angle (i.e. vertically). The results of 
Small REMIC-II testing against AP and AT 
mines and their results are shown in Table 3. 
       

Large Reactive Mine Clearance-II 
(REMIC-II) 

 The large REMIC-II body is cast in two 
identical polyurethane halves, connected by 
four small pins. Dimensions are 10.2 cm 
long, 11.4 cm high and 13.33 cm wide. Total 
weight is approximately 500 grams 
including stripper plate (described below).  
Four 8.5 mL size glass tubes contain the 
binary chemical neutralizer at the bottom of 
the device, arranged in a similar manner to 
the Small REMIC-II.  The 0.94mm thick 
copper liner is a shallow, curved plate that 
upon detonation develops a linear cutting 
jet.  The linear cutting charge uses a 6 mm 

Figure 3: Small REMIC-II positioned over a 
PMD-6 AP Mine. 
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thick RDX-based detasheet explosive driver 
mated to a curved liner. The assembled 
device is placed with a stand which enables 
the user to position the device up and down, 
and rotate it so it can be used to neutralize 

stake mines. To neutralize a mine, the 
device is placed above the explosive section 
of the mine at standoff distance, 15 to 20 cm 
depending on the thickness of the mine case 
(Figure 4).  An electric cap is used to initiate 
the device remotely. Once the device is 
initiated, the EFP perforates the mine casing 
via hydrodynamic erosion.  The explosive 
by-products of the cutting charge, in turn, 
fracture the reservoir tubes and direct the 
chemicals into the mine to initiate burning.  
The large REMIC-II can penetrate steel-
cased mines up to 1.27 cm thick. However, 
the penetration force that accomplishes this 
can pulverize or cause high order detonation 
in mines with cases that are not so thick. To 
control the penetration performance of the 
EFP, and thereby increase effectives against 
thinner case mines, the large REMIC device 
uses one of 4 stripper plates depending on 
the thickness of the target mine case. The 
width of the opening of the stripper plate 
determines the degree of disruption of the 

EFP.  The stripper plates with larger 
openings allow greater penetration. 
Numbered S1 through S4, the stripper plates 
have no slot, 1.27, 1.90 and 2.54 cm slots 
respectively.  

 
DEMONSTRATION AND TEST 

RESULTS 
All four chemical delivery systems were 

tested against surface buried, fuzed and 
unfuzed AP and AT landmines with metal, 
wood and plastic casings. Simulated metal 
and wooden case unfuzed mines were also 
used. Generally, three mines were used for 
each test, however in some cases low mine 
availability limited testing to one or two 
mines. Table 1 contains the results of the 
Bullet with Chemical Capsule (BCC) test, 
which took place at an ambient temperature 
of 100C in November 1995. Table 2 shows 
the results of the DETA based REMIC test, 
which took place in January 1998. Testing 
of the Small REMIC-II and Large REMIC-II 
took place in May 2001.   The test results of 
these systems are tabulated in Table 3.             
    

 

Figure 4: Before and after: Large REMIC-II positioned over a VS-50 AP Landmine, and the completely 
burned mine after REMIC application. 
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TABLE 1.  Test Results of Bullet with Chemical Capsule against AP and AT mines 
 

Mine Type Designation     Casing   Explosive    Fuzed 
 

Neutralization 
 

      AP    PMD-6     Wood      TNT     No Completely burned 
      AP    PMD-6     Wood       TNT    No Completely burned 
      AP    PMD-6     Wood      TNT    No Completely burned 
      AP    PMN-2     Plastic    TNT/RDX   Yes Completely burned 
      AP              PMN-2     Plastic  TNT/RDX   Yes Completely burned 
      AP    PMN-2     Plastic  TNT/RDX   Yes Completely burned 
      AP  Simulated     Steel       TNT     No Completely burned 
      AP  Simulated          Steel               TNT     No Completely burned 
      AP  Simulated        Steel       TNT     No Completely burned 
      AT   TMD-44    Wood       TNT     No Completely burned 
      AT   Large    Plastic   Comp.B     No Completely burned 
      AT    Large    Metal   Comp.B     No Completely burned 
      AT             Large    Metal   Comp.B    Yes Completely burned 

 
 

Table 2. Test Results of Reactive Mine Clearing (REMIC) Device 
 

   Burial 
   Depth 

  Mine         
type 

Designation Mine case Explosive     Explosive 
Burn time, min. 

 Flush     AP        Small  Plastic    Tetryl      Detonate 
 Flush     AP     Small  Plastic    Tetryl      Detonate 
 Flush     AP     Small  Plastic    Tetryl      Detonate 
 Flush     AP   Medium    Steel      TNT   10 minutes 
 Flush     AP   Medium    Steel      TNT    20 minutes 
 One cm      AP   Medium    Steel          TNT    17 minutes 
Surface     AP  PMOZ-2 Cast-iron      TNT   No penetration    
 Flush     AP     TS-50   Plastic      RDX    Five minutes 
 Flush     AP     TS-50   Plastic      RDX    Five minutes 
 Flush     AP     VS-50   Plastic      RDX    Five minutes 
 Flush     AP   PMD-6   Wood      TNT    Five minutes 
 Flush     AT     Large   Metal   Comp.B    11 minutes 
 Flush     AT             Large   Metal   Comp.B    12 minutes 
 Flush     AT     Large   Plastic   Comp.B     Eight minutes 
 One cm     AT     Large   Plastic   Comp.B      25 minutes 
 Flush     AT     TM-46    Metal     TNT     Eight minutes  
 Flush     AT     TM-46    Metal     TNT     One minute 
 Flush     AT   TMD-44   Wood     TNT     Eight minutes 
 Flush     AT     VS-2.2   Plastic    Comp.B   No penetration    
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Table 3.  Test Result of a Small REMIC-II and a Large REMIC-II Tested against Fuzed 
and Unfuzed AP and AT Mines 

 
REMIC 
Device 

Mine 
Type 

 Mine Fuzed  Case Explosive 
 

Stand- 
Off, cm 

   Neutralized, 
   Burned time 

  Small   AP Small    No Plastic   Tetryl     5  Failed 
  Small   AP Small    No Plastic    Tetryl     5 Yes,  total 8 min. 
  Small   AP Small   Yes  Plastic    Tetryl     5 Detonate aft. 17s  
  Small   AP VS-50    No Plastic     RDX     5 No burned 
  Small   AP PMN    No Plastic     TNT     5 No burned 
  Small   AP PMD6    No Wood     TNT     5 Mine broken up 
  Small   AP PMD6    No Wood     TNT     5 Mine broken up 
  Small   AT Large    No  Metal   Comp.B     5 Burned, 18 min  
  Small   AT Large    No  Metal   Comp.B     5 Burned, 17.5 min
  Small   AT Large   Yes  Metal   Comp.B     5 Burned, 15 min 
  Small   AT Large    No Plastic   Comp.B     5 Burned, 14 min 
  Small   AT Large   Yes Plastic   Comp.B     5 Burned, 19 min 
  Small   AT Large   Yes Plastic   Comp.B     5 Burned  
  Small   AT TM62    No  Metal     TNT     5  Failed 
  Small   AT   TM62    No  Metal      TNT   6.35 Burned, 16.5 min
  Small   AT TMA5    No Plastic      TNT     5 Failed 
  Small   AT TMA5    No Plastic      TNT    7.5 Failed 
  Small*   AT Large    No   Metal   Comp.B     5 Burned, 25.5 min
Larg. S1   AP Val.69    No Plastic TNT/RDX     20 Burned 
Larg.S1   AP VS-50    No Plastic      RDX     20 Burned, 8.5 min 
Larg.S2   AP VS-50   Yes Plastic      RDX      20 High order Deto. 
Larg.S2   AP TS-50    No Plastic      RDX     20 Burned 
Larg.S2   AP Small   No Metal      TNT     20 Burned, 8 min 
Larg.S2   AP Small    No Metal      TNT     20 High order Deto. 
Larg. S2   AP Small    No Metal      TNT     20 High order Deto. 
Large   AP POMZ**    No Metal      TNT     21.5 Burned 
Large   AP POMZ**    No Metal      TNT     19 Burned 
Large   AP POMZ**    No Metal      TNT      20 Burned 
Larg.S1   AT TMD-44    No Wood      TNT      20 Burned, 23.5 min
Larg.S1   AT TMD-44    No Wood      TNT      20 Burned, 18 min 
Larg.S1   AT TM-46    No Metal      TNT      20 Burned, 16 min 
*  Side attack         S1- Stripper plate 1, no slot 
** Simulated POMZ-2      S2- Stripper plate 2, 1.27 cm slot 

 
RESULTS AND DISCUSSION 

The Bullet with Chemical Capsule 
(BCC) was 100% effective against tested 
AT and AP mines (Table 1). Theoretically, 
one could use this system to neutralize a 

mine buried up to six inches in soil as long 
as the exact location of the mine is known. 
However, because the BCC uses DETA, it is 
not effective against mines containing RDX, 
PETN or plastic explosives.  It cannot be 
used against stake mines, bounding and blast 
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resistant AP mines.  The system is reusable, 
but the gun barrel must be cleaned after 
every use. Also, the delivery system must be 
pulled away from the mine once burning 
starts to prevent it from damage. The BCC 
requires a large quantity of DETA, and it 
takes longer to burn the explosive due to the 
small opening created by the bullet.   
 

The success rate for the REMIC was 
75% among tested AT and AP mines (Table 
2).  The mine burns at twice the speed of the 
BCC system because it cuts a 1.27 cm x 
10.2 cm opening into the mine case.  As 
with the BCC, the REMIC system cannot 
neutralize stake, bounding or blast resistant 
mines, or mines containing RDX, PETN or 
plastic explosive. The system has several 
drawbacks. The Teflon chemical reservoir is 
costly, hard to work with, and generates 
toxic fumes during burning.  Since it uses 20 
gm of detasheet explosive, it must be 
transported and stored as an explosive. It 
cannot be used from a side angle if the mine 
is above ground. 
 

In test, Small REMIC-II neutralized only 
13 % of AP and 73% of AT mines (Table 3).  
It did not do well against AP or AT mines 
containing TNT. This may be because the 
quantity of binary chemical is not sufficient 
to ignite the TNT, which has a high auto-
ignition temperature. The device is good for 
neutralizing AT mines. It is not effective 
against stake, bounding and blast resistance 
mines, though it can be used vertically. 
Small REMIC-II uses PETN detasheet, 

which requires it to be shipped and stored as 
an explosive. The glass tube chemical 
reservoirs avoid the environmental problem 
with Teflon. Two separate storage facilities 
are required for the solid and liquid 
components.   
  

Large REMIC-II was tested against 
thirteen AP and three AT mines, with a 
standoff distance of approximately 20cm. It 
neutralized 70% of AP and 100% of AT 
mines (Table 3). Its larger size enables it to 
neutralize mines with steel cases up to ½ 
inch thick.  Stripper plates S1 and S2 were 
the only ones used.  Knowing which stripper 
plate to use on any given mine requires 
knowledge of the mine and its thickness.  
Shipping and storage requirements are 
similar to the Small REMIC-II. 

 
During burning of fuzed, metallic AT 

mines, very low order detonation takes place 
after more than ¾ of the explosive is 
consumed. However, this can be avoided or 
minimized with the use of two similar mine 
neutralization systems placed above the 
main charge of the mine, opposite to each 
other and away from fuzes. It also reduces 
burning time by nearly half. 
 

Table 4 provides an overall comparison 
of all four systems in term of cost, 
reliability, terrain, main charge explosive 
type neutralize, target case thickness and 
type, chemical toxicity, shelf life, shipment 
and storage.      
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Comparison Among BCC, REMIC, Small-REMIC-II and Large-REMIC-II 

Neutralization Systems 
 

Parameters      BCC     REMIC Small-
REMIC-II 

Large-
REMIC-II 

Mine 
neutralize. 

      Burn       Burn       Burn        Burn 

Chemicals used    DETA       DETA Oxidizer & 
Solvent 

Oxidizer 
(Solid) & 
Solvent 

Penetration by     Bullet  Linear charge      EFP       EFP 
Penetration 
Material 

 Copper Copper & 
Aluminum 

 Copper     Copper 

Chemical 
Reservoir mat. 

    Plastic  Teflon  Glass     Glass 

Case material  Steel  Plastic, Teflon Polyurethane  Polyurethane 
Explosive need    Squib 20 gm PETN 

Detasheet 
2mm thick 
PETN Detasht. 

6mm thick 
RDX detasheet 

Amount of 
Chemical 

   60 mL liquid  14 mL liquid  2 mL solid 
 2mL liquid 

17 mL solid 
17 mL  liquid      

Initiation 
method 

Squib Electric cap or 
Detonation cord

Electric cap or 
Detonation cord 

Electric cap or  
Detonation cord 

Placement of 
Device 

On explosive 
portion of mine 

Abve explosive 
In mine 

Abov explosive 
In mine 

Above explosiv 
In mine 

Standoff of 
distance 

 Touching mine 
case 

10 cm above 
mine surface  

5 to 7.5 cm abo. 
Mine surface 

18.75 to 21.25 
cm above mine 

Types of explos 
neutralized 

Tetryl, TNT & 
TNT based expl 

Tetryl, TNT & 
TNT based expl

Tetryl,  PETN 
TNT,RDX, etc 

Tetryl, PETN, 
TNT, RDX, etc.

Perf. against 
Stake mines  

      No          No        No         Yes 

Perform against 
Bounding mine 

      No          No         No          Yes 

Maxim. steel 
penetration         

        3 mm      4 mm       6 mm      13 mm 

Chemical self-
life 

Unlimited shelf 
life in unopend 
Original contan 

Unlimited shelf 
life in unopend 
original contain 

Both solid & 
liquid are stable 
under ord.conds 

Both solid and 
liquid are stable 
under ord. cond 

Toxicity of 
Chemicals 

Corrosive to 
skin and eyes 

Corrosive to 
skin and eyes 

Both solid and 
liquid are slight 
toxic 

Both solid and 
liquid are slight 
toxic 

System use Reusable One time use One time use One time use 
Human factors Easy to use, 

min. training 
Easy to use 
min. training 

Easy to use, 
min. training 

Easy to use 
min. training 

Transportation 
Requirements 

No explosive 
Trans. needed 

Explosive trans. 
needed 

Explosive tran- 
Sport needed 

Explosive trans. 
Needed 
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Parameters      BCC     REMIC Small-
REMIC-II 

Large-
REMIC-II 

Storage  
requirements 

Squib & liquid 
storages 

Explosive & 
Liquid storages 

Explosive, 
liquid & solid 
storages 

Explosive, 
liquid & solid 
storages  

Initiation power 
requirement 

Blasting 
machine 

Blast machine 
or firing device 

Blast machine 
or firing device 

Blast machine 
Or firing device 

 
 

SUMMARY AND CONCLUSIONS 
The Humanitarian Demining R&D 

Program developed four prototype chemical 
mine neutralization technologies to 
neutralize mines by burning. A key 
advantage to this form of in-situ 
neutralization is the avoidance of damage to 
important structures such as roads, bridges, 
oil wells, power lines and public buildings.   

 
The Bullet with Chemical Capsule 

(BCC) uses a single chemical, diethylene 
triamine (DETA), which is pyrogolic with 
TNT and TNT based explosive.  Therefore, 
the system is only applicable to mines 
containing TNT, Tetryl and Comp.B.  Also, 
due to lack-of penetration of the bullet into 
thick mine cases, it is effective against only 
thin cases AP and AT mines.  The delivery 
system is reusable but requires cleaning after 
each use, and it must be pulled away once 
the mine starts burning. The system may be 
work against a buried AT mine if the exact 
location of the mine is known.  

 
The Reactive Mine Clearance (REMIC) 

System was developed to address the 
problems associated with the BCC. REMIC 
also uses DETA chemical and a linear 
shaped charge.  The delivery system is an 
improvement over the BCC system, but 
since it is still based on DETA it cannot be 
used against stake, bounding, hard case blast 
resistant mines, and mines containing RDX, 
PETN and plastic explosives. The Teflon 
chemical reservoir is toxic when it burns, is 
costly and hard to machine. The PETN-

detasheet explosive driver requires REMIC 
to be shipped and stored as an explosive. 

 
Small and Large REMIC-II are capable 

of neutralizing all types of mines and all 
explosives in mines. They use explosive 
forming penetrators made from copper sheet 
to cut and open mine cases without causing 
detonation, and they use binary chemicals 
which can neutralize most explosives found 
in mines.  The small REMIC-II is good for 
thin case AP and AT mines while the large 
REMIC-II is designed for thick case AP and 
AT mines.  Stripper plates allow the large-
REMIC-II to be used against mines with 
cases of varying thickness.  It can also be 
used to attack mines from the side or at an 
angle.  The Small REMIC-II proved 
effective against AT mines containing 
Composition B or RDX, but it failed to 
neutralize AP or AT mines containing TNT 
because the quantity of binary chemicals is 
not sufficient to ignite TNT due to its higher 
auto-ignition temperature. Very small AP 
mines with fuzes are difficult to neutralize 
with burning.  However, these systems use 
explosive and binary chemicals, therefore 
handing, shipping, storing and safety 
restriction are required. 

 
To summarize, we investigated four non-

explosive technologies for low order mine 
neutralization. Two of these technologies 
use a single chemical, while the other two 
are binary chemical systems. In test, each 
system successfully demonstrated the 
feasibility of neutralizing a mine by burning. 



 

 475

Each chemical system has unique 
performance characteristics against tested 
mines. Several constraints were identified, 
such as reliability, repeatability and use of 
explosive. At present, none of the tested 
prototype systems meet military 
countermine or humanitarian demining 
requirements. However, they demonstrated 
the potential exists for development of a 
usable and effective chemical neutralization 
technology in the near future. 
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ABSTRACT 
 

This paper is dealing with a new Composite Propellant specially developed for use in 
Micro Gas Generators for Automotive Safety Equipments like seat belt retractors or 
pretensioners. This new propellant has a unique continuous production process and does fulfil all 
automotive specification in term of toxicity and ageing characteristics. This “Green” Composite 
Propellant will become a first choice to replace Nitrocellulose based propellant used today. 

Technology of Micro Gas Generator using Composite propellant called « MGC » is 
based on knowledge obtained during years of first generation Nitrocellulose propellant 
production, which AUTOLIV INFLATORS-NCS is the worlwide leader with more than 35 
millions parts produced per year. 
 
 
1- FIRST GENERATION OF NON NITROCELLULOSE MICRO GAS GENERATOR 
 

Based on the technology developed by Autoliv Inflators for the current Micro Gas Generator 
already produced at more than 100 millions for worlwide applications, the Micro Gas generator 
Composite « MGC » as described in Figure 1 is using a first generation of “Green” composite 
propellant (non-nitrocellulose). This product was designed to respond to the increasing demand 
of Pyrotechnical Buckle Pretensioner and Roto Retractor Pretensioner in cars and to fulfill 
worlwide specifications.  

 
The main benefits of this composite propellant are: 

- well-known technology in Autoliv Inflators : millions of airbag inflators using the 
same propellant produced for more than 6 years for driver, passenger and side 
applications. 

- environmental friendly raw materials 
- fully recyclable 
- safe manufacturing handling 
- safe and non toxic handling 
- low % of non-toxic ashes 
- a continuous production process 
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The continuous extrusion process allows the shaping of the grain in order to get the best 
functioning mode. 
 
 
2- THE TWIN SCREW EXTRUDED COMPOSITE PROPELLANT 
 

MGC propellant is a mixture of about 80 % filler and 20 % thermoset binder with 
additives. This composite propellant in its specific grain shape (example in Figure 2) is extruded 
by a continuous process using a twin screw extruder (Figure 3). 

The main characteristics of this composite propellant are given in Figure 4 and compared 
with conventional nitrocellulose propellant. The main advantages of this solution are : 

 
- no toxic gases (important when multiplying pretensioners in cars) 
- high thermal stability (no degradation after storage for 400 hours at 107° C) 
- reproducibility of ballistic performances thanks to the use of well defined grain shape 

and composition. The use of a mastered continuous extrusion process to produce this 
grain assures a very high quality level. 

 
In addition, both the raw materials entering into the propellant composition and the 

combustion residues are non-toxic and do not contain any heavy metal, making this propellant 
environmentally safe and fully recyclable. 
 
 
3- COST-EFFECTIVE DESIGN BUILT AROUND THE PROPELLANT GRAIN 
 

The grain is the key component which provides all the MGC basic performances. That is 
why the design is built around the grain. 

The use of a specially developed continuous process with a very high production capacity 
and a competitive cost is the safer technological solution to fulfill increasing automotive industry 
demands. 

The shape of the grain and its fine tuning allow a large possibility of loading either in 
weight (500mg to 1000mg) either in functioning behaviour, adaptable to customer’s required 
performances. 
 
 
4- ABILITY TO FULFILL THE MOST SEVERE SPECIFICATIONS 
 
4.1 BALLISTIC 
 

Typical 8cm3 bomb test curves are shown in Figure 5 for a MGC loaded with 880mg of 
composite propellant. 

The MGC can be easily tuned to customer demand by adjusting propellant weight and 
shape if necessary. 
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4.2 TOXICITY 
 

Examples of values, measured in a 100 ft3 tank, are shown in Figure 6. The concentration 
of carbon monoxyde (CO) obtained, less than 50 ppm, confirms the low level of toxicity. 

These results show that MGC toxicity measurements are well below all worlwide 
specifications (USCAR and AK specifications using 2 pretensioners fired in a 100 ft3 tank).  
 
 
4.3 LIFE DURATION AND THERMAL STABILITY 
 

A minimum of 15 years life duration is guaranteed with this MGG Composite. 
The very high thermal stability of the propellant means it satisfies all qualification 

programs demanded by main worldwide car manufacturers. The long term ageing test of 400 
hours at 107° C is passed without any performance degradation. 
 
 
4.4 ENVIRONMENTAL TESTS 
 

An example of the qualification matrix is shown in Figure 7. 
 
 
4.5 CLASSIFICATION 
 

MGC is designed to be used all over the world and the following certifications are 
available: 

- classification 1.4S or class 9 for transportation in its box 
- DOT approval in USA 

 
 
5- FLEXIBILITY TO SWITCH TO THE COMPOSITE VERSION 
 

The composite version of the MGG is based on the same design than the nitrocellulose 
MGG one. We can use the same production line with an adapted feeding station. 
 
 
6- CUSTOMIZED ELECTRICAL INTERFACE TO MEET ALL NEEDS 
 

The standard MGG Composite is a pin style one using Glass to Metal and Lead Free 
squib. All kinds of electrical specifications are available : 2.00 Ohm and 2.15 Ohm printed 
circuit or brigewire resistances with classical All-fire and No-fire values. 

On customer demand, standard interface (diameter 10 mm or 11 mm shunt ring) or 
dedicated interface solutions to insure high retention forces. 
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7- MGG COMPOSITE : A WHOLE FAMILY OF LOW TOXICITY MICRO GAS 

GENERATOR 
 

MGG Composite belongs to a new generation of MGG, using a composite propellant. 
This MGC is able to fit any customer specification on pretensioner system. 

MGC offers many advantages such as recycling, low toxicity, high thermal stability, 
environmental safety, easy tuning of performances. 

Its design allows a simple assembly process well mastered by years of experience, giving 
a high quality level for competitive price. 
 
 
 
 
 
 
 

Fig.1 : Micro Gas Generator Composite “MGC” 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.1 : Micro Gas Generator Composite “MGC” 
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Fig.2 : Composite Propellant Grain (example) 

 
 

 
Fig.3 : Composite Propellant Continuous Extrusion Process 
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Figure 4 : Nitrocellulose / Composite Propellant Comparizon 

 
 

Fig.5 : MGC performance range (example) 
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Fig.7 : MGC qualification program (example) 

Fig.6 : MGG / MGC effluent comparison 
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High temperature storage 6,6 X X X
Low pressure resistance 6,7 X
Temperature shock test 6,8 X X X
Fires in dossed vessel at LT 5,7 X X X X 2 2 X X 
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ABSTRACT 
 

It is well known that microstructural features, such as defect and crystal morphology, and 
size distribution may dramatically affect ignition sensitivity and performance characteristics of 
energetic materials.  The quantification of these microstructural features is therefore essential to 
the construction of full-scale constitutive models for both pristine and damaged materials.  

As these microstructural features occur across a wide range of length scales (from 
nanometers to millimeters) a variety of techniques are needed to elucidate these features.  For 
large length scales (1µm-10mm), polarized light microscopy (PLM) provides information about 
material microstructure and defects. At the intermediate length scales (10 nm � 1 mm), similar 
features can be studied using scanning electron microscopy (SEM). 

For the smallest length scales (0.1 nm � 1 µm) techniques such as small-angle x-ray 
scattering (SAXS), and small-angle neutron scattering (SANS) are required in order to obtain a 
more complete description of microstructural features.  SANS and SAXS are unique in their 
ability to quantitatively determine fine details of structure such as particle morphology and size 
at length scales from nanometers to microns in a wide range of materials.  In addition SANS and 
SAXS can be used to probe composite structures containing crystals, binder, and voids, or metals 
and oxide layers.  Unlike transmission electron microscopy (TEM) methods in which size 
distributions and morphology from statistically small samples must be extrapolated to the bulk 
materials, these scattering techniques can be used to probe the entire bulk sample. 

In order to characterize energetic material microstructure, we have used these diagnostic 
techniques to examine a variety of energetic materials in pristine and damaged states across a 
wide range of length scales.  The materials include: PBX 9501 (pristine, physically damaged, 
and thermally damaged) and energetic nano-materials. 
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INTRODUCTION 
 
Minor differences in microstructure 

can lead to dramatic changes in the 
performance of energetic materials.  For 
example, typical thermite materials (micron 
scale) burn at centimeters per second, while 
nanoscale superthermite powders can 
propagate at a rate on the order of thousands 
of meters per second. In classical energetic 
materials microstructural differences may be 
induced in formulation and processing, or 
generated by physical insult, chemical 
insult, or aging.  Detecting and 
understanding these differences requires the 
ability to probe microstructural features with 
sizes ranging from millimeters to angstroms.  
As no one characterization method can 
cover this entire range of length scales, a 
variety of techniques must be incorporated.   

In order to span the entire range of 
length scales we are using characterization 
techniques including polarized light 
microscopy (PLM), scanning electron 
microscopy (SEM), and small-angle 
scattering (SAS).  In combination, these 
techniques allow us to quantitatively 
identify features and differences in materials 
over length scales from 10-10 to 10-2 meters.   

Here, we present a brief description 
of these three techniques and examples of 
their application to four current projects 
related to energetic materials. These projects 
include characterization of the 
microstructure of pristine PBX 9501, 
changes in particle size of PBX 9501 due to 
differences in pressing intensity during 
processing, changes in the PBX 9501 
microstructure due to a linear thermal 
gradient and morphological differences 
within nano-scale metastable intermolecular 
composites (MIC) materials, in particular 
Al/MoO3 composites.   

 

METHODS 
 
Polarized Light Microscopy (PLM) 
 

In order to probe relatively large 
features (1µm-10mm) of energetic materials, 
we are currently using a Lieca DM-RXA 
polarizing light microscope along with a 
Diagnostic Instruments SPOT 100 camera 
that provides high resolution (1315 x 1033 
pixels) digital micrographs   

Historically, one of the inherent 
weaknesses of PLM has been the qualitative 
nature of the results.  To extract quantitative 
details from the PLM images, image 
processing routines must be used.  We are 
currently using routines written using 
Clemex Vision� image analysis software.  
These routines incorporate image color 
thresholding and geometric constraints to 
quantitatively determine specimen 
characteristics such as area percentages and 
crystal size distributions. 

For all PLM samples, preparation is 
quite extensive, and critical to achieving 
good results. Typical sample preparation 
requires cutting the energetic specimens, 
potting the specimens in epoxy, and 
polishing.  A 125 mm diameter aluminum 
oxide cut-off wheel at 1000 rpm is used for 
cutting. The specimen is then potted in 
Struers Epofix 2 part epoxy under vacuum 
(500 mbar) and then pressurized under 
nitrogen (500 psi).  After allowing the epoxy 
to dry under pressure overnight, the 
specimen is removed from the pressure cell 
and the face of interest is polished to a 
smooth finish using a Struers Rotopol-
25/Pedemin_S automatic grinding/polishing 
machine.  Polishing materials include SiC 
polishing papers (1200 grit, 2400 grit, 4000 
grit), Al2O3 polishing powders (1µm and 
0.3µm), and an OP-S suspension (0.03µm).  
A typical image of PBX 9501 is shown in 
Figure 1.  
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Figure 1) PLM micrograph of PBX 9501 
 
Scanning Electron Microscopy (SEM) 

 
Scanning Electron Microscopy 

(SEM) can be used to probe microstructural 
features from 10 nm � 1 mm.  We have 
recently acquired a Field Emission Scanning 
Electron Microscope (FESEM).  The 
FESEM allows imaging of many non-
conductive materials at relatively low 
voltages (200 eV � 30 keV) without 
applying a conductive coating.  In addition, 
we have purchased both an energy 
dispersive x-ray spectrometer (EDS) and a 
wavelength dispersive x-ray spectrometer 
(WDS), which allows analysis, 
quantification, and mapping of elements.  
Typical SEM images of PETN and nano-
aluminum (both uncoated) are shown in 
Figures 2 and 3.    
 
Small Angle Scattering (SAS) 
 

We are currently using both Small 
Angle Neutron Scattering (SANS) and 
Small Angle X-ray Scattering to 
characterize length scales from 0.1 nm � 1 
µm within energetic materials.  In a SAS 
experiment, a beam of neutrons or x-rays 
impinges upon a sample characterized by a 
scattering length density, ρ(r), which 
reflects the microscale structure (see Fig. 4). 
Fluctuations in ρ(r) give rise to small-angle 
scattering. The intensity of the scattered 
radiation, I(Q), is measured as a function of 

the scattering vector, Q, of magnitude Q = 
(4π/λ)sinθ, where λ is the wavelength of the  

 
Figure 2) SEM of PETN crystals 

 
Figure 3) SEM of Nano aluminum 
 
incident radiation and θ is half of the 
scattering angle. I(Q), for a monodisperse 
system of non-interacting particles, 
dispersed in a uniform media, can be 
expressed as 1, 

 
)(PVN)Q(I 22 Qρ∆=   (1) 

 
where P(Q) is the normalized, single particle 
form (shape) factor and is related to Fourier 
transform of ρ(r), V is the particle volume, 
and Ν is the number of scatterers per unit 
volume. Also, ∆ρ is the scattering length 
density contrast between the average 
scattering length density of the particle, and 
that of the surrounding media.  The 
complete interpretation of I(Q) in terms of 
the sample structure, ρ(r), ultimately 
involves careful comparison with 
calculations of the scattering expected from 
model structures.  
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An advantage of SANS and SAXS is 
that a statistically significant number of 
particles is sampled in a single 
measurement, which allows accurate 
assessment of particle size distributions.  For 
the studies outlined in this paper, SANS 
measurements were performed on the Low-
Q Diffractometer (LQD) at the Manuel 
Lujan Jr., Neutron Scattering Center at Los 
Alamos National Laboratory 2.  SAXS 
measurements have been made at the 
University of New Mexico 3. In both cases, 
data were reduced by conventional methods 
and corrected for empty cell and background 
scattering. Absolute intensities were 

obtained by comparison to a known standard 
and normalization to sample thickness. 
 
STUDIES 
 
 PLM, SEM, and SAS techniques 
used in combination can effectively 
characterize material microstructure across 
the entire range of length scales from 10-10 
to 10-2 meters (Figure 5).  Differences in 
microstructure between pristine and 
damaged energetic materials can then be 
related to changes in mechanical properties  
and material performance.  A variety of 
energetic materials are currently being 
characterized using these microstructural 
techniques. In what follows, we discuss 

current studies of pristine and physically and 
thermally damaged PBX 9501 and 
Metastable Intermolecular Composites 
(MIC). 
 
Pristine PBX 9501 

 
PBX 9501 is formulated using 

92.7/7.2 vol% HMX(3:1 class 1,2) / Estane-
BDNPA-F binder. Sieve sizes for the 
different classes of HMX are shown in 
Table 1.  Figure 6 shows an image of 
pristine PBX 9501 taken at a magnification 
of 50X using the PLM.  Although the 
specified pre-pressed crystal size 

distribution indicates that 37% of the 
crystals will be smaller than 44 µm2,(3:1 
class 1,2), crystal fracture during pressing 
will result in a smaller average crystal size.  
Figure 7 shows the same image after it has 
been characterized using routines written in 
Clemex Vision.  The HMX crystals have 
been labeled yellow and dirty binder regions 
(binder, voids, and crystals smaller than 
0.8µm2) labeled in dark blue.  Outside edges 
of the image have been excluded from the 
analysis to avoid counting incomplete edge 
crystals.  As the PLM images are necessarily 
two-dimensional, approximate size 
distributions are reported in terms of area 
and are consequently conservative. At this 

Figure 4)  Schematic of small-angle scattering technique 
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magnification, crystals larger than 0.8µm2 
will be detected. 

 
Figure 5) Microstructure Characterization 
Techniques for Energetic Materials 

Results of the image analysis at a 
magnification of 50X indicate that the 
specimen contains 73.1 area% HMX and 
26.9 area% dirty binder.  A similar analysis 
of dirty binder regions at higher 
magnification (400X) indicates that the dirty 
binder contains approximately 62% HMX 
(crystals of size 0.8-0.05µm2) as shown in 
Figures 8 and 9.  This suggests an overall 
percentage of 89.7% HMX crystals, which is 
approaching the theoretical value.  A 
statistical analysis of 10 separate images 
from two independent specimens gives a 
average crystal area% of 90.3±0.5 vol% 
with 67% of the crystals being smaller than 
0.8µm2.   

These results suggest that pressed 
pellets of PBX 9501 contain dramatically 
different crystal morphology and size 
distributions than the pre-pressed molding 
powder 4.  
 
Mechanically-Damaged PBX 9501 

In the preparation of PBX 9501  
 

Table 1.  Sizes for some HMX classes. 
Max Area (µ2) % Class 1 % Class 2 

297 90 ± 6 100 
149 50 ± 10 -- 
125 -- > 98 
74 20 ± 6 -- 
44 8 ± 5 > 75  

 
Figure 6) PLM of PBX 9501 (50X) 

 
Figure 7) Analysis of PBX 9501 (50X) 

 
Figure 8) PLM of PBX 9501 (400X) 

 
Figure 9) Analysis of PBX 9501 (400X) 
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samples, pressing conditions are often varied 
in order to achieve nominal density.  
Although density is met, differences in 
pressing intensity, or procedures (sometimes 
pressure is released and then reapplied, for 
example), can lead to variations in 
microstructure between samples due to 
crystal fracture. To evaluate the effect of 
pressing intensity on the microstructure, 
three cylinders (1� φ  x 1� long) of PBX 
9501 (HOL Lot 89C730-010 MT 345) have 
been pressed at 5,000 psi, 15,000 psi, and 
30,000 psi, respectively, using a 50 Ton 
press.  Following pressing, the entire profile 
of each cylinder has been examined for 
microstructural changes due to the different 
pressing conditions. Both polarized light 
microscopy and small-angle x-ray scattering 
(SAXS) techniques have been used to probe 
the particle morphology, porosity, crystal 
size and size distribution of each cylinder. 

After pressing, each of the three 
cylinders was sectioned twice, along the 
centerline, using a diamond anvil saw.  A 
total of 18 pieces were then cut from the two 
resulting sections as shown in Figure 10.   

For each cylinder, pieces 1-9 were 
analyzed for microstructural differences 
using polarized light microscopy.  These 
nine pieces had approximate dimensions of 
0.3� x 0.3� x 0.15�.  Each of these pieces 
was prepared for PLM characterization as 
outlined before. Pieces 10-18 from each 
cylinder had approximate original 
dimensions of 0.3� x 0.3� x 0.05� and were 
polished to a thickness of 0.03� using 1µm 
Al2O3 polishing powder. These pieces were 
analyzed using SAXS. 

Photomicrographs of the center of 
region 5 of each of the samples are shown in 
Figures 11-13 respectively.  Qualitative 
differences in microstructure are clear across 
the three images.  At 5,000 psi (Figure 11), 
in general, the crystals appear to be well 
segregated from each other by binder.  This 
cushioning effect protects the crystals from 

fracturing due to crystal-crystal contact 
forces.  Some fine crystals can be seen 
within the binder, however even these 
appear to be fairly dispersed (Figure 14).  At 
15,000 psi (Figure 12) many of the crystals 
in the image have been pressed into contact 
with each other.  At the points of contact, 
crystal fracture and rubblization has 
occurred (Figure 15).  In addition, much of 
the binder material appears lighter due to the 
generation of more fine crystals.  At 30,000 
psi, increased rubblization due to crystal 
contact and fracture has occurred and more 
fine crystals are visible in the binder rich 
regions (Figure 16). 

Image analysis techniques were used 
to further analyze PLM images from 5 
different points within regions 1 and 5 from 
each specimen.  Five random PLM images 
were taken from each region and compared 
with the corresponding region from the other 
pressed cylinders.  Each image was analyzed 
for differences in crystal size as a function 
of specimen location and pressing intensity.  
Figure 17 shows a plot of the average 
particle sizes within regions 1 and 5 from 
each cylinder.  Five data points, one from 
each image, are shown for each region and 
cylinder. 

The results indicate that for crystals 
larger than 0.8µm2 in area, a majority of the 
crystal damage and fracture occurs along the 
outside edges of the specimen at pressures  

10 11 12 

13 14 15 

16 17 18 

1 2 3

4 5 6

7 8 9

Figure 10) Specimen preparation and 
orientation 
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Figure 11) PBX 9501 
5,000 psi, 1.7976 g/cc 

 
Figure 12) PBX 9501 
15,000 psi, 1.8294 g/cc 

 
Figure 13) PBX 9501 
30,000 psi, 1.8342 g/cc 

 
Figure 14) Binder contains 
relatively few crystals 

 
below 5,000 psi.  At intermediate pressures, 
(between 5,000 psi and 15,000 psi) a 
majority of the damage occurs at the center  

 
Figure 15) Crystal rubblization at 
point of contact 

 
Figure 16) Increased number of 
fine crystals in binder rich areas 

 
of the specimen. As pressing intensity 
increases above 15,000 psi there is only a 
small change in the average crystal size, 
considering only crystals larger than 0.8µm2. 
 

 
Figure 18 displays a Log-Log plot of 

the SAXS data obtained from region 10 at 
different applied pressures, where the data 
have been shifted along the vertical axis for 
clarity. The measured curves measured at  

Figure 17) PLM--Average Crystal Size 
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5000 and 15,000 psi have the same shape, 
indicating that there are no significant 
changes in the microstructure, at the length 
scales probed by SAXS, caused by the 
increased pressure. However, we see a new 
feature in the data obtained from the sample 
pressed at 30,000 psi. The appearance of a 
�knee�, centered at Q = 0.013 Å�1 (as 
indicated by the arrow), corresponds to the 
presence of a new distribution of particles, 
having an average diameter of ~ 800 Å. This 
is consistent with the notion of increased 
rubblization of the large HMX crystals. 
 
Thermally Damaged PBX 9501 
 

PBX 9501 has also been subjected to 
a linear thermal gradient in order to study 
the physical and chemical changes that 
occur due to heating.  Three separate 
cylinders (5 mm diameter by 72mm length) 
were placed in a brass sample holder.  Brass 
end caps were placed at both ends of the 
specimen.  Thermocouples were inserted 
along the length of the specimen to monitor 
the temperature distribution as shown in 
Figure 19.  The end-caps were then heated  

 
 

 
Figure 19) Setup for Linear Thermal Damage Tests

 
Figure 20) Heating Profile for Test 1 
 

 
Figure 21) Heating Profile for Test 2 
 
to specified temperatures to produce the 
desired temperature gradient across the 
length of the specimen.  Each cylinder was 
heated until a steady-state temperature 
distribution was established for two hours.  
Temperature profiles for each of the three 
specimens are shown (Figures 20-22).  After 
the test, the samples were sectioned down 
the centerline.  Half of each specimen was 
analyzed with the PLM, while the other half  
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Figure 18) SAXS � Pressing-induced 
microstructural changes  
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Figure 22) Heating Profile for Test 3 
 
was analyzed using SANS.  For the PLM, 
the samples were cut into quarters, potted, 
and polished as described previously.  
Clemex Vision image analysis software was 
used to analyze the changes in crystal/binder 
percentage as a function of temperature. 

Results of the analysis are shown in 
Figure 23.  The dotted lines indicate the 
locations where the samples were sectioned 
as part of the PLM preparation.  It should be 
noted that the third section of Linear 
Damage Sample #2 contained a tortuous 
fracture along the centerline of the 
specimen.  As a result, PLM images could 
not be taken from the centerline.  Although 
slight radial temperature differences may 
affect the magnitude of the results, the 
general increasing trend in crystal 
percentage should be correct 

The results indicate a rapid rise in 
the overall percentage of crystals between 
170C and 175C.  Above 175C the overall 
percentage of crystals slowly decreases until 
a temperature of approximately 195C.  
Above 195C the rise in crystal percentage is 
probably due to an inversion of the crystal 
and binder coloration as the crystals become 
darker than the binder material.   

Figure 24 displays the results of 
SANS measurements from the Linear 
Damage Sample #1. The plot displays the 
ratio of scattered intensity, measured at 
several points along the thermal gradient, to 
a point at the cooler end of the sample. As 

we can see in the figure, a peak, centered at 
Q ~ 0.015 Å�1 appears in the plot. The 
intensity of the peak increases with 
increasing temperature, indicating the 
development of thermally induced defects of 
radius ~ 200 Å in the PBX 9501 
microstructure. Further analysis of the 
SANS data allows a determination of the 
total surface area per unit volume (SV) of the 
sample. Comparing SV measured at different 
points along the sample (Fig. 25) to that 
measured at the coolest end of the sample 
(So) shows a dramatic increase in surface 
area with increasing temperature. This 
suggests the presence of thermally induced 
crack and defect formation throughout the 
microstructure. 
 
Metastable Intermolecular Composites 
(MIC) 
 

Engineered nano-scale composite 
energetic materials, such as Al/MoO3, have 
shown promise for energetic material 
applications because the nanocomposite can 
react extremely rapidly.  Reaction rates are 
orders of magnitude faster than conventional 
formulations.2  As a consequence these 
materials have application directly for such 
things as primers. Nano-materials can also 
be formulated with other energetic materials, 
including gas generating materials, and used 
for a much wider variety of applications. 
These nanocomposite energetic materials 
have been historically termed metastable 
intermolecular composites (MIC).  Here we 
use this term to refer to any energetic 
material utilizing nanoscale energetic 
constituents. 

Although these materials have been 
available in the recent years, much work 
remains to fully characterize their 
morphology.  SEM, SANS, and SAXS are 
proving to be useful tools to characterize 
size distribution and oxide layer thickness 
for these nano-materials. Al and MoO3 
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Figure 23) Thermally Induced Damage in PBX 9501 -- PLM 
 
powders were characterized using several 
different techniques to determine the particle 
size distribution, passivation layer thickness, 
and degree of particle agglomeration. 

Figures 26 and 27 show SEM images 
of typical aluminum samples. Our 
experience is that as the average particle size 
increases, the particle size distribution 
broadens.  Also observed in Fig. 26, we see 
agglomeration in the form of chains or 
branches.  Similarly, Fig. 28 is MoO3 and 
finally Fig. 29 is Al/ MoO3 MIC.  The MoO3 
images reveal sheet-like structures, 
intermixed with aggregates.  

 SAXS can provide a quantitative 
measure of sheet thickness for the MoO3. 
Figure 30 shows data obtained from SAXS 
measurements of a sample of Climax MoO3. 
The solid line in the figure is a result of a fit 
to a model (developed based upon SEM 
images) of polydisperse sheet-like structures 
with large aggregates. As seen in the figure, 
the model is consistent with the measured 

data. An average of 15.5 nm was measured 
for the sheet-like structures seen in the SEM 
image (Fig. 28). 
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Figure 24) SANS from Linear Damage Sample 
#1 

In Figure 31 we show the 
distribution obtained from SAXS 
measurements of three Los Alamos 
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produced nano-aluminums.  Based upon the 
SEM images, a model of mass fractal 
aggregates was used to interpret the 
scattering data (see Fig. 26 for example).  
This model was found to be consistent with 
the SAXS data. The volume-weighted size 
distribution obtained from the analysis is 
shown. 

Figure 32 is a comparison of size 
distributions from different Al powders 
obtained from a SAXS measurement and 
TEM images.  The comparison is reasonable 
considering the limitations of the sample 
size considered in the TEM measurements 
(only a few hundred particles), possible halo 
effect (electron diffraction) in the TEM 
images, and the difficulty determining the 
diameter of agglomerates.  

 

0.8

1

1.2

1.4

1.6

1.8

2

2.2

170 175 180 185 190

S V
/S

O

T
av

 (oC)
 

Figure 25) SANS surface area measurement of 
Linear Damage Sample #1 
 
In contrast, the SAXS measurement includes 
~ 1018 particles.  Table 2 shows sizing 
results from SAXS with comparisons to 
other approaches. In Table 2, Rav is the 
average radius, Dav is the average diameter, 
and δ is the oxide layer thickness. 
 
 
 

CONCLUSIONS 
 
We have used PLM, SEM, SANS, and 
SAXS in order to quantitatively characterize 
microstructural features of pristine and 
damaged PBX 9501 across the range of 
length scales from 10-10 to 10-2 meters.  
Pressed pellets of PBX 9501 demonstrate 
different crystal morphology and size 
distributions than the pre-pressed molding 
powder.  Both pressing conditions and 
thermal history will also result in 
microstructural changes within PBX 9501. 

SEM, SANS, and SAXS have also 
been used to study morphological 
differences within MIC materials and their 
constituents.  SAS provides a much better 
statistical measure of particle size and 
morphology than other standard techniques. 
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Figure 26) SEM image of nano-aluminum 
made at Los Alamos, designated RF-B.   

 
Figure 27) Larger aluminum made by 
Technanogy, designated Technanogy-121.  
Technanogy also makes small aluminum 
powders similar to Figure 26. 

 
Figure 28) MoO3 from Climax.  Sheet-like 

material is observed with smaller particles 

 
Figure 29) Al/MoO3 MIC 

1

10

100

1000

104

105

106

107

108

0.001 0.01 0.1

I(
Q

) (
cm

-1
)

Q (Å-1)  
Figure 30) SAXS results obtained from MoO3. 
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obtained from a SAXS measurement and TEM 
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Table 2) Sizing of aluminum core and oxide layer by various techniques 

Powde
r 

Fracta
l 

Dim. 

RavN
R 

core 
(nm) 

RavN
V 

core 
(nm) 

DavN
R 

(nm) 

DavN
V 

(nm) 

BET
δav 

(nm)

δ 
(nm

) 

TEM 
δ 

(nm) 

BET/T
GA 
δ 

(nm) 

Vel 
  δ 
(nm) 

Al-31500 1.98±0.1 10.4±0.1 12.9±0.1 26.2±0.2 31.2±0.2 32.90 2.68 
±0.02 

2.83 2.45 2.87 

Al-13100 1.7±0.2 10.6±0.2 25.4±0.3 26.1±0.4 54.9±0.6 34.15 2.44 
±0.02 

4.62 2.45 2.98 

Al RF-B 1.8±0.1 10.4±0.1 18.7±0.1 26.5±0.2 43.1±0.2 - 2.86 
±0.02 

- -    - 
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Nanophase materials and nanocomposites, characterized by an ultra fine grain size (less 
than 100nm), have created a high interest in recent years by virtue of their unusual 
mechanical, electrical, optical, magnetic and energetic properties. Studies have shown 
that the thermal behavior of nano-scaled materials is quite different from micron-sized 
powders. Nanosized metallic and explosive powders have been used as a solid propellant 
and explosive mixtures to increase efficiency. At the same time the recent investigations 
show that the presence of nanosized metals in propellants does not necessary translate 
into an increased burning rate and burning temperature. The reasons of this effect are far 
from being clear. This paper presents a new approach to the producing of nanocomposites 
of some energetic materials (ammonium nitrite, RDX, aluminum) by the vacuum co-
deposition technique. Thermal behavior of synthesized nanopowders and nanocomposites 
is investigated. The substantial difference in burning rate of RDX nanopowder has been 
found in comparing to micro-sized material. Experimental results allow investigating the 
effects of nanosized materials on the combustion characteristics.  

 
 
 
 
 
 
INTRODUCTION 
 

A fourth century Roman masterpiece, 
known as Lycurgus Cup, is made of glass 
with suspended nanometer particles. It 
exhibits the unusual property of dichromism: 
appearing to be green in the reflected light 
and red in transmitted light [1]. It has 
recently been shown [2] that Maya blue 
paint is a nanostructured hybrid material. 
Modern investigations show that needle-
shaped palygorskite crystals form a 

superlattice with period of 1.4nm, and 
nanoparticles of Mg are embedded within 
this matrix. The beautiful blue color is 
obtained only when both these nanoparticles 
and superlattice are present. 

Since 1940�s nanosized SiO2 particles 
have found large-scale applications in many 
products, and from 1960�s metallic 
nanopowders were developed [3]. In 1989 
Glieter [4] and co-workers suggested that 
compacts of very small crystallites (< 10nm) 
might possess unique physical properties,
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which can be used in a variety of 
engineering applications. At present, many 
materials can be fabricated on a nano-scale 
using high-energy ball milling, 
electrodeposition, gas-phase, vacuum, sol-
gel, hydrothermal, aerosol processes, and 
micellar templating. Nanostructured 
materials are distinguished from 
conventional ones by the size of the 
structural units that compose them, and they 
often exhibit properties that are drastically 
different from those of conventional 
materials. 

Important areas of relevance for 
nanoparticles and nanotechnology are 
advanced materials, electronics, 
biotechnology, pharmaceutics and sensors. 
Examples of the most important: hard disks 
in computers, photographic systems, 
information recording layers, advanced 
drug-delivery systems, a new generation of 
lasers, chemical catalysis, solar cells, 
nanosystems on a chip, and others.  

The study of nano-size materials as 
components for high-energy systems was 
stimulated by the increasing worldwide 
interest to materials structure and properties 
at the 1-100 nanometer size scale, and the 
recognition that certain properties, which 
arise at such length scales, could have 
important impact on energy-release 
characteristics.  

The use of nanoparticles in high-energy 
systems aims to take advantages of three 
kinds of effects: 

1 – new physical and chemical 
properties are caused by size scaling. 
Smaller particle size determines larger 
interfacial area, and increased number of 
atoms on the particle interfaces. Due to the 
large surface area, bulk properties become 
governed by surface properties. The surface 
atoms part S of the total number of species n 
within one spherical particle could be 
determined as: S=4/n1/3. For close-packed 
spheres the percentage of surface atoms is 

about 40% for a 1000-atom particle, and is 
still 4% for a particle containing as many as 
106 atoms. In composite energetic materials 
such as solid rocket propellants and 
pyrotechnics reaction kinetics are largely 
controlled by mass transport rates between 
reactants, so the interfacial area growth 
could be of the key importance for the 
energy release rate.  

2 – short time scale: interaction length 
scales of physical and chemical 
phenomena become comparable to the 
particle size. Examples are unusual 
optoelectronic and magnetic properties of 
nano-materials. For energetic materials it 
means the possibility to very fine control of 
oxidizer-fuel balance and to attain 
practically �homogeneous� mixing of 
components on a nanometer scale because of 
reducing the diffusion distance between 
oxidizer and fuel. Time scale of the 
chemical reactions change because of 
smaller distances. The ignition delay time 
for metal nanoparticles could be several 
orders of magnitude shorter than those of 
conventional particles. Additionally, the 
increased spectrum of forces with 
intrinsically short time scales (electrostatic, 
magnetic, electrophoresis, others), and the 
cooperative effects between nanoparticles 
dispersed within matrix could affect the 
energy release process. 

3 – excess energy of surface atoms, 
reduced energy activation values for some 
chemical reactions contribute to 
extraordinary chemical activity of 
nanoparticles.  

Presumably, the power of nanostructured 
energetic materials will be enhanced 
relatively to conventional systems. 
Moreover, novel mechanical, thermal, and 
chemical properties as compared to bulk 
behavior are expected, but only a small part 
of these properties for energetic materials 
have been identified and quantified.  
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LITERATURE REVIEW 
 
Two different approaches to the 

fabrication of bulk nanostructured energetic 
materials are being pursued today: (i) � 
traditional �pyrotechnic� route, i.e., powder 
mixing, wherein nanoparticles of the desired 
material are first synthesized by some 
chemical or physical method and then 
embedded somehow into the matrix 
material, and (ii) � non-traditional route, 
wherein nanoparticles synthesis and 
nanocomposite formation are combined into 
single operation. 

 
Powder mixing 

 
The metal nanopowders are produced by 

a plasma-explosion process, which has its 
roots in work of Narne and Faraday (1774). 
Alex powders was first fabricated by Ivanov 
of the High Voltage Institute, Tomsk, 
Russia, from that time many researches have 
demonstrated that Alex aluminum powder 
when mixed with solid oxidizer powder 
increases burning rates over propellant with 
standard grade aluminum. Bakhman and co-
workers reported in 1970 [5] that Al nano-

powder with an average particle diameter 
90nm being added to ammonium perchlorate 
/bitumen formulation considerably increases 
the burning rate (Fig. 1).  

Chiaverini et al. [6] reported about 
increasing by 70% of the mass burning rate 
of HTPB-based solid fuels with addition of 
20% Alex powder, whereas for the 
conventional Al the increase of mass 
burning rate is much less. Also, they pointed 
that the burning surface of the sample with 
Alex was much smoother, and that the Alex 
enhanced the heat feedback to the unburned 
solid fuel.  

Mench and co-workers [7] showed that 
the linear burning rate of aluminized solid 
propellant could be considerably enhanced 
by replacing the 18% of convenient 
aluminum (d=30µm) with the mixture of 
9%of Alex and 9% of convenient aluminum 
(Fig. 2). They also mentioned that the 
ignition time of sample with Alex is much 
shorter that those of conventional Al.  

 
 

 
Figure 1. Effect of aluminum particle size 

on the burn rate of 13.1%Al / AP 
/bitumen propellant [5]: 

1 – dAl=90nm; 2 - 3µµµµm; 3 - 12µµµµm 

Figure 2. Comparison of burning 
rates of  two propellants with 

different Al content: 
18% of conventional Al particles 

with size 30µµµµm and 18% of Al (9% of 
conventional Al particles with size 

30µµµµm + 9% ALEX) [7]. 

Z=U/Uo for 13.1% Al+(AP+bitumen)
Uo - burning rate without metal
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Simonenko and Zarko [8] also 
confirmed that the burning rate increases 
with Alex loading. Fig. 3a shows the 
burning rate versus pressure dependencies 
for AP-based propellants with HMX: the U 
value increases when conventional 
aluminum powder (15µm particle diameter) 
is replaced by Alex. The same substitution 
for AP-based formulation leads to 
decreasing of the pressure exponent when 
the Alex powder is used (Fig. 3b). Propellant 
with pure Alex exhibits unstable combustion 
behavior because it is extremely difficult to 
manufacture propellant with uniformly 
distributed ultra fine Al particles. Possible 
local spots of high concentration Alex may 
introduce non-uniformity of combustion. 
This very important remark should be taken 
into account when treating and generalizing 
the data for propellants with pure Alex [8]. 

 
 
 

 

 

      During previous IPS meeting 
S.K.Poehlein and co-workers [9] presented 
paper devoted to comparative study of 
ultrafine aluminum in pyrotechnic 
formulations: Alex and Al nanocomposite 
ALNC (Al nanolayers are protected by 
highly cross-linked polymer layers). 
Replacing of magnesium in the 
magnesium/Teflon/Viton formulation by 
ultrafine aluminum shows that for the fuel-
rich compositions (54-55%Mg) Alex serves 
as a burn rate accelerant, whereas the Al 
nanocomposite does not appear to enhance 
the burn rate (Fig. 4). For near 
stoichiometric composition (32%Mg) the 
use of ultrafine Al helped compositions 
loading to burn, but with unacceptable burn 
times. The friction, impact, and electrostatic 
sensitivities could be lowed with Al 
nanocomposite, whereas compositions with 
Alex have comparable sensitivity parameters 
with the initial formulation. 
 
 
  

 

Figure 3. Comparison of burning rates of propellants [8]: 
a) Propellant 20%binder/27%AP/35%HMX with different Al content: 18% of ALEX; 
18% of conventional Al particles with size 15µµµµm; 12.6% of conventional Al particles 
with size 15µµµµm + 5.4% ALEX; b) Propellant 20%binder/62%AP with different Al 
content: 18% of ALEX; 18% of conventional Al particles with size 15µµµµm; 12.6% of 

conventional Al particles with size 15µµµµm + 5.4% ALEX. 

b) a) b) 
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V. Weiser and co-authors investigated 

the burning rate of HTPB formulations with 
ALEX and with the micron-sized aluminum 
(particle diameter 5µm). Burning rate 
enhancement has been found for the 
mixtures with ALEX [10]. 

 P.Lessard and co-authors reported [11] 
about results of aluminum and Si metal 
nano-powders incorporation in rocket 
propellants and gunpowder. Results show 
that for the GAP/AN (glycidyl azide 
polymer/ammonium nitrite) propellant Alex 
is modestly effective only at high metal 
content and high pressure, whereas for 
hydroxyl-terminated polybutadiene/ 
ammonium perchlorate propellant Alex 
increases substantially the burn rates (100-
125%), and a maximum reached at 20% 
metal content. For the gun propellants the 
use of nano-powder has not proven to be 
effective, formulations containing Al of 
larger particle size exhibit higher burn rate 
values than those containing Alex. 

 
Non-traditional routes  

 
Non-traditional routes, i.e., sol-gel 

synthesis, physical vapor deposition (PVD), 
and others offer the ability to precisely 
control the composition and morphology at 
the nanometer scale, which is practically not 
possible to achieve by powder mixing.  

Recently T.M.Tillotson et al. [12] 
reported about successful sol-gel synthesis 
of Fe2O3/Al nanocomposites from a solution 
of Fe(III) salt by adding an organic epoxide 
and Al nanopowders. Resulting 
nanocomposite consists of small (3-10nm) 
clusters of Fe2O3 that are in intimate contact 
with Al nanoparticles about 25nm diameter. 
Al particles have an oxide coating about 
5nm thick. This material is relatively 
insensitive to standard impact, stark, and 
friction tests. Thermal analysis shows that a 
heat of thermite reaction within 
nanocomposite is 1.5kJ/g, whereas a 
theoretical value is 3.9kJ/g. Authors 
suggests that the reasons of reduction of the 
total energy measured could be the 
substantial passivation of Al powder by 
oxide coating and the presence of organic 
impurities.  

Several modifications of the PVD 
technique were applied to made pyrotechnic 
compositions - with ion plating [13], 
inductive heating [14], and magnetron 
sputtering [15]. At the last IPS meeting 
T.A.Vine and co-workers [16] reported 
about successful vapor deposition of Ti/C 
and Ti/Al compositions. The considerable 
growth of the burning rate has been found 
for deposited compositions over the  
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conventional mixtures (up to 3 order of 
magnitude). Deposited compositions had a 
layered structure, and the layer thickness 
was in order of nanometers. Important 
individual layer thickness dependence of the 
burning rate was found (Fig. 5).  

Our work has focused on the 
development of vacuum co-deposition 
technique to synthesize (i) Al nanoparticles 
stabilized by polymeric matrix and (ii) high-
energy nanomaterials.  

Two major stages may be differentiated 
in the development of metal nanopowders. 
At the beginning, major attention has been 
given to the synthesis of nanoparticles. The 
second stage is focused on the development 
of effective methods for the stabilization of 
metal nanoparticles to prevent particles 
agglomeration and to protect the reactive 
metal surface from interaction with the 
ambient media.  Vacuum co-deposition 
technique allows combining the synthesis 
and stabilization stages within one 
technological process.   

We�ve synthesized aluminium 
nanoparticles stabilized within polymeric 
matrix using this synthesis approach via 
vacuum co-condensation of metal vapour 
and an active precursor, which subsequently 
polymerises.  

The present article reports the structural 
characteristics and chemical properties of 
synthesized Al nanoparticles.       

Recently the results of successful 
application of the above technique for 
synthesis of nanopowders of ammonium 
nitrite, RDX, and ammonium nitrite/RDX 
nanocomposite have been reported [17]. 
This paper presents results of investigation 
of the thermal properties and the combustion 
behaviour of synthesized AN/RDX 
nanocomposites in comparison to the 
properties of conventional powder. 
 
EXPERIMENTAL 

  
Nanomaterials 

 
In the current work the nanopowders of 

AN, RDX and nanocomposites of 
Al/polymer and AN/RDX were synthesized 
using vacuum co-deposition technique, 
which is described in detail elsewhere [18].   

Three types of substrates have been used 
in the experiments reported here: (i) a high-
polished quartz substrate of size 5*5mm and 
1 mm thick with Pt-contacts for electrical 
measurements; (ii) a high-polished quartz 
substrate of size10*20mm and 1 mm thick 
for powder collecting for further processing 
and investigations; (iii) a high-polished 
NaCl monocrystalline substrate of the same 
size and thickness for TEM analysis. To get 
the identical samples all the types of 
substrates were fixed close to each other 
onto cooled surface. Composites on the

  (i)-type substrate were connected with an 
ommeter for the in situ and ex situ  

 
 
Figure 5. Effect of varying 
individual layer thickness for 
vapor deposited systems [15]. 
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measurements of electrical resistance. 
Oxidation kinetics during the air exposure 
after vacuum synthesis was measured by 
means of data acquisition board L-1250, 
connected to PC. 

Nanopowders of individual components, 
i.e. AN and RDX, were produced by 
vacuum condensation of evaporated bulk 
pure substances onto the cooled by liquid 
nitrogen substrates. For the AN/RDX 
nanocomposite synthesis we�ve used two 
vacuum evaporators. Previously the 
chemical purity and nanosize of synthesized 
AN and RDX particles have been confirmed 
by X-ray diffraction and Atomic Force 
Microscopy investigations [17].  In the 
present work FTIR spectroscopy was used to 
follow the chemical changes in the precursor 
powder after vacuum condensation. 
Transmitted-light samples for FTIR were 
prepared by mixing ≈3mg of the sample 
powder with 300mg spectra-grade KBr 
powder, grinding to mix, and then pressing 
to form a semi-transparent disk of KBr 
containing the suspended sample powder. 

For the thermal analysis and the burning 
rate test the powder was removed from the 
quartz substrate after synthesis to be 
consolidated into cylindrical pellets. The 
pellet diameter was 5mm, with length about 
7mm. Pressing were done using a hydraulic 
laboratory press with a consolidation 
pressure of approximately 200MPa. 

Aluminum/polymer nanocomposites 
were synthesized as follows: in the 
evaporation zone the precursor 
(paracyclophan) is heated up to 380 - 420K. 
The paracyclophane pyrolyses at 930K 
giving rise to biradicals of paraxylylene. 
These molecules then deposit without 
polymerisation onto a cooled (down to 77K) 
substrate. The flux of metal Al atoms 
evaporated from a bulk sample condenses 
onto the substrate together with the 
monomer. The condensate consists of 
nanoparticles of Al and the monomer. In 

heating the substrate up to ambient 
temperature the monomer polymerises to 
poly-para-xylylene. The structure thus 
obtained is a porous matrix with dispersed 
nanoparticles in it. Below we present the 
properties of nanocomposites containing 
metal Al or Al-oxide nanoparticles in the 
poly-para-xylylene (PPX) matrix. 
Manipulating the synthesis conditions (the 
distance between the vapour source and the 
substrate, the tilt angle of the beam, and the 
deposition time) allowed for optimising the 
deposition regime.  

The metal content in the composites was 
calculated by atomic absorption analysis 
using a Perkin-Elmer 503 spectrometer. 

The morphology of nanocomposites was 
observed by means of transmission electron 
microscope (JEM-2000 ЕХ-II) at 200kV. 
Samples for TEM were prepared by standard 
procedures including separation of 
nanocomposite layer from NaCl substrate in 
water, and the film deposition onto Cu grid 
for further investigations. The surface 
morphology and composite structure of 
nanocomposites were studied by Atomic 
Force Microscopy (SOLVER-P47) with an 
etched silicon cantilever having a tip radius 
of 10nm and 20o apex angle. Data were 
taken in ambient air with a contact force of 
10-10N. 

A Derivatograf Q-1500 thermal analysis 
system with a simultaneous TG-DTA 
module was used for assessing the thermal 
behaviour of nanomaterials and 
conventional powders in air. The sample 
powder (200mg) and the reference powder 
corundum (200mg) were placed in alumina 
pans and heated at 200C min�1 from 30 to 
5000C. TG mass, DTA baseline and 
temperature calibrations were performed 
prior to the experiments. 
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Conventional materials 
 
For comparison, conventional AN, RDX 

powders and its mixtures � compositions of 
various percentage � were also investigated. 
We used ordinary-grade powders (the mean 
particles size of the ammonium nitrite 
powder is 200µm, and of RDX - 50µm). We 
studied conventional powders by FTIR 
spectroscopy and TG-DTA analysis. To 
investigate the mixtures AN/RDX by 
thermal analysis cylindrical pellets were 
fabricated.  

 
RESULTS AND DISCUSSION 
 
Al/polymer nanocomposites 
 
Structure and morphology 

Freshly synthesized Al-containing 
samples are normally dark colour with a 
metallic lustre in vacuum. On contacting 
with the ambient air the sample#3 became 
transparent whereas samples ##1,2 do not 
change their colour.  

 Electron diffraction patterns show a 
high degree of crystallinity of investigated 
samples. Figures 6-8 show the TEM 
micrographs, selected area electron 
diffraction (SAED) patterns, and histograms 
of the particle size distribution of the 
synthesized Al-containing nanocomposites 
as observed by TEM. It was found that all 
the investigated samples are formed by 
nanoparticles rather homogeneously 
dispersed within poly-para-xylylene 
globules. Table 1 shows the crystal phase 
and the average particle size of Al and Al2O3 
within synthesized nanocomposites. The 
resulting photomicrographs for sample #1 
(Fig. 6) indicate that composite contains 
aluminium nanoparticles with the average 
size of 10nm and no other crystal phases 
were founded. On the contrary sample #3 
(Fig. 8) contains rhombohedral Al2O3 
(corundum) with the following crystal 
parameters a=4,7592Å, c=12,992Å. Sample 
#2 consists of aluminium and alumina 
nanoparticles embedded into polymeric 
matrix (Fig. 7).  

 

 
Table 1. Parameters of synthesized nanocomposites 

 
Sample 

number 

Inorganic phase 

content, m% 

Crystal phase Al  

dm, nm 

Al2O3  

dm, nm 

#1 12 Al 10 - 

#2 10 Al + Al2O3 6 28 

#3 8 Al2O3 - 55 
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Figure 6. Sample #1: a)TEM (light field) and SAED of Al nanoparticles within 

Al/PPX nanocomposite (sample#1), b) Al particle size distribution. 
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Figure 7. Sample #2: a)TEM (light field) of Al  and Al2O3 nanoparticles, b) Al and 

Al2O3 particle size distribution. 
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Figure 8. Sample #3: a)TEM (light field) and SAED of Al2O3 nanoparticles, b) Al2O3 

particle size distribution. 
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Oxidation behaviour 

 

Substantial differences in oxidation 
behaviour exist between samples. Figure 9-
11 shows the resistivity change of freshly 
synthesized samples 1-3 when exposed to air 
at 1atm. According to above TEM results, 
nanoparticles in sample #1 are aluminium 
crystallines, which is clearly reflected in the 
small increase of the electrical resistance 
(Fig. 9) during air exposure (∆Rmax=5.5%).  
However, the electrical resistivity of sample 
#3 increases dramatically during several 
seconds (Fig. 11). In fact, nanoparticles in 
this sample are pure alumina, dielectric 
material. The high resistivity of 
nanocomposite is caused by high resistivity 
of alumina particles and large distance 
between them. 

 TEM micrographs of sample #2 
revealed an alumina and aluminum 
crystallines within polymeric matrix. The 
dramatic increase in resistivity is followed 
by sharp decrease after 84s of air exposure 

(Fig. 10), which could be attributed to the 
new current paths formation to by-pass areas 
with the high alumina content.  
 
 Discussion 

As it was shown earlier [18], 
synthesized metal/polymer nanocomposites 
have an open porosity, and all the 
nanoparticles are fully accessible to oxygen. 
However, the experimental data shows that 
the equivalent oxygen accessibility doesn�t 
lead to oxidation for some composites.   

Metal nanoparticles of sample #1 
(above the percolation threshold [18]) do not 
form a continuous net of contacting 
particles; the average distance between 
nanoparticles is 50nm. Experiments show 
that the interparticle charging and the 
electron exchange occur within ensemble of 
Al nanoparticles. Thus the electrical field, 
which prevent the oxygen ions movement 

  Figure 9. Kinetics of oxidation during air exposure at room temperature of sample #1. 
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Figure 11. Kinetics of oxidation during air exposure at room temperature of sample 

#3. 
 
 
 
 

Figure 10. Kinetics of oxidation during air exposure at room temperature of 
sample #2. 
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towards the metal ions, is formed. As a 
result, the metal oxidation does not occur. 
For the sample #3 (below the percolation 
threshold) the distance between particles is 
too large for the interparticle charging, 
therefore all the metal nanoparticles are 
oxidizing in air. The Al metal oxidation is a 
highly exothermic process, so the polymeric 
matrix is to be heated. Considering the quite 
low glass temperature of poly-para-xylylene  
600С [19], the high oxide nanoparticles 
migration and aggregation could be 
proposed. This fact is reflected in relatively 
large particle size of alumina (55nm) within 
sample #3. Oxidizing process is extremely 
fast; the resistivity growth is about 600%.  

Sample #2 contains nanoparticles of 
two types � type I are connected into 
percolative cluster whereas nanoparticles of 
type II form isolated clusters. During 
oxidation the latter react and oxidize very 
fast, similar to sample #3. The average 
number of metal particles to form one 
alumina particle could be estimated as 100-

500. Nanoparticles of type I form 
percolative cluster, they doesn�t oxidize in 
air because of the interparticle charging 
effect discussed above.  
 Thus, the observed experimental data 
show that the structure of Al/polymer 
nanocomposite defines its oxidation 
behaviour.   

Vacuum co-deposition route allows 
the formation of Al nanoparticles directly in 
the polymer medium. Above the percolation 
threshold Al nanoparticles does not oxidize 
in air, which offer a promising approach to 
the preparation of Al/oxidizer 
nanocomposites for high-energy 
applications. 

Preliminary experiments show that 
promising candidates for such systems could 
be Al/ammonium nitrite and Al/sodium 
nitrite nanocomposites. We are currently 
investigating the preparation and properties 
of such materials. Thermal properties and 
combustion behavior of these systems are to 
be reported subsequently. 

 

       
 
 
 
 
 
 
 
 
 

 
 
 
AN/RDX nanomaterials 
 
Structure and morphology 

 
Our previous experiments [17] show that 

nanoparticles of AN, RDX and AN/RDX 
nanocomposites could be synthesized via 
vacuum co-deposition technique. Fig. 12 
presents the morphology of RDX 
nanoparticles synthesized under the 
following conditions: temperature of 
evaporation 158oC, time of deposition 30sec.  

FTIR observations of AN precursor 
powder and AN synthesized nanopowder 
show the absence of any chemical changes 
in the precursor micro-sized powder being 
converted to nano-size material (Fig. 13). 

Figure 12. TEM image of 
RDX particles synthesized via 
vacuum deposition technique. 

100nm 



 

 

Similarly, the infrared absorbance spectra of 
RDX precursor powder and synthesized 

nanomaterial are quite similar (Fig. 14).

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

               
 
 
 

Figure 13. Infrared 
absorbance spectra 
of AN precursor 
powder (1) and AN 
synthesized 
nanopowders (2). 
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Figure  14. Infrared 
absorbance spectra 
of RDX precursor 
powder (1) and 
RDX synthesized 
nanopowders (2). 

1 
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Pressed pellets made of pure RDX 
nanopowder and micron-sized powder have 
been characterized with Atomic Force 
Microscopy to study the morphology and the 
particle size on the surface of the pellets.  
We observe a considerable difference in the 
surface morphology: the micron-sized 
material is formed by big grains, which are 
closely packed (Fig. 15), whereas the 

particles of RDX nanopowder are 
predominantly spherical in shape having an 
average size about 50nm, and are accessible 
to the ambient gas (Fig. 16). The coagulation 
of nanoparticles during the powder 
processing after synthesis (removing from 
the quartz substrate and pressing into 
tablets) does not occur.  
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Figure 15. AFM images 
of pressed tablets of 
RDX micron-sized 

powder 
110

Figure 16. AFM image of 
pressed tablets of RDX 

nanopowder 
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Thermal analysis 
 

In order to determine the size effect on 
the thermal parameters, a differential 
thermal analysis (DTA) was conducted. 
Experiments were carried out with 
synthesized nanopowders and with a 
reference materials of an ordinary micron- 
sized powders of RDX, AN and its mixtures 
(Table 2).  

Figure 17 shows the DTA results for AN 
nanopowders and conventional material in 
air at a heating rate 20oC/min. Several 
endothermic peaks corresponding to the AN 
polymorph transformations and to the AN 
melting were observed, and at an onset 
temperature of 206±50C the exotherm of 
intensive thermal decomposition of AN is 
noted. There is a noticeable difference in the 
peak areas of the exotherms of the AN 
thermal decomposition. The peak area 
corresponds to the enthalpy change of the 

exotherm and can be used for qualitative 
comparison. Fig. 17 shows that the enthalpy 
change for AN nanopowders is less than for 
the conventional powder. 

The DTA results for RDX are compared 
with those for nanopowder and micron-sized 
powder in Fig. 18. The melting point of 
RDX near 190±5oC is observed for the both 
powders. An exotherm was noted at an onset 
temperature of 215±5oC. There are no 
significant differences in the enthalpy 
change during RDX decomposition between 
the ordinary-grade powder and the 
nanopowders.  

The differences between the thermal 
behaviour of AN/RDX mixtures were not 
observed (Fig. 19): DTA curves for the 
tablets of conventional powder and of 
nanocomposite powder are very similar.

 
Table 2. Thermal analysis tests on AN, RDX and its compositions 
 

Sample Mass, mg 

 
Mean particle 

size 
 

Sample state 

AN nanopowders 
 200 50nm Loose powder 

AN conventional 
powder 200 200µm Loose powder 

RDX conventional 
powder 200 50µm Loose powder 

RDX nanopowders 
 200 50nm Loose powder 

55.8%AN/44.2%RDX 
nanocomposite 100 50nm/50nm Pressed tablets, porosity 10,43% 

55.8AN/44.2%RDX 
conventional mixture 

 
100 200µm /50µm Pressed tablets, porosity 8,50% 
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DTA curves for AN powders
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DTA curves for RDX powders
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DTA curves for micron-sized and nano-sized pressed 

tablets of 55.6%RDX/44.4%AN
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Figure 17. DTA curves 
for AN powders (200mg) 
of different particle size:

Solid line - d=200µµµµm, 
dotted line – d=50nm 

Figure 18. DTA curves 
for RDX powders 

(200mg) of different 
particle size: 

Solid line – d=50µµµµm 
dotted line – d=50nm 

Figure 19. DTA curves 
for RDX/AN pressed 

tablets (100mg): 
solid line – conventional 

sample, dotted line –
nanocomposite 
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Burning rate test 

 
The linear burn rate was measured at 

pressure 10MPa in the nitrogen atmosphere. 
Three cylindrical pellets (d=5mm, h=7mm) 
were glued to form one sample (d=5mm) to 
increase the measurement accuracy. Data 
from three different experiments were 
averaged.  

In order to produce linearly burning 
pellets, the sides and bottom of each sample 
were inhibited with two-part epoxy. An 
electric match was taped on the top of 
ignition mixture, which was painted onto the 
top of the sample. The recorded pressure 
history shows two peaks of which the first 
one is due to the combustion of the ignition 
mixture and the second one is due to the 
burning of the special mixture (indicator) 
placed under the bottom of the sample. The 

calculated average accuracy of the burning 
rate measurements is ±3%.  

Pure AN and pure RDX samples of 
nanopowders were studied in present work. 
Reference samples contained ordinary 
micron-sized ingredients were fabricated. 
Table 3 shows studied formulations, and the 
burning rate data for the compositions of AN 
and RDX at pressure 10MPa.  

The conventional pure RDX sample had 
a burning rate of 15.1mm/s, however the 
RDX nanopowders exhibits a burning rate of 
30mm/s. The large surface area of the 
nanoparticles is certainly a factor in 
explaining this result.  The pure AN samples 
were ignited, but the combustion wave failed 
to propagate. 

 
Table 3. Compositions for the burning test and the burning rate values  

(the average of three experiments) 

Sample number Material 
Average density 

of the tablets, 
g/cm3 

Porosity, % Average burning rate, mm/s 

1 AN, 50nm 1,67 8,05 Failed  
2 AN, 50nm 1,67 8,26 to 
3 AN, 50nm 1,67 8,05 propagate 
4 RDX, 50nm 1,59 12,76  
5 RDX, 50nm 1,67 8,46 30mm/s  
6 RDX, 50nm 1,60 12,21   
7 AN, 200µm 1,66 8,62 Failed  
8 AN, 200µm 1,66 8,62 to 
9 AN, 200µm 1,67 8,26 propagate 
10 RDX, 50µm 1,65 9,21  
11 RDX, 50µm 1,68 7,89 15,1mm/s  
12 RDX, 50µm 1,66 9,05   
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Discussion 

The FTIR data show that the 
synthesised AN and RDX nanomaterials are 
completely identical to theirs precursors. 
TEM and AFM studies allow characterizing 
synthesized powders as nanomaterials with 
an average particle size about 50nm. 
Nanocomposites AN/RDX were also 
synthesized and investigated. AFM 
examination of the upper surface of the 
pressed tablet shows the homogeneously 
distributed nanoparticles of ingredients 
having size about 50nm. The nanopowder 
processing into tablets does not lead to 
particle coagulation and aggregation.  

The results of differential thermal 
analysis show that there isn�t any 
considerable difference in the thermal 
behaviour of nanomaterials and 
conventional powders for RDX and 
AN/RDX samples. The only difference 
found is the enthalpy change for the thermal 
decomposition of AN � the heat release for 
nanopowders is less than for the 
conventional one.  

An interesting result is found by 
comparing the burn rate values of pure RDX 
with nanopowder and micron-sized powder. 
The burn rate increases by a factor 2 with 
the particle size reduction to the nano-scale. 
This implies that the nano-scale effects 
considerably affect the mechanism of RDX 
combustion.  

Several factors could be responsible 
for the observed particle size influence. 
Atomic Force Microscopy shows that the 
RDX nanoparticles within pressed sample 
are much more accessible for the RDX 
decomposition gas products, as the micron-
sized RDX grains. The exothermic reactions 
of gasification and thermal decomposition of 
molten RDX on the burn surface are further 
assisted by inward diffusion of RDX 
decomposition gas products from the gas 
phase into the reacting layer.  Considering 
the large surface area of nanoparticles and 

enhanced at high pressures heat feedback 
from the gas phase [20], the total 
acceleration in the heat release process in the 
reacting layer could be proposed.  

 
SUMMARY 

 
Cold-wall vacuum co-deposition 

process has been successfully used to obtain 
AN, RDX nanopowders and AN/RDX, 
Al/polymer nanocomposites.  

By varying the experimental 
conditions the nanocomposites with 
different Al concentration has been 
synthesized. TEM analysis of 
nanocomposite with Al content above the 
percolation threshold shows spherical pure 
metal nanoparticles with a mean diameter 
near 10nm, while below the percolation 
threshold the composite contains 
agglomerates of rhombohedral Al2O3 
(corundum) with a mean size of 55nm. 
Sample with the metal concentration just on 
the percolation threshold is formed by metal 
nanoparticles of 10nm and alumina 
aggregates of 28nm in diameter. Inorganic 
phase is homogeneously dispersed within 
polymeric matrix in all of investigated 
samples.  Measurements of oxidation 
kinetics in air reveal the metal-like 
conductivity of sample above the percolation 
threshold, whereas sample below threshold 
has semiconductor-like conductivity. It has 
been shown that the nanocomposites 
structure determines the oxidation behaviour 
of Al nanoparticles within polymeric matrix 
under air exposure.  Results clearly show 
that cooperative effects arising in 
Al/polymer nanocomposites in the vicinity 
of the percolation threshold define its 
chemical properties. 

More work is needed to study the 
synthesis and properties of Al/oxidizer 
nanocomposites based on the above results.  

Experiments show that the chemical 
structure of synthesized RDX, AN 
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nanopowders is completely identical to the 
ordinary grade powder. Nevertheless, the 
burn rate value of pure RDX could be 
doubled when nanopowder is used instead of 
conventional one.  

Thermal analysis shows that the heat 
release of the AN nanopowder 
decomposition decreases in comparison with 
the conventional powder. Experimental 
study of this effect has to be continued. 

Further work as to detailed the burn 
rate dependency on pressure and burn 
surface temperatures of the nano-sized 
RDX, AN, and AN/RDX composites is in 
progress. 
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Abstract 
In a joint program, the U.S. Army and Navy are developing technology to demilitarize 
illuminating flares containing magnesium.  Currently, methods are being evaluated to provide a 
higher purity magnesium (Mg) that has less oxidation and binder contamination.  Analytical 
methods are also being tested to provide a more efficient method of characterizing the recovered 
magnesium.  Performance and durability testing will be performed on flares manufactured with 
magnesium from the pilot plant to fully qualify the use of the reclaimed magnesium in SM-875A 
Simulator Flares and 60-mm M721 Illuminating Flares.  Analytical characterization shows the 
recovered Mg to be 99% pure with very little oxidation and binder contamination.  The use of 
recovered Mg in illuminating flares looks very promising, while use in the SM-875A still 
requires some optimization. 
 
 
Background 

There are over 540,000 illuminating 
flares in the U.S. military services which are 
awaiting demilitarization and disposal [1].  
These flares contain over 495,000 pounds of 
magnesium.  The only current method for 
disposal of these obsolete flares is by 
opening burning/open detonation (OB/OD), 
which not only releases pollutants into the 
environment but also destroys valuable 
resources and does not allow for resource 
recovery and recycling.  Both the 
magnesium and the sodium nitrate contained 
in the flare composition are considered 
value-added products once recovered. 
 

The Naval Surface Warfare Center, 
Crane Division (NSWC Crane) and the 
Tank-Automotive and Armaments 
Command-Army Research, Development 
and Engineering Center (TACOM-ARDEC) 
are jointly developing technology for the 
cost-effective demilitarization of 
illuminating flares containing magnesium.  
The program is being conducted under a 
contract to TPL, Inc., Albuquerque, NM and 
is in support of the Army’s Demilitarization 

Technology R&D Program for Conventional 
Ammunition and the Naval Air System 
Command’s Expendable Countermeasure 
Program (NAVAIRSYSCOM).  In 1996 
NSWC Crane awarded a Small Business 
Innovative Research (SBIR) Phase I contract 
to TPL, Inc. to investigate methods and 
technologies that could reclaim ingredients 
from various pyrotechnic formulations.  A 
variety of technologies were investigated 
under the Phase I work effort, each of which 
offered potential for significant reduction in 
net demilitarization costs through sale of 
products or reuse of materials.  Three 
pyrotechnic munition families were looked 
at specifically: the M206 countermeasure 
flare as a representative of MTV containing 
items; metal fuel/salt oxidizer flares such as 
the Mk 45 (magnesium and sodium nitrate) 
and Photoflash (aluminum, barium nitrate, 
and potassium perchlorate); and the Mk 13 
Mod 0 smoke composition, as a 
representative of colored smokes which 
contain organic dyes [2].  The Phase II 
effort, completed in early 2001, developed a 
process for use of liquid ammonia in 
demilitarization of metal/salt pyrotechnic 
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mixtures.  TPL also developed a 
comminution technology for pyrotechnic 
compositions.  However, bench-scale 
experiments of magnesium/sodium nitrate 
pyrotechnics demonstrated that the Laminac 
binder was partially soluble in liquid 
ammonia, and therefore comminution was 
not necessary.  Preliminary qualification 
tests were performed to assess the feasibility 
of using reclaimed Mg in this process in 
Navy training rounds and illuminating 
flares.  The results looked promising, but 
there was some candlepower (CP) reduction 
in comparison to the control.  A more pure 
recovered Mg is needed to provide a higher 
candlepower output.  TPL also designed a 
pilot-scale operation for separating the metal 
fuel from the salt oxidizer [3].   
 

A Phase III contract was awarded to 
TPL in 2001 to construct and demonstrate a 
pilot plant for recovery of Mg from 
illuminating flares and to optimize the 
recovery process.  This optimization will 
include reduction of oxide impurity from 
recovered Mg, extraction of sodium nitrate 
and binder, secondary treatment to fully 
remove binder, and by-product development 
and waste disposal.  The 
operation/optimization data will then be 
incorporated into the conceptual design of 
the prototype plant.  TPL will also perform 
chemical characterization of the recovered 
Mg, under the military specification, 
Powders, Metal, Atomized (MIL-P-
14067B).  TPL will then provide 50 and 600 
lbs of recovered Mg with certifications to 
NSWC Crane and U.S. Army TACOM-
ARDEC, respectively. 
 

There is a considerable potential cost 
savings to be realized in the use of reclaimed 
magnesium in expendable countermeasure 
training rounds (SM 875A) and illuminating 
rounds.  The SM-875A is a Navy decoy 
training round which consists of magnesium 

(58%), sodium nitrate (36%) and a binder 
(6%).  The SM875A represents 80% of the 
non-combat expenditure allocation for 
operational infrared countermeasures.  There 
is a requirement in excess of 350,000 of the 
SM875A rounds annually.   
 
Pilot Plant 
 The pilot plant consists of a flare 
peeler, tumbler, Mg collector, polishing 
apparatus, and oven.  The peeler is used to 
remove the cardboard layer encasing the 
flare grain (Figure 1).  
 

 
Figure 1. Flare Peeler 

 
The key component of the pilot plant is the 
tumbler.  It is a 6.85 gallon stainless steel 
container with an attrition-lined interior 
surface (Figure 2).  It can hold 
approximately 16 81-mm flare grains, which 
equates to approximately 8.75 lbs of 
magnesium per batch.  It is anticipated that 
two batches of flares can be processed per 
day which equates to 70 pounds of 
recovered Mg per four-day work week. 
 

 
Figure 2. Tumbler 
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The flares are tumbled in water for about 
four hours.  Once the sodium nitrate has 
been dissolved, the undissolved Mg is then 
transferred to a funnel, which has a mesh 
screen to collect the Mg but allow the 
passage of sodium nitrate solution.  The 
collected Mg is then transferred to a 
polishing apparatus to remove residual 
binder.  The polishing apparatus is a high-
speed agitation tube with four mixing 
blades.  Due to the unwettability of the 
binder, the binder floats to the top while the 
magnesium remains at the bottom of the 
tube.  The pH of the water is maintained at 
10 to inhibit oxidation.  The wet magnesium 
is then filtered, initially dried with dry 
nitrogen and then placed in an oven  at 55 
°C for final drying. 
 
Analytical Characterization 

A comparison was made between 
magnesium that was provided by Crane 
Army Ammunition Activity (CAAA) and 
the reclaimed Mg from TPL, Inc.  In all 
cases, the control sample was the CAAA 
Mg.  The following methods were used to 
characterize the magnesium samples: Auger 
Electron Spectroscopy (AES), Ion-Exchange 
Chromatography, Total Organic Content, 
Moisture/Volatiles Analysis, and Flame 
Atomic Absorption Spectroscopy (Fame 
AA). 

 
AES was used to determine the oxide 

thickness on the magnesium particles and to 
observe the particle shape.  To analyze 
samples in depth, Auger instruments 
incorporate ion beam sputtering to remove 
material from the sample surface.  The 
average oxide coating on the reclaimed 
magnesium was approximately 240 nm 
thick, while the control sample was 180 nm 
in thickness.  Figure 3 shows electron 
micrographs of the reclaimed Mg and 
control Mg. 
 

 
a) b) 
Figure 3. a) Reclaimed Mg; b) Control Mg 

From these micrographs it is difficult to 
differentiate between the control and the 
reclaimed Mg.  The reclaimed Mg particles 
appear to be spherical and uniform.  
 

Table 1 compares the analytical 
results of the magnesium samples with the 
requirements in MIL-P-14067B. 

Table 1. Analytical Result 
Analysis Reclaimed 

Mg 
Control 
Mg 

Mil 
Spec 

Nitrate <0.4ppm <0.4ppm -- 
Volatiles .012% .010% Max. % 

0.1 
Total Mg 99.0% 101.2% Min. % 

98 
Elemental 
Mg 

97.0% 100.2% -- 

Fe .012% .008% Max. % 
.05 

%Pb .003% .007% -- 
Si <5ppm .109% -- 
Zn .003% .007% Max. % 

1.5 
TOC 0.39% 0.16% -- 
Impurities   Max. % 

0.3 
 
Nitrate analysis was performed to ensure 
that there was adequate washing of the 
magnesium from the sodium nitrate/water 
solution.  The results show no presence of 
nitrates.  Elemental magnesium was 
analyzed using a titration method in which 
the magnesium sample was washed in 
chromic acid (elemental Mg remains 
undissolved) and filtered.  The undissolved 
Mg in the crucible was then transferred to a 
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beaker and the crucible was washed with 
hydrochloric acid.  The elemental Mg was 
titrated with ethylenediaminetetraacetic acid 
(EDTA).  EDTA is a chelating ligand, which 
binds only to elemental magnesium.  The 
titration results indicate 97% pure elemental 
Mg for the recovered Mg.  Trace metal 
analysis shows very little trace metals 
contamination.  The total Mg analysis 
indicates that there is probably 2% MgO 
contamination.  Less than 0.4% organics 
was detected for the recovered Mg.   
 
Qualification Testing 

Preliminary results from 
qualification testing from the bench scale 
reclaimed Mg indicate that the reclaimed 
Mg (% purity) can be used in training 
rounds such as the SM-875A.  Military 
specifications require that these training 
rounds burn for less than five seconds and 
be visible in the air.  The burn times were 
acceptable but there was some candlepower 
reduction in comparison to the control.  The 
following table represents the mixes used in 
the testing.  A mix of virgin Gran 16 and 
recovered Mg was used to formulate the 
flares.  

 
Table 2. SM-875A Flare Mixes 

Reclaim 
Mg 

Virgin
Mg 

CP 
(cd) 

Burn time 
(sec) 

40% 60% 33502 3.0 
50% 50% 35942 3.5 
60% 40% 31536 3.7 
0% 100% 72265 3.0 
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Figure 4. Candlepower of Virgin Mg  and 50/50 
Reclaimed/virgin Mg 
 
Candlepower was measured in a 
photometric tunnel with 12mph airflow. 
From Table 2 and Figure 4, it can be seen 
that there is considerable candlepower 
reduction.  On a more promising note, the 
burn times were still within specification, 
even though a higher percentage of 
reclaimed Mg was used.  Further testing and 
formulation optimization will be needed. It 
is anticipated that with higher purity 
recovered Mg, there will be less 
candlepower reduction.   
 
 Reclaimed Mg was also formulated 
into 60-mm M721 illuminating flares by 
CAAA.  Four 10 lb batches of illuminating 
composition were mixed and pressed: three 
batches contained various amounts of 
reclaimed Mg and one was a control batch 
using virgin 30/40 mesh Mg.  The burn 
times and candlepower (CP) were 
determined at the photometric tunnel.  
Military specifications require that these 
candles have a minimum burn time of 40 
seconds and an average CP of 300,000, with 
no single candle below 285,000 CP.  Table 3 
summarizes the results. 
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Table 3. 60-mm M721 Illuminating Candles 
Mg/NaNO3/binder CP 

(cd) 
Burn time

(sec) 
Control  
60/34/6 

294,170 46.6 

60/34/6 271,729 48.8 
65/30/5 313,082 43.1 
70/26/4 368,539 37.8 
 
From the table, it can be seen that the use of 
reclaimed Mg in 60-mm rounds is very 
promising.   
 
Discussion 

The water extraction recovery 
process produces a very pure Mg that meets 
the military specification for magnesium 
powder.  It has minimal trace metal and 
binder contamination.  Very little moisture 
is left on the recovered Mg, even though it 
was washed in water.  Most importantly 
there appears to be almost no oxidation of 
the Mg through the use of this process.  It 
has been successfully demonstrated that the 
recovered Mg can be used in Navy training 
rounds and Army 60-mm illuminating flares.  
The use of reclaimed Mg in the 60-mm 
rounds met both the burn time and the 
candlepower requirements.   
 
Conclusions 

This process has been proven to be 
an alternative to incineration of illuminating 
rounds.  This reclamation process recovers a 
much needed valuable resource and at the 
same time addresses the DoD’s 
requirements for pollution prevention, 
greening the government, and resource 
conservation and recovery.  The recovery of 
Mg provides the Navy and Army with Mg at 
a significant cost-savings.  Plans are 
currently underway to scale up to a 
prototype facility.  It will initially be located 
at Ft. Wingte, NM; and after initial 
demonstration, it will be relocated at CAAA.  
The Army has future plans to scale up the 

mixing of the 60-mm rounds and perform 
more qualification tests.  These results will 
be presented to program managers.  It is 
hoped that with PM approval, reclaimed Mg 
can be used in the manufacturing of 
illuminating rounds. 
 
Acknowledgements 

The authors would like to thank Mr. 
William Rock, PMA-272J, 
NAVAIRSYSCOM Expendable 
Countermeasure Program and Mr. Jim 
Wheeler, Defense Ammunition Center, Joint 
Demil Program, for their continued funding 
for this effort 
 
References 
 
1. Resource Recovery and Disposition 

Acccount, JOCG. “Orange Book”  
http://www.dac.army.mil/vista/jocg/inde
x.html.  January 2002. 

 
2. Reclamation/Reuse of Pyrotechnic 

Ingredients Final Report.  TPL-FR-
ER20/2089.1997. 

 
3. Reclamation and Reuse of Pyrotechnic 

Ingredients Final Report.  TPL-FR-
1023/ER33. December 2001. 



 

 462

 



 191

 
FORMATION, CHARACTERIZATION, AND REACTIVITY OF 

NANOENERGETIC POWDERS 
 
 

Jan A. Puszynski 
Chemistry and Chemical Engineering Department 

South Dakota School of Mines and Technology 
Rapid City, SD 57701 

Tel: 605/394-1230 
Fax: 605/394-1232 

E-mail: Jan.Puszynski@sdsmt.edu 
 
 

ABSTRACT 
There is an increasing need for a variety of nano-sized materials.  It has been well documented 
that reactivity of nano-powders as well as bulk properties of materials derived from nano-
particulates might be significantly different than those obtained from micron-sized grains.  There 
exist many techniques of synthesizing nano-powders.  In this paper, a review of various nano-
powder generation and synthesis methods is presented.  The main focus is on the formation of 
nano-sized aluminum powders.  The issues related to the characterization of nano-powders, their 
protective coatings, oxidation resistance, reactivity with moisture, dispersion in solvents, mixing 
of binary systems consisting of different nano-reactants, and the measurement of the combustion 
characteristics in condensed phase systems are presented as well. 
 
 
INTRODUCTION 
 Due to the continuous demand for more reactive materials there has been a significant 
effort made to produce nano-sized reactive powders, including aluminum nano-powders. Those 
powders burn more rapidly in the presence of oxidizers than micron-size aluminum powders.  
Burning velocities of reacting systems consisting of nano-powders may be two orders of 
magnitude higher. In addition, those powders, when burnt as an integral part of a propellant, may 
significantly reduce the agglomeration of alumina droplets formed in the combustion zone, 
reduce slag formation, and therefore make the combustion process more stable.   
 
 There exist several techniques of generating nano-sized aluminum powders.  They may 
be categorized as: i) low temperature processes, and ii) high temperature processes [1,2]. The 
first group includes sol-gel and other colloidal chemistry methods, as well as high-energy 
mechanical milling of larger particles [3].    The formation of metal nano-powders from gaseous 
precursors has received considerable attention in recent years.  Chemical synthesis methods of 
nano-powders from gaseous precursors can be classified into several major categories: i) thermal 
decomposition reactions; ii) hydrogen reduction; and iii) metal reduction of halides. The majority 
of gaseous reactions can be categorized as endothermic in their nature.  Therefore, an external 
source of energy is normally required.  This energy may be provided by: i) flame, ii) RF or DC 
plasma, and iii) laser [4].   
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 Many metallic nano-powders may also be produced by vaporization of a metal and the 
subsequent condensation of a generated vapor. If the uniform distribution of particles is desired, 
a condensation process has to be carried out in such a way that both nucleation and particle 
growth are well controlled.   
 
 Plasma chemical synthesis offers the advantage of a single step continuous process.  Metallic 
powders are formed in a vapor phase at extremely high temperatures (T>15,000 K).  Powders 
synthesized by this technique are usually very fine ( < 100 nm).  In many instances metastable 
high-temperature phases are formed due to a rapid quenching.  A plasma synthesis process 
consist of: i) plasma generation; ii) reaction in the plasma gas; iii) quenching of the reaction 
products; and iv) separation and collection of the products. 
Two basic techniques of plasma generation are used in powder synthesis: DC arc plasma [5]; and 
RF inductively coupled plasma [5,6]. The major component of DC plasma equipment is a plasma 
torch, which consists of cathode, anode, and cooling jacket.  Plasma gases are usually injected 
into the system tangentially and passed through the gap between the cathode and the anode 
created by the special swirling channel (high swirling velocities are necessary for a stable plasma 
arc).  The reactants might be injected into the plasma gas through the torch or radially through an 
independent feed port. The RF inductively coupled plasma is generated by an electrodeless 
discharge and therefore any contamination by the electrode materials is eliminated.  DC plasma 
reactor exhibits larger thermal efficiency, lower capital cost, higher plasma temperatures, and 
greater stability during cold gas and particle injection.  The choice of an injection position 
depends on the chemical compatibility of reactants with the electrodes and the overall reaction 
chemistry.  
 
     A large variety of simple reactants can be introduced into plasma, ranging from elemental and 
binary solids to gaseous components.  Complex organometallic, organic, and inorganic reactants 
can also be used.  However, the choice of reactants will largely be based on economics and 
reaction chemistry.  Quenching plays a major role in plasma synthesis by terminating chemical 
reactions, "freezing" high temperature phase as a metastable room temperature material, and 
partial controlling the size distribution of nano-sized powders.  A quench rate might vary from 
103 to 108 K⋅s-1.  The common methods of plasma quenching include: i) mixing with a cold gas, 
ii) injection into a fluidized bed, iii) contact with a cold surface, and iv) evaporation of a liquid 
spray.  The formed submicron particles can be collected using: i) bag filters, ii) electrostatic 
precipitators, iii) cyclones, iv) absorption in liquids, and v) cold surfaces.  However, a 
continuous collection and removal of such powders is very challenging due to their low bulk 
densities and a high sensitivity to oxidation of those materials.  It has been demonstrated that 
many metallic powders, including aluminum, can be generated by a plasma technique.  Up to 
now, the main challenging tasks are: i) elimination of hard aggregates, and ii) capability of 
generation of nano-powders with a narrow particle size distribution. 
 

It has been demonstrated that various gas-phase synthesis methods seems to be the most 
suitable for a generation of spherical nano-sized metallic powders, such as aluminum, titanium, 
zinc, and magnesium [1,7,8].  These techniques differ only in the formation of the metal vapors, 
which subsequently are condensed in the inert gas.  The particle size distribution from laser 
ablation methods is broad and its low production rate is very expensive due to the high cost of 
the energy and laser system.  Formation of particles by sputtering techniques is similar to that in 
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laser ablation where high-energy ions are used to form the saturated metal vapors.  These 
procedures also suffer from the problem of low output and wide particle size distribution.  Wire-
explosion technique also leads to powders with very wide particle size distribution.  Thermal 
plasmas are formed by passage of argon/hydrogen gas mixtures through a high power energy 
source to ionize the gas molecules.  Both, induction or transfer-arc plasma systems can be used 
for evaporation of metals.  Although the plasma systems are more amenable to scale-up than 
other techniques, the nano-sized powders formed in those systems exhibit a large number of 
“hard agglomerates”, which cannot be easily broken by subsequent dispersion techniques.  The 
hard agglomerates are formed in plasmas because of nonuniform quench rates across the plasma 
stream.  Up to now, the most successful method for the formation of uniform nano-particles has 
been vapor condensation into a flowing inert gas under reduced gas pressures.  Using this 
technique, various metallic powders, including: magnesium, nickel, tin, silver, zinc, copper, and 
aluminum were successfully generated [9].  The average particle size of powders generated by 
this method might be in the range between 5 and 100 nm.  The particle size can be controlled by 
the flow and type of the inert gas, total gas pressure, temperature of the evaporating metal, and 
geometry of the vaporization-condensation system. As an example the effect of the inert gas 
pressure on the formation of aluminum and copper is shown in Figure 1 [9].  

 
Figure 1. Average particle size of Cu and Al produced by vacuum condensation technique [9]. 
 
      The objectives of this paper are: i) present the recent experimental data on the formation of 
nano-sized aluminum powders by a vacuum vapor condensation technique and ii) present the 
data on reactivity, dispersion, and characterization of nano-powders of aluminum.  
 
EXPERIMENTAL 
The Formation of Aluminum Nano-powders. 
 The experimental setup of vacuum condensation process of generating aluminum 
nanopowders is shown in Figure 2.   The high purity aluminum wire (Al content > 99.95%) was 
continuously fed into the controlled-vacuum chamber.  The aluminum was evaporated from the 
resistively heated ceramic boat (BN/TiB2 composite) into the flowing helium or argon gases.  
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Prior to the collection system, generated nanoparticles were passivated with oxygen injected into 
the system.  Powders were collected and further handled in a glove box with controlled 
atmosphere until they were fully passivated.   
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 Figure 2. Schematic of the nanosized aluminum generator and collection systems [13]. 
 
 Generated aluminum nanopowders were characterized using specific surface area, 
TEM/STEM, X-ray diffraction, DTA, DSC, TGA, and other chemical analyses. 
 
 
RESULTS 
 The effect of the total pressure on the specific surface area and reactive aluminum content 
produced by the vaporization of aluminum at 1620oC is shown in Figure 3.  It is clearly shown 
that the specific surface area decreases with the increasing pressure.  This observation 
qualitatively agrees with the data shown in Figure 1.  It was also found that aluminum nano-
powders formed in argon atmosphere have significantly lower specific surface area than those 
generated in helium under identical conditions. 
 
     A typical TEM photograph of aluminum nano-powders formed by the vapor condensation 
technique is shown in Figure 4.   The experimental data indicate that nano-sized powders with an 
average particle size between 20 to 100 nm can be obtained in a continuous generator.   
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Figure 3. The effect of helium pressure on the specific surface area and reactive content of  
                     aluminum nano-powders generated by vacuum condensation technique. 
 
 

 
 
 
 
 
 
 
 

 
 
 

 
 

 
 
 
 
 
 
Figure 4. TEM photograph of Al nanopowders formed by vapor condensation in the helium  
               atmosphere (analyses done by the Livermore National Laboratory). 
 
It was determined experimentally that the thickness of oxide layer surrounding aluminum 
particle is usually between 1.5 to 2.5 nm.  It was found by X-ray diffraction that this protective 
layer consists of amorphous aluminum oxide [13].   
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It was also determined using FTIR, TGA, and DSC that aluminum nano-powders exposed to low 
humidity levels (below 50%) do not have any significant amount of OH groups.  However, when 
such powders are exposed to almost 100% humid air, the hydrolysis is very fast (see Figure 5). 
  

 Figure 5. Effect of humidity on a reactive aluminum content in nano-powders. 
 
The calculated specific surface areas of nano-sized aluminum powders generated by vapor 
condensation in argon and helium at different pressures are shown in Figure 6.  The results 
agrees well with those observed experimentally [13]. 

 
 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
Figure 6.  Calculated specific surface area of aluminum nano-powders generated by vapor 
      condensation technique [13]. 
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 Similarly, molybdenum trioxide powders can be generated by vapor condensation into 
flowing oxygen gas under reduced pressures.  The calculated rates of vaporization are shown in 
Figure 7.  Those rates agree well with those observed experimentally.  The specific surface are of 
molybdenum trioxide nano-powders can be controlled by varying a linear velocity of oxygen 
above the surface of subliming oxide or by changing the total pressure in the system.  The value 
of the specific surface area can be varied from few to hundreds m2/g. 
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Figure 7. Experimental and theoretical rates of molybdenum trioxide vaporization. 

 
 
Dispersion and Mixing of Nano-powders 
 One of the most important parameters affecting combustion rates in binary or ternary 
condensed systems is ultimate contact between reactant’ particles.  In order to mix nano-powders 
adequately, a proper dispersion of individual compounds must be accomplished.  In this research 
study, hexane was used as a liquid.  It was shown that both aluminum and any other oxide were 
very poorly dispersed without proper dispersants.  Several commercial dispersants, including 
sodium dioctyl sulfosuccinate (Cytec Co.), glycidoxypropyl trimethoxysilane (Dow Corning), 
phenyl trimetoxysilane (Dow Corning), and sodium polymethacrylate (R.T. Vanderbilt Co), were 
used in this study.  It was concluded that sodium dioctyl sulfoccinate has been the most suitable 
dispersant in hexane. It was found that 1.5 wt% of the dispersant is to get an adequate dispersion 
(see Figure 8). 
Pure nano-powders or binary mixtures were dispersed and mixed in the presence of sodium 
dioctyl sulfoccinate.  Later, the powdered mixtures were characterized by SEM technique and 
final burn test under unconfined conditions were conducted.  A typical SEM photographs of 
poorly and adequately mixed powders are shown in Figure 9. 
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           (a)          (b) 
 
Figure 8. Dispersion characteristics of aluminum nano-powder (a) without dispersant after 30 s  
               (b) with 1 wt % of sodium dioctyl sulfoccinate after 300 s. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
       (a)        (b) 
 
Figure 9.  SEM analyses: (a) Al-Ni nano-powders – no dispersant, (b) Al-Ni nano-powders with  
                dispersant. 
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Burn Rates in Aluminum – Copper Oxide System 
 Reaction rates between nano-sized aluminum and oxidizers can be significantly greater 
than those observed with traditional micron-sized thermite powders [14-16].  These metastable 
intermolecular composites (MIC) may propagate with burn velocities exceeding five hundred or 
more meters per second.   
In this study, Al-CuO system was investigated.  Thermodynamic calculations clearly indicate 
that the copper product is partially vaporized during the reaction (see Figure 10).  The calculated 
adiabatic temperature using HSC software was found to be 2780K.   
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Figure 10.  Equilibrium concentration profiles in Al-CuO-Ar reacting system. 
 
 
If the reaction is carried in air, copper immediately reacts with oxygen to form its oxide and 
therefore increases the overall temperature of the system.  The reaction between nano-sized 
aluminum and copper oxide is very fast (80-300 m/s under unconfined conditions).  However, 
the measurement of the combustion front velocity is still not well developed.  Commonly, loose 
powdered mixture is ignited by a piezo-electric igniter [15,16].  If the reaction is very fast and a 
partial vaporization of products take place, the unreacted powder may be thrown away from the 
cavity by a rapid expansion of gases.  The powder may still react when dispersed in the gas 
phase.  Unfortunately, the measured velocity in this case is not accurate.  In order to minimize 
the effect of that displacement of powders, the burn test equipment was modified.  Several 
parallel baffles were placed into the reactant mixture in order to minimize the effect of a gas 
expansion.  Several small diameter holes were made in each baffle in order to obtain a sufficient 
contact between powders in each section (possibility of igniting powders in consecutive sections 
– see Figure 11).  The measured velocities in the system without baffles varied between 70 and 
900 m/s.  However, when baffles were used the measured combustion front velocities were 



 

significantly lower (20-50m/s).  A typical two oscilloscope responses from the burn tests 
conducted under unconfined conditions with and without baffles are shown in Figures 12 and 13. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11.  Schematic of equipment for burn measurements. 
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Figure 12.  Responses of two consecutive light signals collected at two diff
                  (no baffles – measured combustion front velocity: 75m/s) 
 
 
 

Vertical plates 

Piezoelectric igniter 

 

e 

s 
 Computer 
Oscilloscope
Reactant mixtur
Photodiode
200

 

erent axial positions  



 201

 
 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0.05 0.055 0.06 0.065 0.07 0.075

Time s

Vo
lta

ge
 V

 
 

Figure 13.  Responses of two consecutive light signals collected at two different axial positions  
                  (parallel baffles-  measured combustion front velocity: 18m/s) 
 
 
CONCLUSIONS 
•  It has been determined that the vacuum vapor condensation is very suitable method of 

generating aluminum nano-powders with a narrow particle size distribution.  It was found 
that the condensation at the helium pressure of approximately of 5 Tr leads results in the 
formation of aluminum nano-powders with the specific surface area of 40-45 m2/g and the 
average particle size of 40 nm.  

•  In-situ and secondary passivation processes with oxygen lead to the formation of a protective 
oxide layer with the thickness between 1.5 to 2.5 nm. 

•  Nano-sized aluminum powders are quite stable in air with the humidity below 40%.  Higher 
humidity levels, especially those close to a saturation conditions lead to very fast hydrolysis 
of powders. 

•  There is a significant need for development and scale-up of continuous reactor/generator 
systems with integrated processing of unpasivated aluminum nano-powders. 

•  The reactivity of binary nano-powders strongly depends on their mixing. 
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DEVELOPMENT OF A HEAT TRANSFER DELAY 
 

Christian W. Salafia and Gregory D. Knowlton 
Talley Defense Systems, Inc. 

Mesa, AZ 85215 
USA 

 
Initial development of the Heat Transfer Delay was for possible use in the M-80 
grenade.  Mission requirements for munitions self-destruct dictate long delay 
times, generally in excess of 30 seconds.  Current technology approaches rely 
principally on electronic delay mechanisms.  In the past, pyrotechnic delays have 
not been able to deliver long delays within required packaging constraints.  In 
1999, Talley Defense Systems developed a patented pyrotechnic Heat Transfer 
Delay (HTD) 1.00” by 0.188” in diameter capable of achieving delay times from 
74 seconds at ambient conditions to 100 seconds at –40oF.  A brief review of heat 
transfer principles will precede a discussion of the critical parameters of the HTD 
system. It will be shown how these parameters drove the development of the 
HTD.  The discussion will also include data and results on the variety of 
pyrotechnic heat sources, autoignition materials, and insulating materials tested to 
arrive at the system optimized for use in the M-80 grenade. 

 
INTRODUCTION 
 
 The initial goal for end use of 
Talley’s patented1 pyrotechnic heat transfer 
delay (HTD) was in the M-80 grenade 
program2. The delay was to serve as 
initiation backup to the stab detonator in the 
munition.  The stab detonator works on the 
principle that, when the munition hits the 
ground or target in the correct orientation, a 
plunger hits an impact sensitive charge 
which detonates the munition.  However, if 
the munition either hits an object before 
landing, resulting in a soft landing, or lands 
in the wrong orientation, the munition may 
fail to function.  This creates a hazardous 
situation for friendly ground troops and 
civilian personnel later, as they could 
inadvertently trip or step on the munition 
causing it to detonate. 
 

Typically pyrotechnic delays can be 
tailored to achieve desired performance.  
Slight variations in delay times can be 
achieved by changing either the burn rate or 
column length.  In a system such as the 

HTD, where column length is fixed, only the 
burning rate can be altered. Space 
constraints in the M-80 grenade make the 
use of a burn rate/column length controlled 
pyrotechnic delay impractical for use in a 
self-destruct system.  An approach focusing 
on heat transfer was developed.  This 
approach was chosen due to the required 
final size of the self-destruct device (1.00” 
by 0.250” diameter with insulation) and the 
extended delay times required (40-60 
seconds). The development of the HTD was 
a two-part process.  The first part was to 
develop evaluation guidelines for the 
components of the HTD system.  This 
section involved developing parameter 
evaluation guidelines, designing and 
producing initial test fixtures, and initial 
parameter testing.  The second part involved 
optimizing the parameters for maximum 
time delay.  Tasks performed in this section 
were optimizing pyrotechnic materials, HTD 
design, insulation and autoignition material 
(AIM).  This section also involved testing 
prototype units in conditions from –40oF to 
+165oF. 
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Figure 1 
Proof of Principle HTD Design 

 
  
RESULTS AND DISCUSSION 
 
Proof of Principle Experiment 
 A prototype heat transfer delay, 
shown in Figure 1, was developed.  It 
consisted of a 1-inch long stainless steel 
cylinder with a 0.375” outer diameter and 
0.250” inner diameter for the pyrotechnic 
cavities.  The pyrotechnic heat source cavity 
was 0.500” deep and the AIM cavity was 

0.250” deep, with a 0.125” thermal choke 
separating the two.  The device was 
insulated with acrylonitrile butyl styrene 
(ABS) and sealed using DOW 93-104 
silicone sealant.  An electric match was used 
to ignite the TALI-12 (Mg/Teflon/Viton A) 
heat source.  The pyrotechnic heat source 
burned for approximately two seconds.  The 
AIM ignited 14.4 seconds after the ignition 
of the match.  The AIM used was TALI-40 
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(AgNO3/KNO3/Mo) which has an 
autoignition temperature of 122oC.  Heat 
transfer calculations estimated the maximum 
temperature at the base of the AIM cavity of 
the HTD to be 239oC.  
 
 
 
Development Parameter Guidelines 

 
HTD Designs 
 Following the successful proof of 
principle experiment, work began on 
reducing the OD to 0.250” maximum, as 
required by the customer.  Six new designs 
were drawn up to meet the new size 
requirements.  These drawings are shown in 
Figures 2 and 3. 
 
 

Figure 2 
HTD Design Series 1 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3 
HTD Design Series 2 

1

2

3

 
Once the designs were drawn, the 

attention was turned to the materials used to 
make the HTD hardware.  In choosing a 
material, the following criteria were used: 
! Thermal conductivity 
! Specific heat 
! Material availability 
! Material machinability 
! Compatibility with the heat source and 

AIM 
 
Pyrotechnic Heat Source 
 Pyrotechnic heat sources were 
evaluated in the following areas: 
! Ease of ignition 
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! Energy content (Heat of Reaction in 
cal/g) 

! Material density 
! NewPEP evaluation* 
! Burn characteristics 
*NewPEP is a thermochemical calculation 
code. 
 
Autoignition Material 
 Autoignition materials considered 
for use in the HTD were evaluated in the 
following areas: 
! Energy content (Heat of Reaction) 
! Material density 
! Autoignition temperature 
 
HTD Optimization 
 
HTD Design 
 Two materials were chosen in the 
manufacture of the six new HTD designs.  
The purpose of choosing two materials was 
to study the effect thermal conductivity has 
on delay times. 
 
 The two materials chosen were 316 
stainless steel and Hastaloy Alloy C.  
Specific heat values for these two materials 
are approximately equal (0.38 kJ/kgoC for 
Hastaloy vs. 0.50 kJ/kgoC for 316 SS).  
However, the thermal conductivity values 
were vastly different (8.79 W/moC for 
Hastaloy vs. 16.29 W/moC for 316 SS).  In 
theory, since the specific heat values were 
approximately equal, the rate of heat transfer 
would be dictated by the thermal 
conductivity, with the rate of heat transfer 
through the Hastaloy being approximately 
half the rate of heat transfer through the 316 
SS. While the devices made of the 316 
stainless steel functioned reproducibly, the 
early designs using the Hastaloy functioned 
erratically.  These tests in Examples 7-9 of 
Appendix A detail the only successful tests 
using Hastaloy for the HTD body.  In each 
of the three examples a different insulating 

material was used in an effort to minimize 
the amount of heat lost to the environment.  
Even though some of the HTDs functioned, 
the Hastaloy experiments were not 
reproducible. 
 

Another material investigated for use 
in manufacturing the HTD was millable 
ceramic. The device was designed with the 
cavities drilled out with a conductive wire 
between them. The idea behind this was that 
the body of the HTD would act as the 
insulation while the heat would be 
conducted across the wire, thus reducing the 
overall size of the HTD.  However, initial 
testing using thermocouples on the outer 
diameter of the HTD hardware and the AIM 
end of the wire revealed that the rate of heat 
loss to the environment was approximately 
five times the rate of heat transfer through 
the wire. Therefore, this design was rejected. 

 
 In any heat transfer situation, in 

order to maximize heat transfer rate, the 
largest possible surface area is desired.  This 
can be seen in the following equation. 

 

Q= -kA 
T

2
-T

1
dx  

Where: 

Q = rate of heat transfer 
k = thermal conductivity of the material 
A= surface area available for heat 
transfer 
T2 = maximum temperature 
T1= minimum temperature 
dx = thickness of heat transfer area 

 
 

For HTD designs with a smaller 
choke (heat transfer) area, the rate of heat 
transfer is slowed in proportion to the 
reduction in the diameter of the choke.  This 
is a way to lengthen delay times; however, 
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there is a significant disadvantage to doing 
this.  The heat generated by the pyrotechnic 
heat source is in contact with the entire 
bottom of the pyrotechnic cavity, but only 
the surface area of the choke is available to 
transfer heat.  Heat in contact with the area 
of the cavity bottom outside the outer 
diameter of the choke is lost.  This practice 
significantly reduces the efficiency of the 
HTD.  Therefore, for the greatest confidence 
in the HTD reliability, a maximum surface 
area for heat transfer should be maintained. 

 
The design of the HTD shown in 

Figure 4, believed to be the optimal design, 
was held constant through all further testing 
performed after evaluating the six initial 
designs.  There is concern that if the HTD is 
made any smaller than the final program 
design, the amount of heat generated by any 
pyrotechnic will not be enough to cause the 
AIM to autoignite. 
  
Figure 4 
Final HTD Design 

 
 
 
 
 

Pyrotechnic Heat Source 
 Various heat sources were tried in 

initial testing.  These included TALI-12 
(Mg/Teflon/Viton A), BKNO3 (IP-10 
granules), and TALI-25 
(W/BaCrO4/KClO4/VAAR).  Each of these 
materials had their advantages and 
disadvantages for use in the HTD. 
 
 The smaller units containing TALI-
12 failed to function.  The root cause of the 
failure was determined to be a combination 
of the smaller size of the HTD along with 
the vigorous burn of the TALI-12. TALI-12 
is not a very dense material, and with the 
smaller pyrotechnic cavity, the heat 
generated was not enough to overcome the 
losses to the environment.  TALI-12 also 
produces a substantial amount of gas when 
burned.  This caused most of the heat to be 
lost out the open end of the pyrotechnic 
cavity.  In the larger units, this was not a 
problem because there was enough heat 
produced to overcome environmental losses.  
In the smaller units, environmental losses 
become more significant. 
 

The next heat source to be evaluated 
was BKNO3 igniter material.  The heat 
output of BKNO3 is substantially higher 
than TALI-12 (1500 cal/g vs. 1124 cal/g).  
BKNO3 is also a denser material, allowing a 
larger amount to be loaded into the same 
pyrotechnic cavity. 

 
However, after the first test using 

BKNO3 this material was rejected for further 
use.  When the electric match fired, igniting 
the BKNO3, the material burned explosively 
inside the cavity.  This was a highly 
undesirable event.  BKNO3 also had 
sensitivity and handling issues that created 
the need for a new pyrotechnic heat source.  

 
TALI-25 is a tungsten based delay 

composition that is used in Talley Defense 
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Systems Extended Range programs.  It is a 
relatively slow burning, low gas producing 
composition whose reaction products are 
oxides of tungsten, barium, and chromium.  
These reaction products would theoretically 
form a plug in the pyrotechnic cavity that 
would keep nearly all of the heat generated 
by the pyrotechnic inside the HTD.  
Although TALI-25 has a lower heat of 
reaction (353 cal/g) than the previous heat 
sources, the increased density (2.60 g/cm3) 
compensated for this by increasing the 
energy density to 918 cal/cm3. Energy 
output, material density, and burning rate 
work in conjunction to provide enough total 
heat for the HTD.  Table 1 lists comparative 
data for the heat sources used in this 
program. 

 
The HTD system using TALI-25 as 

the heat source, TALI-44 (AgNO3/KNO3/ 
CH6N4O3/ Mo) as the AIM,  
polytetrafluoroethylene (PTFE)  insulation, 
and the design shown in Figure 4 was 
advanced to sub-ambient testing.  This was 
the first condition to be tested because it was 
deemed most difficult.  The HTD units were 
conditioned in an environmental chamber at 
-40oF for two hours prior to firing.  All of 
the units failed to function.  Further testing 
revealed that at temperatures below –4oF, 
the heat generated by the TALI-25 was not 

enough to overcome the cold environment 
and still transfer enough heat to cause the 
AIM to autoignite. 

 
Thermites, thermates, intermetallics 

and combinations of these three types of 
compositions were evaluated for use as the 
heat source to replace TALI-25. An 
intermetallic composition proved to be the 
early contender to replace TALI-25.  The 
new heat source was a mix of titanium and 
boron and had a energy density of 5170 
cal/cm3, nearly six times the energy density 
of TALI-25.  However, the energy density 
of this material proved to be too high to be 
controllable.  Although the HTD unit 
consistently functioned within 20-30 
seconds, the excessive heat generated 
destroyed the pyrotechnic cavity, resulting 
in excessive heat losses to the environment.  
The Ti/B intermetallic would burn so hot 
that the alloy product formed included the 
stainless steel of the HTD.  Occasionally the 
pyrotechnic cavity would separate from the 
rest of the HTD and be expelled from the 
device.  This was undesirable, as a large 
percentage of the heat would be expelled 
with the piece of the HTD and even if the 
AIM functioned, delay times would be very 
inconsistent. 

 
 

 
Table 1 
Combustion Properties of HTD Pyrotechnic Heat Sources3 

Pyrotechn
ic Heat 
Source 

Heat of 
Reactio

n 
(cal/g) 

Theoretic
al 

Maximu
m Density

(g/cc) 

Energ
y 

Densit
y 

(cal/cc
) 

Averag
e 

Loadin
g 

(mg) 

Theoretic
al Heat 

Available 
(cal) 

Theoretica
l Flame 

Temperat
ure 
(OC) 

TALI-12 1124 1.97 2214 90 101 1377 
BKNO3 1500 2.14 3210 200 300 2546 
TALI-25 353 2.60 918 600 212 1709 
Ti/B 1582 3.52 5570 300 474 2920 
TALI-50 556 3.72 2072 400 222 2301 
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A combination of both intermetallic 

and delay compositions was developed to 
combine the high energy density of the 
intermetallic with the more reliable burning 
of a delay composition.  Barium chromate is 
used in delay compositions to alter burn 
rates.  As the percentage of BaCrO4 
increases, the burn rate decreases.  Also, 
adding BaCrO4 to the existing 
titanium/boron intermetallic reduced the 
flame temperature enough so the HTD was 
not destroyed by the reaction.  Another 
benefit of this new heat source was that the 
composition’s burning rate would be slower 
and subsequently could possibly increase the 
delay times achieved. 
 
Autoignition Material 

The initial AIM chosen for this 
program was TALI-40.  This AIM was 
chosen due to its high heat of reaction (450 
cal/g) and low autoignition temperature 
(122oC).  However, an unrelated 
investigation occurring at the same time as 
this program revealed that TALI-40 did not 
age well at high temperatures.  The biggest 
concerns raised were loss of energy output 
and deactivation of the free metal fuel 
surfaces.  TALI-41 and TALI-44 AIMs were 
then investigated as replacements.  TALI-41 
has a slightly higher autoignition 
temperature than TALI-44 (146oC vs. 
135oC) that would possibly increase delay 
times.  However, TALI-41’s autoignition 
temperature varies with moisture content4. 
The autoignition temperature of TALI-44 
was believed to be much less sensitive to 
moisture content.  Therefore, TALI-44 was 
chosen for use in the HTD. 

 
Another AIM evaluated in this 

program was TALI-43 
(CH6N4O3/LiNO3/NH4ClO4/Mo).  These 
tests are shown in Examples 11-13 and 19 in 
Appendix A.  Although delay times using 

TALI-43 as the AIM were nearly double 
those systems using TALI-44, TALI-43’s 
instability and poor thermal aging 
characteristics resulted in the elimination of 
these systems from further testing. 
 
Insulation 

This aspect was overlooked in the 
initial proof of principle efforts.  The HTD 
fixture used in the initial experiment had an 
outside diameter of 0.375”, twice the size of 
the final design.  Also, the final design 
inside diameter of the cavities is 0.159”, or 
63% of the original size of 0.250”.  With the 
larger size, insulation was not a primary 
concern because a heat source could easily 
be found to overcome any losses to the 
environment.  However, with the smaller 
HTD design, insulation requirements 
become a primary concern.  With the 
smaller design, losses to the environment 
become a significantly larger percentage of 
the amount of heat being generated. 

 
A number of insulation materials 

were tested in the initial phases of this 
program.  Metal epoxy, polyethylene tubing, 
ceramic, glass tape, strand inhibitor, Gore-
Tex®, and PTFE were all evaluated as 
insulators during this program.  Of all the 
candidates evaluated, the two leading 
candidates to come out of this testing were 
PTFE tubing and Gore-Tex®.  The others 
were rejected for various reasons, e.g. 
thermal efficiency, ease of manufacture, 
cost, etc.  Both the PTFE (sleeves) and 
Gore-Tex® (sheet) are 0.0625” thick, 
bringing the outside diameter of the HTD 
assembly to 0.313”.  All testing was 
performed using the same HTD system to 
achieve comparable results.   

 
Both the PTFE and the Gore-Tex, 

which is simply expanded Teflon, performed 
very well in testing.  The PTFE is not quite 
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as efficient an insulator as the Gore-Tex, but 
the efficiency is more than acceptable. 
 
HTD System Comparisons 
 

Only selected examples will be 
discussed in detail in the following section 
to demonstrate how changing the HTD 
system parameters affect delay time.  A 
complete listing of all example systems 
tested, along with all formulation 
information, can be found in Appendix A. 

 
 
Thermal Choke And Cavity Size 

 The first test series, shown in Table 2 
was to show that by changing the diameter 
of the choke section, delay times can be 
lengthened.  This is proven by a delay time 
of 30 seconds for a choke diameter of 
0.125” in Example 1 up to a delay time of 
57 seconds for a choke diameter of 0.0625” 
in Example 3.  The HTD in Example 4 has a 
shallower pyrotechnic cavity, which 
lengthened the choke while maintaining the 
same overall HTD length.  This change 
resulted in a delay time of 64 seconds.  
Example 5 is the same as Example 1, except 
the choke length is longer.  The delay time 
achieved in this example increased from 30 
seconds to 54 seconds.  All of these 
examples used TALI-25 as the heat source 
and TALI-40 as the AIM. 

 
 
 
 
 
 
 
 
 
 
 

 
Table 2 
Effect of Changing Thermal Choke Size 
Appendi
x 
Exampl
e 
Number 

Thermal Choke 
Dimensions 

Delay 
Time 

1 0.250” x 0.125” 
dia. 

30 
seconds 

2 0.125” x 0.125” 
dia. 

39 
seconds 

3 0.125 x 0.0625” 
dia. 

57 
seconds 

4 0.375” x 0.250” 
dia. 

64 
seconds 

5 0.375” x 0.125” 
dia. 

54 
seconds 

 
Autoigniton Material 

 
The AIM was changed to TALI-41 

for Example 6, shown in Table 3.  This HTD 
system was also the same design as Example 
1.  Changing to a higher autoignition 
threshold AIM increased the delay time to 
58 seconds.  However, as previously 
discussed, TALI-41’s sensitivity to moisture 
makes this system unreliable. 
 
 
Table 3 
Effect of Changing Autoignition Material 
Appendi
x 
Exampl
e 
Number 

Autoignitio
n Material 

Delay 
Time 

1 TALI-40 30 
seconds 

6 TALI-41 58 
seconds 

 
 
The first consistently reproducible 

HTD system is shown in Example 10 and 
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Table 4.  This system used TALI-25 as the 
heat source, TALI-44 as the AIM, and Gore-
Tex as the insulation.  This system had 
reproducible delay times from 19-25 
seconds.  However, when this system was 
advanced to sub-ambient testing the 
reproducibility seriously declined.  At 
temperatures below –4oF, the heat generated 
by the TALI-25 was not enough to 
overcome the cold environment and still 
transfer enough heat to cause the AIM to 
autoignite.    

 
The system using the Ti/B 

intermetallic heat source is shown in 
Example 14 and Table 5.  The ignition 
enhancer for this system was TALI-16H 
(Zr/Si/Fe2O3/KclO4/Na2SiO3).  However, as 
discussed earlier, the excessive heat output 
of the Ti/B intermetallic would melt and 
occasionally eject the pyrotechnic cavity of 
the HTD.  Examples 18 and 19 in Appendix 
A discuss using a modified thermate 
(Ti/B/KClO4), the intermediate pyrotechnic 
heat source between Ti/B and TALI-50.  
Although these systems functioned, delay 
times were well below the goal and the 
investigation for a slower burning 
pyrotechnic began. 

 
The change to the TALI-50 

(Ti/B/BaCrO4) heat source is shown in 
examples 15-17 and Table 6.  Initial ambient 
testing in HTD units with PTFE insulation 
and TALI-44 AIM resulted in an average 
delay time of 74 seconds.  This system was 
advanced to testing in other than ambient 
conditions.  Cold (-40oF) testing yielded an 
average delay time of 100 seconds.  Hot 
(160oF) testing yielded an average delay 
time of 83 seconds.  For both hot and cold 
testing the units were conditioned in an 
environmental chamber for a minimum of 
two hours prior to firing.   

 
 

The delay times achieved using 
TALI-50 as a heat source exceeded the 
initial requirements of this program.  The 
goal of the program was to develop a delay 
that would function in 40-60 seconds. 

 
CONCLUSIONS 
 

The HTD working prototype shown 
in Examples 15-17 delivers maximum delay 
time in a minimum of space.  The initial 
goal of 40-60 seconds delay was exceeded 
in both ambient and other than ambient 
conditions. These systems can also be 
tailored to meet a variety of customer needs.   
 

The three key criteria in designing an 
HTD are the pyrotechnic heat source, 
insulation, and heat transfer surface area.  
As the HTD becomes smaller, a slower 
burning pyrotechnic heat source that 
produces a minimum of exhaust gasses is 
needed.  Insulation has a dramatic effect on 
delay time as HTD design becomes smaller 
by minimizing the rate of heat loss to the 
environment. The most efficient and 
reproducible design, with respect to heat 
transfer and delay time, is one with the 
maximum allowable heat transfer area. 

 
The results of the research presented 

above have shown that it is possible for 
small pyrotechnic delays to be used as a 
backup to a main initiation system.   
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Table 4 
First Consistently Performing HTD Prototype Specifications 
Appendix 
Example 
Number 

Pyrotech
nic Heat 
Source 

Autoigniti
on 
Material 

Insulatio
n 

Thermal Choke 
Dimensions 

Delay Time 

10 TALI-25 TALI-44 Gore-
Tex® 

0.250” x 0.188” 
dia. 

19 seconds 

 
 
Table 5 
Ti/B HTD System Specifications 
Appendix 
Example 
Number 

Pyrotech
nic Heat 
Source 

Autoigniti
on 
Material 

Insulatio
n 

Thermal Choke 
Dimensions 

Delay Time 

14 Ti/B TALI-44 Gore-
Tex® 

0.250” x 0.188” 
dia. 

22 seconds 

 
Table 6 
Final HTD Prototype Testing Results 
Appendix 
Example 
Number 

Pyrotechnic 
Heat Source 

Autoignitio
n Material 

Insulation Conditionin
g 
Temperatur
e 

Delay Time 

15 TALI-50 TALI-44 PTFE 75oF 74 seconds 
16 TALI-50 TALI-44 PTFE -40oF 100 seconds 
17 TALI-50 TALI-44 PTFE +160oF 83 seconds 
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APPENDIX A 
 
Heat Transfer Delay System Examples 
 
Example 1 
HTD Material:    316 Stainless Steel 
HTD Dimensions: 1.00” x 0.250” dia. 
Pyro Cavity Dimensions: 0.625” x 0.0625” dia. 
AIM Cavity Dimensions: 0.125” x 0.0625” dia. 
Choke Dimensions: 0.250”x 0.125” dia. 
Insulation Material: Glass Tape 
Heat Source:  W/BaCrO4/KClO4 Delay (Formula 1) 
Ignition Booster:  None 
Autoignition Material: AgNO3/KNO3/Mo (Formula 2) 
Test Temperature: Ambient 
Time to Autoignition: 30 seconds 
 
Example 2 
HTD Material:    316 Stainless Steel 
HTD Dimensions: 1.00” x 0.250” dia. 
Pyro Cavity Dimensions: 0.625” x 0.0625” dia. 
AIM Cavity Dimensions: 0.125” x 0.0625” dia. 
Choke Dimensions: 0.125”x 0.125” dia. 
Insulation Material: Glass Tape 
Heat Source:  W/BaCrO4/KClO4 Delay (Formula 1) 
Ignition Booster:  None 
Autoignition Material: AgNO3/KNO3/Mo (Formula 2) 
Test Temperature: Ambient 
Time to Autoignition: 39 seconds 
 
Example 3 
HTD Material:    316 Stainless Steel 
HTD Dimensions: 1.00” x 0.250” dia. 
Pyro Cavity Dimensions: 0.625” x 0.0625” dia. 
AIM Cavity Dimensions: 0.125” x 0.0625” dia. 
Choke Dimensions: 0.125”x 0.0625” dia. 
Insulation Material: Glass Tape 
Heat Source:  W/BaCrO4/KClO4 Delay (Formula 1) 
Ignition Booster: None 
Autoignition Material: AgNO3/KNO3/Mo (Formula 2) 
Test Temperature: Ambient 
Time to Autoignition: 57 seconds 
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Example 4 
HTD Material:    316 Stainless Steel 
HTD Dimensions: 1.00” x 0.250” dia. 
Pyro Cavity Dimensions: 0.500” x 0.0625” dia. 
AIM Cavity Dimensions: 0.125” x 0.0625” dia. 
Choke Dimensions: 0.375”x 0.250” dia. 
Insulation Material: Glass Tape 
Heat Source:  W/BaCrO4/KClO4 Delay (Formula 1) 
Ignition Booster: None 
Autoignition Material: AgNO3/KNO3/Mo (Formula 2) 
Test Temperature: Ambient 
Time to Autoignition: 64 seconds  
 
Example 5 
HTD Material:    316 Stainless Steel 
HTD Dimensions: 1.00” x 0.250” dia. 
Pyro Cavity Dimensions: 0.500” x 0.0625” dia. 
AIM Cavity Dimensions: 0.125” x 0.0625” dia. 
Choke Dimensions: 0.250”x 0.125” dia. 
Insulation Material: Glass Tape 
Heat Source:  W/BaCrO4/KClO4 Delay (Formula 1) 
Ignition Booster: None 
Autoignition Material: AgNO3/KNO3/Mo (Formula 2) 
Test Temperature: Ambient 
Time to Autoignition: 54 seconds 
 
Example 6 
HTD Material:    316 Stainless Steel 
HTD Dimensions: 1.00” x 0.250” dia. 
Pyro Cavity Dimensions: 0.625” x 0.0625” dia. 
AIM Cavity Dimensions: 0.125” x 0.0625” dia. 
Choke Dimensions: 0.250”x 0.250” dia. 
Insulation Material: Glass Tape 
Heat Source:  W/BaCrO4/KClO4 Delay (Formula 1) 
Ignition Booster: None 
Autoignition Material: AgNO3/CH6N4O3/ Mo (Formula 3) 
Test Temperature: Ambient 
Time to Autoignition: 58 seconds 
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Example 7 
HTD Material:    Hastalloy Alloy C 
HTD Dimensions: 1.00” x 0.250” dia. 
Pyro Cavity Dimensions: 0.500” x 0.188” dia. 
AIM Cavity Dimensions: 0.200’ x 0.188” dia. 
Choke Dimensions: 0.250”x 0.250” dia. 
Insulation Material: Polyethylene Tubing 
Heat Source:  W/BaCrO4/KClO4 Delay (Formula 1) 
Ignition Booster: None 
Autoignition Material: AgNO3/KNO3/CH6N4O3/ Mo (Formula 4) 
Test Temperature: Ambient 
Time to Autoignition: 81 seconds 
 
Example 8 
HTD Material:    Hastalloy Alloy C 
HTD Dimensions: 1.00” x 0.250” dia. 
Pyro Cavity Dimensions: 0.500” x 0.188” dia. 
AIM Cavity Dimensions: 0.200” x 0.188” dia. 
Choke Dimensions: 0.250”x 0.250” dia. 
Insulation Material: Epoxy 
Heat Source:  W/BaCrO4/KClO4 Delay (Formula 1) 
Ignition Booster: None 
Autoignition Material: AgNO3/KNO3/CH6N4O3/ Mo (Formula 4) 
Test Temperature: Ambient 
Time to Autoignition: 27 seconds 
 
Example 9 
HTD Material:    Hastalloy Alloy C 
HTD Dimensions: 1.00” x 0.250” dia. 
Pyro Cavity Dimensions: 0.500” x 0.188” dia. 
AIM Cavity Dimensions: 0.200” x 0.188” dia. 
Choke Dimensions: 0.250”x 0.250” dia. 
Insulation Material: Inhibitor (Formula 5) 
Heat Source:  W/BaCrO4/KClO4 Delay (Formula 1) 
Ignition Booster: None 
Autoignition Material: AgNO3/KNO3/CH6N4O3/ Mo (Formula 4) 
Test Temperature: Ambient 
Time to Autoignition: 38 seconds 
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Example 10 
HTD Material:    316 Stainless Steel 
HTD Dimensions: 1.00” x 0.188” dia. 
Pyro Cavity Dimensions: 0.500” x 0.156” dia. 
AIM Cavity Dimensions: 0.200” x 0.156” dia. 
Choke Dimensions: 0.250” x 0.188” dia. 
Insulation Material: Expanded Teflon 
Heat Source:  W/BaCrO4/KClO4 Delay (Formula 1) 
Ignition Booster: Zr/Fe2O3/Diatomaceous Earth (Formula 6) 
Autoignition Material: AgNO3/KNO3/CH6N4O3/ Mo (Formula 4) 
Test Temperature: Ambient 
Time to Autoignition: 19 seconds 
 
Example 11 
HTD Material:    316 Stainless Steel 
HTD Dimensions: 1.00” x 0.188” dia. 
Pyro Cavity Dimensions: 0.500” x 0.156” dia. 
AIM Cavity Dimensions: 0.200” x 0.156” dia. 
Choke Dimensions: 0.250”x 0.188” dia. 
Insulation Material: Expanded Teflon 
Heat Source:  W/BaCrO4/KClO4 Delay (Formula 1) 
Ignition Booster: Zr/Fe2O3/Diatomaceous Earth (Formula 6) 
Autoignition Material: LiNO3/NH4ClO4/CH6N4O3/ Mo (Formula 7) 
Test Temperature: Ambient 
Time to Autoignition: 36 seconds 
 
Example 12 
HTD Material:    316 Stainless Steel 
HTD Dimensions: 1.00” x 0.188” dia. 
Pyro Cavity Dimensions: 0.500” x 0.156” dia. 
AIM Cavity Dimensions: 0.200” x 0.156” dia. 
Choke Dimensions: 0.250” x 0.188” dia. 
Insulation Material: PTFE Tubing 
Heat Source:  W/BaCrO4/KClO4 Delay (Formula 1) 
Ignition Booster: Zr/Fe2O3/Diatomaceous Earth (Formula 6) 
Autoignition Material: LiNO3/NH4ClO4/CH6N4O3/ Mo (Formula 7) 
Test Temperature: Ambient 
Time to Autoignition: 25 seconds 
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Example 13 
HTD Material:    316 Stainless Steel 
HTD Dimensions: 1.00” x 0.188” dia. 
Pyro Cavity Dimensions: 0.500” x 0.156” dia. 
AIM Cavity Dimensions: 0.200” x 0.156” dia. 
Choke Dimensions: 0.250” x 0.188” dia. 
Insulation Material: PTFE Tubing 
Heat Source:  W/BaCrO4/KClO4 Delay (Formula 1) 
Ignition Booster: Zr/Fe2O3/Diatomaceous Earth (Formula 6) 
Autoignition Material: LiNO3/NH4ClO4/CH6N4O3/ Mo (Formula 7) 
Test Temperature: Ambient 
Time to Autoignition: 36 seconds 
 
Example 14 
HTD Material:    316 Stainless Steel 
HTD Dimensions: 1.00” x 0.188” dia. 
Pyro Cavity Dimensions: 0.500” x 0.156” dia. 
AIM Cavity Dimensions: 0.200” x 0.156” dia. 
Choke Dimensions: 0.250” x 0.188” dia. 
Insulation Material: Expanded Teflon 
Heat Source:  Ti/B Intermetallic (Formula 8) 
Ignition Booster: Zr/Si/Fe2O3/KClO4/Na2SiO3 (Formula 9) 
Autoignition Material: AgNO3/KNO3/CH6N4O3/ Mo (Formula 4) 
Test Temperature: Ambient 
Time to Autoignition: 22 seconds 
 
Example 15 
HTD Material:  316 Stainless Steel 
HTD Dimensions: 1.00” x 0.188” dia. 
Pyro Cavity Dimensions: 0.500” x 0.159” dia. 
AIM Cavity Dimensions: 0.250” x 0.159” dia. 
Choke Dimensions: 0.200”x 0.188” dia. 
Insulation Material: Expanded Teflon 
Heat Source:  Ti/B/BaCrO4 Delay (Formula 10) 
Ignition Booster: W/BaCrO4/KClO4 Delay (Formula 1) 
Autoignition Material: AgNO3/KNO3/ CH6N4O3/ Mo (Formula 4) 
Test Temperature: Ambient 
Time to Autoignition: 74 seconds 
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Example 16 
HTD Material:    316 Stainless Steel 
HTD Dimensions: 1.00” x 0.188” dia. 
Pyro Cavity Dimensions: 0.500” x 0.159” dia. 
AIM Cavity Dimensions: 0.250” x 0.159” dia. 
Choke Dimensions: 0.200”x 0.188” dia. 
Insulation Material: Expanded Teflon 
Heat Source:  Ti/B/BaCrO4 Delay (Formula 10) 
Ignition Booster: W/BaCrO4/KClO4 Delay (Formula 1) 
Autoignition Material: AgNO3/KNO3/ CH6N4O3/ Mo (Formula 4) 
Test Temperature: -40oF 
Time to Autoignition: 100 seconds 
 
Example 17 
HTD Material:    316 Stainless Steel 
HTD Dimensions: 1.00” x 0.188” dia. 
Pyro Cavity Dimensions: 0.500” x 0.159” dia. 
AIM Cavity Dimensions: 0.250” x 0.159” dia. 
Choke Dimensions: 0.200”x 0.188” dia. 
Insulation Material: Expanded Teflon 
Heat Source:  Ti/B/BaCrO4 Delay (Formula 10) 
Ignition Booster: W/BaCrO4/KClO4 Delay (Formula 1) 
Autoignition Material: AgNO3/KNO3/ CH6N4O3/ Mo (Formula 4) 
Test Temperature: +160 oF 
Time to Autoignition: 83 seconds 
 
Example 18 
HTD Material:    316 Stainless Steel 
HTD Dimensions: 1.00” x 0.188” dia. 
Pyro Cavity Dimensions: 0.500” x 0.159” dia. 
AIM Cavity Dimensions: 0.250” x 0.159” dia. 
Choke Dimensions: 0.200”x 0.188” dia. 
Insulation Material: Expanded Teflon 
Heat Source:  Ti/B/KClO4 (Formula 11) 
Ignition Booster: Zr/Si/Fe2O3/KClO4/Na2SiO3 (Formula 9) 
Autoignition Material: AgNO3/KNO3/ CH6N4O3/ Mo (Formula 4) 
Test Temperature: Ambient 
Time to Autoignition: 15 seconds 
 
Example 19 
HTD Material:    316 Stainless Steel 
HTD Dimensions: 1.00” x 0.188” dia. 
Pyro Cavity Dimensions: 0.500” x 0.159” dia. 
AIM Cavity Dimensions: 0.250” x 0.159” dia. 
Choke Dimensions: 0.200”x 0.188” dia. 
Insulation Material: Expanded Teflon 
Heat Source:  Ti/B/KClO4 (Formula 11) 
Ignition Booster: Zr/Si/Fe2O3/KClO4/Na2SiO3 (Formula 9) 
Autoignition Material: LiNO3/NH4ClO4/CH6N4O3/ Mo (Formula 7) 
Test Temperature: Ambient 
Time to Autoignition: 25 seconds 
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Formulations Used in HTD Examples 
 

PYROTECHNIC HEAT SOURCES 
Formula 
Number 

Formula Name/ 
Notebook Number 

Formulation 

1 TALI-25 45.0% W, 40.5% BaCrO4, 14.5% KClO4, 1.0% VAAR 
8 355-119-4 81.6% Ti, 18.4% B 

10 TALI-50 46.67% Ti, 23.33% Amorphous Boron, 30.0% BaCrO4 
11 355-125-2 44.2% Ti, 13.3% B, 42.5% KClO4 

IGNITION BOOSTERS 
Formula 
Number 

Formula Name/ 
Notebook Number 

Formulation 

6 TALI-27 65% Zr, 25% Fe2O3, 10% Diatomaceous Earth, 1.0% VAAR 
9 TALI-16H 24% Zr, 34% Si, 16% Fe2O3, 24% KClO4, 2% Na2SiO3 

AUTOIGNITION MATERIALS 
Formula 
Number 

Formula Name/ 
Notebook Number 

Formulation 

2 TALI-40 23.5% KNO3, 39.4% AgNO3, 37.1% Mo 
3 TALI-41 24.75% CH6N4O3, 34.65% AgNO3, 39.6% Mo, 1% Cab-O-Sil M5 
4 TALI-44 24.75% CH6N4O3, 20.4% AgNO3, 14.25% KNO3, 39.6% Mo, 1% Cab-O-Sil M5 
7 TALI-43 16.5% LiNO3, 13.5% CH6N4O3, 28% NH4ClO4, 40.0% Mo, 2% Cab-O-Sil M5 

INHIBITOR FORMULA 
Formula 
Number 

Formula Name/ 
Notebook Number 

Formulation 

5 355-69-1 91.5% R45M, 8.47% IPDI, 0.1% TPB, (1%DOZ +Dibutyl Tin Dilaurate as curative) 
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IGNITABILITY AND COMBUSTION OF PYROTECHNICS UNDER 
VACUUM AND RAREFIED ATMOSPHERIC CONDITIONS 

 
 

Roger L. Schneider 
Rho Sigma Associates, Inc. 

Whitefish Bay, Wisconsin   53217   USA 
 
 

ABSTRACT 
 
The ignitability and burning characteristics of electric matches, “gasless” pyrotechnic 
compositions, Pyrodex, blackpowder, and other pyrotechnic compositions commonly employed 
in fireworks were investigated with the materials at RT and under vacuum [millitorr (0.1Pa) 
range, continuous pumping], or under inert gases (N2, He) at several pressures up to 250 torr (33 
kPa). All of the electric matches studied in this work were supplied by Daveyfire, Luna Tech and 
Martinez Specialty. Each ignited in vacuo, but burned incompletely. Performance generally 
improved with increasing ambient pressure of the inert gases. The ignitability of the pyrotechnic 
compositions, as slightly compacted powder samples, was tested using either electric match 
heads or electrical resistant wire filaments as the ignition stimulus. The gasless compositions, 
Fe/KMnO4, CaSi2/Fe3O4, BaO2/Fe, and MnO2/Fe/Si, failed to ignite under vacuum. Ignition and 
other burning characteristics improved with increasing ambient pressure of the inert gases. 
Pyrodex P and RS, two FFFg blackpowders, several color star compositions, a strobe star 
composition, four KClO4/Al based salute (flash) compositions, two whistle, and two colored 
smoke compositions also failed to ignite under vacuo. However, as with the other materials 
tested, ignition and other burning characteristics improved with increasing ambient pressure. 
This work was undertaken to gain additional insight into the role of fluid (gas/vapor) and heat 
transfer in the burning of pyrotechnics, and to probe the possibility of functioning an aerial 
display fireworks shell in the upper atmosphere or in space. 
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Plasma Synthesis of Nanoaluminum Powders 
 

Kurt Schroeder 
Nanotechnologies Inc. 

1908 Kramer Lane, Bldg. B 
Austin, TX  78758 

 
 
A novel, plasma-based process has been developed to synthesize dry nanoaluminum powder.  
The mean particle size of the powders is controllable from 30-90 nm.  SEM analysis reveals the 
particle morphology is spherical and the size distribution is very uniform.  XRD patterns confirm 
the structure is highly crystalline.  The powder has been passivated and mixed with an oxidizer 
(molybdenum trioxide).  When ignited, this material has a burn rate of 440 m/s in an open 
powder burn apparatus at Los Alamos National Laboratory.  This process is capable of 
commercial-scale production. 
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IGNITION PROCESSES OF ENERGETIC MATERIALS UNDER PULSED LASER 
 

Ruiqi Shen, Yinghua Ye, Xueshun Zhang, Jian Tu 
Department of Applied Chemistry, Nanjing University of Science and Technology,  

Nanjing, 210094, China 
 
ABSTRACT: Plasma induced by pulsed laser is easy to form at lower laser power for energetic 
material in laser ignition. The plasma was tested in charge flux. The density of plasma will rise 
with increase of laser energy, and the charge flux of plasma is larger than that of combustion flow. 
The plasma do not almost absorb incident laser beam in the testing conditions. Tested energetic 
material is B/KNO3 (40/60 +5% Phenolic resin, 20mg, 37.92MPa press pressure), laser set is a 
Nd:YAG laser with 680μm pulsed width. 

   
1. INTRODUCTION 
 

Laser is a very useful and convenient 
energy source to be used in study of 
mechanisms of ignition and combustion and 
in application to some pyrotechnic devices, 
such as igniter and initiator. The ignition 
processes under laser irradiation are mainly 
controlled by thermal mechanism. On the 
basis of thermal mechanism, the ignition 
processes were simulated [1,2], and it is 
concluded that the ignition processes can be 
divided into three stages [3,4]. The first step is 
photo-thermal and thermal chemical reaction 
processes, in which laser heats energetic 
materials and induces thermal reactions to 
happen in the spotted areas. The second step 
is the processes of thermal chemical reaction 
and thermal accumulation, in which the laser 
energy is withdrawn. If the rate of heat loss 
due to thermal conduction is larger than the 
rate of released heat of thermal reaction in the 
heated layer, the thermal reaction will 
decelerate, but it will accelerate. The third 
step is self-sustained chemical reactions 
(burning). The results of experiments are also 

verified the conclusions [5].  
If the power of pulsed laser is over 102 

W/cm2, the vaporization, gasification and 
plasma effects of energetic materials under 
laser irradiation are notable, but most of 
researchers do not consider the effects of the 
factors, since the processes are very complex. 
Many experimental results have shown the 
effects in laser ignition [6,7], that is to say the 
high power of laser is not always good for 
ignition. Some people may say that is reasons 
of a thin heated layer formed on the 
subsurface at high power, but the facts are a 
part of inputted energy and the released 
energy of the thermal reaction will be 
removed with the flowing of gaseous products 
in vaporization and gasification, and some 
irradiating energy may also be absorbed by 
plasma layer attached on the surface of 
energetic materials. Some researchers have 
verified the effects of vaporization and 
gasification with a CW CO2 laser [8,9]. In the 
paper, we only discussed the effects of laser 
plasma. 
 
 



 

2. PLASMA FORMATION AND ITS 
EFFECTS 

 
The formation of laser plasma of metal 

usually needs a higher laser powder (about 
106W/cm2), and a shock wave and 
combustion wave sustained by laser will form 
with the formation of plasma. The plasma 
layer has a shielding effect on the laser beam 
[10] to stop the laser beam pass through the 
shield. The forming mechanism of plasma of 
energetic materials is very different with that 
of metal. The formation of free electrons and 
ions of metal needs an enough high energy to 
excite them, but do not need for energetic 
materials, because many irons and molecular 
fragments with electric charges are formed 
easily in the thermal chemical reaction and 
ablation. If the density of energy of laser 
beam reaches over 103W/cm2, a strong blue 
light with a mass flow will jet from the 
spotted surface of energetic materials, and 
leaves a hole at the spotted zone in 
experiments.  

 
2.1 PLASMA FLUX 

A pair of electrostatic electrodes made of 
couple was used to detect charge flux of 
plasma and flame, and the schematic diagram 
of testing set was shown in Fig. 1. The width, 
length and gap of the electrodes are 4cm, 6cm 
and 0.5cm respectively. The sample of 
energetic material is B/KNO3 (40/60 +5% 
Phenolic resin, 20mg, 37.92MPa press 
pressure). Laser parameters are Nd:YAG 
pulsed laser, 2J maximum output energy, 680
μm pulsed width and ~1.2mm diameter of 
focused spot. The energy of laser beam can be 
changed by a series of glass plates in the optic 

way.  
 
Fig.1 Schematic diagram 
arrangement to test plasma
1:Nd:YAG, 2:optic attenuato
4:protecting glass plate
6:sample, 7:optic detect
resistance(10kΩ), 9: data an
 

The optic signal from 
electric signal from samplin
demonstrated in Fig.2. In a
three-step mechanism of la
experimental results, pulse
plasma over the irradiated su
zone. After laser stops, any 
flow can not be found, in w
second step or second 
accumulation. The third zone
allows the thermal accum
which the energetic material 
and form combustion flow, bu
of combustion flow is low
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Fig.2 Optic signal from sample and electric 
signal from sampling resistance. 
     

The peak value of current induced by 
plasma is a straight line with the electric field 
strength between the pair of electrodes, see 
Fig.3, and the dependence of the peak value 
of current and the laser energy is also shown 
in Fig.4. Because the charge flux of plasma is 
a function of the tested current, the density of 
plasma will rise with the increase of laser 
energy density.  

On the basis of the straight line function, 
I = - a + bE , the charge flux of plasma is 
easy to be calculated [11], 

∑ −
==Φ

RRd
aVnq iii )2/(

   

or  
kRl

b
/2=Φ                     (1) 

where, d – gap, l – width, R – radius of 
plasma, k – kinetic energy of plasma 
    The experimental result of plasma of 
B/KNO3 at 3.32×104 W/cm2 laser powder is 
 
I = -0.063 +0.055E   
and  Φ= 42 Q/(s.m2)               (2) 
Where, I – mA, E – kV/m, d = 5mm and R≈
1mm. 
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Fig.3 Dependence of current induced by 
plasma and electric field strength at 3.32××××
104 W/cm2 powder density of laser 
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Fig.4 Dependence of current induced by 
plasma and laser energy at 5.49××××103 V/m 
electric field strength 
 
2.2 PLASMA EFFECTS 

Plasma is a very good absorbing body 
for light beam in some condition. Fig.5 is a 
schematic diagram of testing set to detect the 
absorbability of plasma in laser ignition. The 
testing conditions are sample: B/KNO3 (40/60 
+5% Phenolic resin, 20mg, 37.92MPa press 
pressure), and the diameter of testing laser 
beam: ~ 2mm from split beam of some  
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Fig.5 Schematic diagram of experimental 
arrangement to test absorbability of 
plasma to laser beam. 1:Nd:YAG pulsed 
laser, 2:beam splitter, 3:attenuator, 4:mirro, 
5 and 7: lens, 6:optic fiber, 8:sample, 
9:interference filter, 10:laser energy meter 
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Fig.6 Comparision of incident energy of 
testing beam with the energy of testing 
beam passed plasma. 
 

Nd:YAG laser. The distance of the 
testing beam and the surface of sample is 
7mm, in which the beam crosses plasma flow. 
The tested results are shown in Fig.6. The 
value of every point is average value of 5 
tested data. Compared incident energy of 
testing beam to the energy of passed testing 

beam, the experimental results do not show us 
predicted results. We have not seen the effect 
of plasma shield, but the energy of testing 
beam rises a little when the beam passes 
through plasma flow. The rising value may be 
contributed to by light of plasma. 
 
3. CONCLUSIONS 
     
    Experimental results show the facts that 
laser plasma is easy to form at a lower density 
of energy or power of laser, the density of 
plasma will rise with increase of the energy 
density or power for energetic materials. We 
have not found the effect of plasma shield in 
our experimental conditions, but it is early to 
say no effects of plasma on the incident beam.   
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Abstract 
 

Lithium Fluoride (LiF) was examined as a burning rate catalyst of energetic 
nitramine based pyrolants in order to obtain pyrolants of which combustion products are 
environmentally friendly.  HMX was chosen as a nitramine and hydroxy terminated 
polyether (HTPE) was used as a binder.  Burning-rate test results indicated that the 
burning rate increased drastically in low pressure region that is termed “super-rate 
burning”.  The initial action of the catalyst is in condensed phase to alter the thermal 
decomposition and the gas phase just above the burning surface is increased.  Thus, the 
heat flux transferred back from the gas phase to the burning surface is increased. 
 
 
1. Introduction 

Various lead compounds (termed catalysts) have long been known to improve the ballistic 
properties of double-base propellants composed of nitrocellulose (NC) and nitroglycerin (NG).  
The addition of a small amount of lead stearate (PbSt) produces a drastic increase of burning rate 
in low to medium pressure region below about 10 MPa.   This increase is termed �super-rate 
burning�.  As pressure increases further, this super-rate burning disappears fairly rapidly. 1) ~ 9) 
 

In our previous studies, a super-rate burning effect has been reported that lead 
compounds also act on nitramine based propellants. 1) ~ 2)  Though the chemical properties of 
nitrate esters such as NC and NG are different from those of nitramines such as HMX and RDX, 
the same lead compounds acts on the burning rate of both types of materials.  The initial action 
of the catalysts is in the condensed phase of the propellants and the reaction rate in the gas phase 
increases.  This increased reaction rate is reported to be the cause of the observed super-rate 
burning. 
 

In order to avoid the use of lead compounds because of an environmental standpoint 
lithium fluoride (LiF) has been chosen to obtain super-rate burning rate characteristics for HMX 
pyrolants composed of HMX particles and an inert polymer used to develop a new type of 
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pyrolants.  Burning rate tests and observations of the surface structure and the gas phase 
structures have been conducted. 
 
 
2. Experimental 

In this experimental study, LiF was chosen as a burning catalyst to obtain super-rate 
burning rate effects on HMX based pyrolants.  Moreover, the effect of the addition of carbon 
black (C) that may act as a catalyst promoter was also examined.  The HMX particles used in 

this study were finely divided, crystallized β-HMX of bimodal particle sized distribution.  The 

binder used was a polymeric hydrocarbon composed of hydroxy terminated polyether (HTPE).  
The HMX particles and the HTPE binders were mixed with or without catalysts, and the OH 
groups of HTPE were cured with isophorone diisocyanate.  The mixture ratio of HMX and 
HTPE was 80/20.  The chemical compositions of HMX/HTPE pyrolants tested are shown in 
Table 1.  The noncatalyzed HMX/HTPE pyrolant was used as a reference pyrolant to evaluate 
the effect of super-rate burning.  The chemical structure of the HTPE binder is shown in Table 2. 
The adiabatic flame temperature and combustion products of noncatalyzed HMX/HTPE pyrolant 
at 10 MPa is shown in Table 3. 
 

Table 1.  Physicochemical properties of HMX/HTPE pyrolants 
Pyrolants HMX HTPE LiF C 

noncatalyzed (HMX/HTPE) 80 20 - - 
catalyzed (HMX/HTPE/LiF) 80 20 1 - 
catalyzed (HMX/HTPE/LiF/C) 80 20 1 1 

 
Table 2.  Chemical properties of the HTPE binder used for this study 

Chemical formula C5.194 H9.840 O1.608 N0.149 
Oxygen concentration 25.7 % by mass 
Heat of formation -302 MJ/kmol at 298 K 

 
Table 3.  Adiabatic flame temperature and combustion products of noncatalyzed 

HMX/HTPE pyrolant 
Adiabatic flame temperature Combustion products (mole fraction) 

1929.5K CO CO2 N2 H2 H2O 
 0.3867 0.0147 0.2076 0.3358 0.0547 

 
The burning rate of the pyrolants was measured with a chimney-type strand burner that 

was pressurized with nitrogen.  The combustion wave structure of pyrolant burning were 
recorded by a distal video camera through a transparent window that was attached to the side of 
the burner. 
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3. Results and Discussion 

3.1  Burning Rate Characteristics 
The results of the burning rate measurements of the noncatalyzed and the catalyzed 

HMX pyrolants are shown in Fig.1.  The burning rate of the catalyzed pyrolants 
demonstrated a drastically increased burning rate, i.e. super-rate burning. However, the 
burning rate of each pyrolant that containing LiF without C was only slightly increased, and 
did not indicate the super-rate burning.  LiF acts as a catalyst to produce super-rate burning 
of HMX pyrolants only when a small amount of carbon black is mixed together. The carbon 
black is considered to act as a catalyst promoter that acts on super-rate burning of double 
base propellants. 
 

It is evident from the measurement results that HMX/HTPE pyrolants show 
�super-rate burning� same as double base propellants when PbSt and C are mixed within the 
noncatalyzed HMX/HTPE pyrolants.  Since HMX/HTPE pyrolants consist of crystalline 
HMX particles and polymeric materials, the physical structure of the pyrolants is 
heterogeneous. On the other hand, the physical structure of double base propellants consist of 
NC and NG is homogeneous.  Moreover, HMX/HTPE pyrolants are characterized with 
-N-NO2 bonds which are chemically different from double-base propellants that are 
characterized with -O-NO2 bonds. 1) 

 
It is well known that the super-rate burning of double-base propellants diminishes 

with increasing pressure in the high pressure region above about 30 MPa.6) ~ 9) The previous 
experimental results have also demonstrated that the super-rate burning of HMX based 
propellants diminishes with increasing pressure and the effect of the addition of PbSt and C 
on the burning rate disappears completely in the high pressure region above 30MPa. 10)  
These observed burning rate characteristics imply that the fundamental role of the catalyst on 
producing super-rate burning is the same for both HMX/HTPE pyrolants and double-base 
propellants. 

 
 

3.2  Combustion Wave Structures 
The observed results of the combustion wave structure with a video-camera indicated 

that both noncatalyzed and catalyzed HMX/HTPE pyrolants show the luminous flame front 
stands some distance above the burning surface at 1.5 MPa.  The luminous flame 
approached the burning surface as pressure was increased.  However, the flame stand-off 
distance from the burning surface to the luminous flame front was increased when the 
pyrolant was catalyzed.  The flame standoff distance decreased as pressure increased for 
both noncatalyzed and catalyzed pyrolants.  When pyrolant was catalyzed, carbonaceous 
materials were formed on the burning surface.  This observed phenomenon is similar to the 
flame structure of PbSt catalyzed HMX pyrolants.  The results obtained in this study 
indicated that the combustion mode and the action of LiF are considered to be the same as 
those of lead compounds to produce super-rate burning of HMX/HTPE pyrolants. 
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As the results of the observation of combustion wave structure and the measurements 
of combustion wave temperature in the previous reports, the combustion wave of HMX 
pyrolants appears to consist of successive reaction zone: condensed phase reaction zone, fizz 
zone, preparation zone and luminous flame zone. The combustion wave structure and 
temperature distribution of an HMX pyrolants were shown in Fig. 2. 
 

As to the first, in the condensed phase reaction zone, HMX particles melt together 
with the polymeric binder and form a chemically energetic liquid mixture. As to the second, 
in the fizz zone, an exothermic rapid reaction between NO2 and fuel fragments occurs and 
produces a steep temperature rise just above the burning surface.  As to the third, in the 
preparation zone, the NO and N2O produced at the surface reaction zone and also produced 
by the reduction of NO2 at fizz zone react slowly and the temperature rise slowly.  As to the 
last, in the luminous flame zone, the results from the previous zone�s reaction stand some 
distance from the burning surface. 

 
 

3.3  Burning Catalyst Effects on Combustion Wave Structures 
The flame structure of the noncatalyzed and the catalyzed HMX pyrolants were 

measured from a distal video camera.  As shown in Fig. 3, the preparation zone length that 
is the distance from the burning surface to luminous flame decreases with increasing pressure, 
which is represented by 

d
g p a    L =  (1) 

where Lg is the preparation zone length, p is the pressure, d is the pressure exponent of the 
preparation zone and a is the constant value. 
 

The d of both the noncatalyzed and the catalyzed HMX pyrolants nearly equal to �2.0. 

They do not have the previous differences.  The reaction rate in the gas phase, ωg, can be 

represented by  

dx    u gL
0 ggg ∫ ω=⋅ρ  (2) 

where ρg is density in the gas phase, ug is the gas flow velocity.  If one assumes that the reaction 

rate is constant throughout the distance from the burning surface to the flame, using mass 
continuing equation at the interface of the gas phase/solid phase, the effective overall reaction 

rate in the gas phase ωg is given, 

( )            u    r            
L

r 
   ggp

g

p
g ⋅ρ=⋅ρ

⋅ρ
=ω  (3) 

∼ P n-d   ∼ P k (4) 
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where ρp is density of pyrolant, r is the burning rate and k is reaction order in gas phase. The 

reaction rate was calculated using the experimental values for the burning rate and flame distance 
shown in Fig.3.  The overall order of the reaction in the gas phase is given by the slope, k = m � 
d, of the reaction rate as shown Fig. 4 and the k of both the noncatalyzed and the catalyzed HMX 
pyrolants nearly equal to 2.6.  The results indicate that the basic chemical reaction mechanism 
in the gas phase which involves the reduction of NO to N2 remains unchanged by the 
replacement of the catalyzed HMX pyrolants. 

 
 
3.4  Catalyst Activity of Burning Rate 

To determine the effect of the catalyst addition of the burning rate, an energy balance 
equation at the burning surface is used. The burning rate r is represented by  

ψ
φ

ρ

λ
=  

c
  r  

pp

g  (3) 

where λg is the thermal conductivity in gas phase above the burning surface, ρp is the density, 

cp is the specific heat of the combustion products, and  
( ) g,sdxdT    =φ  (4) 

ps0s cQTT    −−=ψ  (5) 

where  (dT/dx)s,g  is the temperature gradient at the gas phase or the condensed phase, and 
Qs is the heat of reaction on the burning surface.  It is stated from Eq. (3) that the burning 

rate depends on the ratio of the two parameters, where φ is related to the gas phase reaction, 

and ψ is related to the condensed phase reaction. 

 
The logarithmic form of Eq. (3) for noncatalyzed and catalyzed pyrolants gives the 

following expression: 
 

ηr = ln (rc / rn) (6) 

 
The thermal diffusivity at the burning surface is assumed to be the same for both noncatalyzed 

and catalyzed pyrolants.  The parameter ηr is the catalyst activities of burning rate. The results 

of the computations of ηr is shown in Fig. 5. 
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4. Conclusions 

The pyrolants composed of HMX and HTPE produces a drastically increased burning rate 
the so called �super-rate burning�, when catalyzed with LiF, similar to the pyrolants catalyzed 
with PbSt.  The initial action of the catalyst (LiF and C) is in the condensed phase just beneath 
the burning surface and the gas phase reaction rate just above the burning surface is increased.  
The mode and action of the catalyst are the same as those of lead compounds to produce 
super-rate burning.  In other words, lead catalysts will be replaced with LiF that is 
environmentally friendly as a super-rate burning catalyst of HMX based pyrolants. 
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Fig.1     Burning rate characteristics of noncatalyzed and 
catalyzed HMX pyrolants. 
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Fig.2   Combustion wave structure and temperature 
distribution of an HMX pyrolant. 
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Fig.3 Variation of preparation zone length for noncatalyzed and 

catalyzed HMX pyrolants. 
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Fig.4 Variation of reaction rate in preparation zone for 

noncatalyzed and catalyzed HMX pyrolants. 
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Fig.5 Catalyst activities of burning rate ηr for HMX pyrolants. 
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Abstract 
 
A comparison has been made between trans-cinnamic acid (CA) and propyl 4-hydroxybenzoate 
(PHB) as smoke agents for obscuring infrared and visible light.  The condensation smoke 
compositions are based on the lactose/potassium chlorate reaction and similar burn rate 
properties are observed when each smoke agent is employed.  It was observed however that the 
mass extinction coefficient of PHB is lower when PHB is used in smoke compositions in the 
same weight proportions as CA.  It was also observed that infrared absorbance by PHB smoke 
was dependent upon relative humidity, although visible absorbance was unaffected.  The effect 
of changing the proportion of PHB, and altering the oxidant to fuel ratio is reported. 
 

Introduction 
 
Cinnamic acid (CA) and terephthalic 
acid (TA) based smokes are commonly 
used for training purposes as they are 
relatively non-toxic compared to 
hexachloroethane or even red 
phosphorus smoke compositions 1-8.  
Both CA and TA smoke agents are 
vaporised by the heat generated by the 
reaction between potassium chlorate and 
lactose.  As the vapours condense they 
produce smoke.  The combustion 
reaction occurs near the decomposition 
point of lactose, approximately 219 ºC 9, 
and the boiling/sublimation points of the 
smoke agents are above this.  Using 
potassium chlorate and lactose as the 
pyrotechnic composition limits the 
temperature of combustion to below 
about 450 ºC, low enough, not to 
substantially oxidise the smoke agent, 
although some oxidation does occur 5,8.   

 
Smoke obscuration generally occurs 
through scattering and absorption by 
smoke particles.  A common 
characteristic of both CA and TA is that 
they each have an organic acid 
functional groups attached to either a 
styrene group or an aromatic ring 
(Fig. 1).  Carboxylic acid groups are 
known to be strong absorbers in the mid 
IR at about 3.0 – 4.3 µm. 
 
The present study compares CA smoke 
to that from propyl 4-hydroxybenzoate 
(PHB) which has not been used before as 
a smoke agent.  The effect of altering the 
proportion of smoke agent, and the 
oxidant to fuel ratio is determined for 
PHB and compared to earlier studies on 
CA 10 to better understand these 
condensation smoke compositions. 
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Figure 1 – From top, molecular 
structures of CA, TA and PHB 
 
Experimental 
 
Lactose (Wyndal Lactose Company NZ 
Ltd), kaolin (Home Rule Minerals, 
NSW, Australia), trans-cinnamic acid 
(Fluka, Puriss; CA) and propyl 
4-hydroxy benzoate (Fluka, Purum; 
PHB) were each passed through BSS 
#120 sieves.  Potassium chlorate 
(Energia Industrias, Spain) was passed 
through a BSS#100 sieve.  As in the 
earlier study 10, the lactose, kaolin and 
CA or PHB were hand blended on flint 
paper and passed twice through a BSS 
#44 sieve.  Potassium chlorate was then 
sieved on top of this mixture (BSS #44) 
which was then hand blended and sieve 
mixed (BSS #44) resulting in the 
compositions shown in Table 1. 

 
A two stage stamping action Hare press 
applied 60 MPa pressure (3 tons dead 
load), with 10 s dwell, and a 25.5 mm 
diameter drift to press single increment 
15 g quantities of composition topped 
with 0.4 g SR 252 primer into a 
cardboard lined aluminium pots.  A 
15 mm aperture aluminium lid was 
crimped in place.  PIC was used for 
ignition.  The cylindrical smoke chamber 
was 4 m in diameter, and 50.2 m3 in 
volume.  Temperature and humidity 
readings outside the chamber were 
determined immediately prior to 
ignition.  Six smoke pots of 
compositions 1 and 2 were combusted, 
and three for each of compositions 3-6. 
 
A ceiling mounted circulation fan was 
started at the completion of smoke pot 
combustion and transmission 
measurements made 2 minutes later 
using an eye response photodiode 
monitoring a 100 W tungsten lamp 
diagonally opposite. Measurements of 
mid-IR (3-5 µm) were made with a 
Molectron Detector Incorporated 
Pyroelectric Radiometer (PR 200) 
monitoring a stabilised Xe lamp (Rofin, 
Polilight) diagonally opposite.  Smoke 
was extracted for at least 30 s through 
filter paper (Sartorius 0.45 µm, format 
47,SM Type 53), and the flow monitored 
with a Fischer and Porter Flowrator® 
meter of 0.5 inch tube diameter (Tube 
number FP-1/2-17-G-10, max. flow 51.5 
litres per minute). The probe arm 
extended 0.80 m into the chamber and 
held the filter paper facing downwards 
1.35 m above the floor of the chamber. 
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Comp. 1 2 3 4 5 6 
KClO3 26 26 28.5 23.5 30 21 
Lactose 26 26 28.5 23.5 22 31 

PHB  33 28 38 33 33 
CA 33      

Kaolin 15 15 15 15 15 15 
Ox/Lac. 3:1 3:1 3:1 3:1 4:1 2:1 

 
Table 1 – Compositions studied with percentages of each component by weight 

 
Results and Discussion 
 
The pyrotechnic reaction that volatilises 
the PHB is assumed stoichiometric at 3:1 
oxidant to lactose 10.  PHB composition 
(Comp. 2) in identical proportions to 
standard CA smoke (Comp. 1) was made 
the standard for comparison of the other 
PHB compositions.  The burn rate for 
this PHB standard is 0.36 ± 0.03 mm/s, 
almost the same as 0.38 ± 0.03 mm/s for 
CA smoke studied in this set of 
experiments (Table 2). 
 

 
 
With 5 % less PHB smoke agent the 
burn rate predictably increases to 0.51 ± 
0.03 mm/s. While a higher proportion of 
PHB decreases the burn rate to 0.236 ± 
0.005 mm/s.  The subsequent burn rates 
are very similar to corresponding CA 
compositions 10.  Higher oxidant to fuel 
ratios (Comp. 5) and lower oxidant to 
fuel ratios (Comp. 6) respectively 
increase and decrease the burn rate as 
expected.

Comp. Mix Burn 
Rate 
mm/s 

AIR       
50% RH 

Conc. (cs)  
g/m3 

Smoke 
Yield  % 

αIR    
50% RH 

Avis αvis 

1 CA 0.38 0.021 ± 0.006 0.071 71 0.075 0.86 3.0 
2 PHB 

Standard 
0.36 0.018 ± 0.001 0.089 89 0.054 0.94 2.6 

3 - 5% 
PHB 

0.51 0.006 ± 0.002 0.067 81 0.022 0.86 3.2 

4 + 5% 
PHB 

0.236 0.041 ± 0.001 0.093 82 0.108 0.68 1.8 

5 4:1 
Ox/Lac 

0.432 0.010 ± 0.001 0.057 51 0.051 0.71 3.2 

6 2:1 
Ox/Lac 

0.17 0.041* 0.100 100 0.103 0.56 1.4 

*41% RH 
 

Table 2 - Performance of PHB smoke compositions, compared to CA smoke. 
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The burn rates are associated with ease 
of ignition as only two out of three 
smoke pots of Comp. 4 ignited, while 
only one of the three smoke pots of 
Comp. 6 ignited.  All other compositions 
readily ignited. 
 
The absorbance of infrared radiation 
(AIR) was measured as before 10, 
however compared to the earlier study, 
the contribution of PIC and primer to 
absorption (0.0055) was subtracted.  
This has resulted in a decrease in some 
values for CA compared to the earlier 
study 10.   
 
It was also determined whether relative 
humidity (RH) measured immediately 
prior to combustion affects infrared and 
visible absorption for PHB 
compositions.  It is well known that RH 
can significant effect smoke properties, 
particularly where hygroscopic smokes 
are produced 7,8,11. No correlation was 
observed in this study between visible 
absorption (Avis) or visible mass 

extinction coefficient (αvis) for PHB 
smokes and RH, or between smoke 
concentration or smoke yield and RH.  
However AIR and the infrared mass 
extinction coefficient (αIR) did appear to 
be correlated to RH, as shown for αIR for 
two PHB compositions in Figure 2.  Two 
of the remaining PHB compositions 
similarly showed this effect, while 
Comp. 6 only had a single RH 
measurement at 41% RH. 
 
As a result of the observed effect of RH 
on the absorbance of IR radiation the 
values quoted in Table 2 for AIR and αIR 
are interpolated results for 50% RH, 
while the values quoted for Avis, αvis, 
smoke concentration and smoke yield in 
Table 2 are mean values.  A similar 
effect on the IR absorbance for the CA 
composition was not apparent in this 
study although six measurements at 44 
to 60 % RH were made.  Mean values 
are therefore quoted for the IR 
parameters for Comp. 1. 
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Figure 2 – Effect of relative humidity upon the mass extinction coefficient of PHB smokes 
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As noted in Table 2, PHB produces 
similar IR absorbance (Comp. 2) 
compared to CA smoke at 3 – 5 µm, 
despite a significantly higher smoke 
concentration.  The smoke yield, denoted 
as a percentage of the total smoke agent 
volatilised, is also much higher for PHB 
than for CA. 

Decreasing and increasing the proportion 
of PHB in the composition (Comp.’s 3 & 
4), is shown to respectively increase and 
decrease the smoke concentration as 
expected.  Increasing and decreasing the 
Ox./Lactose ratio (Comp.’s 5 & 6) also 
respectively decreases and increases the 
smoke concentration as expected.  As 
noted for AIR, there is a contribution of 
PIC and primer to smoke density 
(0.008 g/m3) and this was subtracted 
from measured smoke densities to 
produce the values in Table 2.   
 
For PHB, the smoke yield is 100% at 
low Ox./Lactose ratio, while it is almost 
half that when the ratio is high.  It is 
likely that there is significant oxidation 
of the PHB by excess oxidant at the 
higher ratio.  Interestingly, a higher 
proportion of PHB in the composition 
(Comp. 4) does not increase the smoke 
yield. 
 
The infrared mass extinction coefficient 
(αIR) for PHB is less than that of CA, 
and appears very dependent upon both 
the proportion of PHB present and the 
Ox./Lactose ratio.  Terephthalic Acid 
(TA) has by comparison been likened to 
CA when used in similar weight 
proportions 7,8.  It is however premature 
to discuss the effect of chemical 

functional group on IR absorbance 
without improved spectral resolution. 
 
The wide variation in AIR and αIR for 
PHB with composition indicates that 
there are significant amounts of 
pyrotechnic combustion products 
contributing to IR absorption.  These 
combustion products may include 
particulate carbon from lactose 
decomposition as well as carbon or 
carbon dioxide from the oxidation of 
lactose and PHB by potassium chlorate.  
Comp. 5 has a smoke yield of only 51 %, 
and it is likely that significant oxidation 
of PHB is occurring at the higher 
Ox./Lactose ratio compared to Comp. 6. 
 
Studies have not yet been undertaken on 
either the size or composition of the 
collected smoke particles, although   
there are plans to examine these 
residues.  It was noted that PHB smoke 
particles began to block the filter in the 
extraction probe much faster than CA 
smoke, requiring shorter extraction 
times.  It is possible that the PHB 
particles are significantly smaller than 
the CA particles. 
 
Obscuration of visible absorption by 
PHB smoke compositions is much 
greater than IR absorption, and is similar 
to that for CA smoke.  Both CA and TA 
smokes also have similar visible 
obscuration properties 7.  An increase in 
the proportion of PHB or a reduction in 
Ox./Lactose ratio decreases both Avis and 
αvis.  The changes in visible absorption 
may depend on the nature and quantities 
of the combustion products formed.
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Conclusions 
 
Smoke compositions containing propyl 
4-hydroxy benzoate (PHB) yield similar 
burn rate properties to those of trans-
cinnamic acid (CA), but have lower 
infrared mass extinction coefficients 
(αIR).   Increased relative humidity 
appears to increase αIR for PHB.  The 
value of αIR for PHB is very dependent 
on both its weight proportion in the 
composition, and the oxidant to lactose 
ratio, indicating significant change in the 
smoke composition with change in the 
pyrotechnic composition.  Higher αIR is 
associated with both an increased 
proportion of PHB, and a low 
Ox./Lactose ratio. 
 
The visible absorbance and visible mass 
extinction coefficients for PHB smokes 
were observed to be much higher than in 
the infrared region, but are similar to 
those for CA and TA smoke. 
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ABSTRACT 
 

Electric matches are used in pyrotechnics to initiate devices electrically rather than by 
burning fuses.  Fuses have the disadvantage of burning with a long delay before igniting a 
pyrotechnic device, while electric matches can instantaneously fire a device at a user’s 
command.  In addition, electric matches can be fired remotely at a safe distance.  Unfortunately, 
most current commercial electric match compositions contain lead as thiocyanate, 
nitroresorcinate or tetroxide, which when burned, produces lead-containing smoke.  This lead 
pollutant presents environmental exposure problems to cast, crew, and audience.  The reason that 
these lead containing compounds are used as electric match compositions is that these mixtures 
have the required thermal stability, yet are simultaneously able to be initiated reliably by a very 
small thermal stimulus.  A possible alternative to lead-containing compounds is nanoscale 
thermite materials (metastable intermolecular composites or MIC).  These superthermite 
materials can be formulated to be extremely spark sensitive with tunable reaction rate and yield 
high temperature products.  We have formulated and manufactured lead-free electric matches 
based on nanoscale Al/MoO3 mixtures.  We have determined that these matches fire reliably and 
to consistently ignite a sample of black powder.  Initial safety, ageing and performance results 
are presented in this paper. 

 
 
 

INTRODUCTION 
 
A commercial electric match head 

consists of an electrically insulating 
substrate with copper foil cladding, similar 
to that used for printed circuit boards. A 
schematic of a typical electric match is 
illustrated in Fig. 1.  Soldered across the 
edge of the match is a small diameter 
nichrome wire.  This bare match head is 
dipped into lead-based compositions to 
produce the spark-sensitive bead above the 
nichrome bridge wire. The bead may be 
coated with a second layer of metal fuels 
such as aluminum/magnesium alloy or 
titanium with potassium perchlorate 
oxidizer.  This secondary coat provides the 
hot sparks to ignite black powder (or other 
compositions) in pyrotechnic devices.  
Finally the bead may be coated with a 

 
Figure 1. Illustration of a typical electric 
match in cross-section (left) and viewed 
externally after rotating 90° (right). 1 
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lacquer to provide strength and water 
resistance.   

Unfortunately, most current com-
mercial electric match compositions contain 
lead in the form of thiocyanate, 
nitroresorcinate or tetroxide, which when 
burned, produces lead-containing smoke.  
This pollutant presents possible 
environmental exposure and contamination 
of firing areas.   

Finding a lead-free substitute with 
the appropriate ignition properties is 
particularly difficult, however, metastable 
intermolecular composite (MIC) materials, 
such as nanoscale Al/MoO3 superthermites, 
can be remarkably sensitive to small thermal 
stimuli yet do not contain lead. Thermite 
mixtures have high heats of reactions and 
produce high temperature products.2  
Further, the reaction rate is very rapid for 
nanoscale thermites and can be tuned by the 
particle size.3-5  In this paper we present the 
methods developed to make lead free 
electric matches, as well as the initial 
performance and safety evaluation results.  
Additional performance and safety 
evaluations are being performed currently 
and those results will be presented 
elsewhere. 
 
MANUFACTURE OF MIC-BASED 
ELECTRIC MATCHES 
 
Materials Used 
 
 Figure 2 is a scanning electron 
micrograph (SEM) of Technanogy 
nanoaluminum, which is designated as 
Technanogy 40 nm aluminum.  As seen in 
the figure, the size distribution is reasonably 
narrow near 40 nm.  Larger sized material 
tends to have a broader size distribution.  
This is illustrated in Fig. 3 for material 
designated Technanogy 121 nm aluminum, 
where particles as large as 1 micron are 
seen.  We also used a similar material 

obtained from Techanogy, denoted 
Techanogy 132 nm aluminum.  This broad 
distribution may be desirable in some 
applications, as appears to be the case for 
electric matches. 

Figure 2.  SEM of “40 nm” Technanogy 
Aluminum. 

Figure 3. SEM of “121 nm” Technanogy 
Aluminum. 

Figure 4. SEM of Climax MoO3.   
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 The MIC oxidant is nano-scale 
MoO3 obtained from Climax Corporation.  
As shown in Fig. 4, this material is in the 
form of flakes and smaller agglomerates.  
From small-angle scattering, the thickness of 
the flakes is approximately 15 nm. Peterson 
et al. provides details concerning the small-
angle scattering technique.6 

 By sonically mixing these 
ingredients we obtain a superthermite.  An 
example of the resulting mixture is shown in 
Fig. 5.  In the figure shown, small nano-
aluminum (~40 nm) is used. 
 
Formulation of Match Materials 
 
 A bare electric match (i.e. a match 
head with no bead of composition) is 
effective in igniting a MIC mixture.  
However that alone, or even with a simple 
binder, is not an adequate configuration as 
we determined through various iterations. 
Our latest match system consists of three 
layers.  The primary layer is mainly MIC; 
the secondary is composed of material to 
provide large ignition particles; and the final 
layer is a protective coating to provide 
mechanical strength and keep oxygen and 
moisture out of the match. The latest 
formulation used is described here.    
 The primary layer consists of about 6 
mg of a mixture composed of 9% by weight 

of 13.5% N content nitrocellulose (NC) and 
91% of a mixture of 121 nm and 132 nm 
Techanogy Aluminum based MIC.  The bare 
electric match head is dipped into the 
composition that has been diluted/dissolved 
with ethyl acetate containing 0.3% FC 430 
surfactant. To provide a barrier the primary 
dip is coated with NC using a NC/ethyl 
acetate lacquer.   
 The secondary dip material is 
composed of 56% by weight potassium 
perchlorate, finely ground, 27% 12 micron 
German Black aluminum, 8% Ti (80-100 
mesh), 0.3% Nanocat iron oxide from Mach 
I, 8.7% NC and enough ethyl acetate solvent 
to form a viscous slurry.  The match is 
dipped into this secondary material, 
followed again by a protective coat of NC 
using NC/ethyl acetate lacquer.  The final 
coat is vinyl dissolved in MEK/Toluene.  
This procedure has been modified several 
times and will likely be modified further.  
Some example matches are shown in Fig. 6.  
Reasonable uniformity is obtained and the 
match head is reasonably strong 
mechanically. 
 
 

 
 
 

Figure 5.  Typical Al/MoO3 MIC. 
 

Figure 6.  MIC-based electric matches.   
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AGEING ISSUES 
 

An issue that must be addressed for 
nano-aluminum is “ageing”.  Specifically, 
when exposed to oxygen or water nano-
aluminum fully oxidizes making the 
material useless.  A reason the final coating 
of vinyl was used is to provide a water 
resistant coating.  The electric matches 
continued to perform even after three weeks 
submerged in water.  Additionally, we have 
tested matches using fluorosilane coated 
nano-aluminum.  This provides additional 
protection of the aluminum and the matches 
appear to perform adequately also. 

 
PRELIMINARY SAFETY TESTS 
  
 An initial impact test was performed.  
Impacts at 55 cm resulted in no reaction, 
however at 60 cm some ignited.  For 
comparison, a Martinez E-Max-Minimatch 
achieved ignition at 10 and 13 cm on the 
Los Alamos drop impact test (2.5 kg weight 
bare anvil).   
 We also placed two of the MIC 
matches towards each other and fired one of 
the matches.  The firing of the first match 
failed to ignite the second match.  MIC 
typically has good thermal sensitivity.   

Our safety and performance testing 
at Los Alamos is focused on explosives. 
Consequently, our testing equipment, for 
friction and spark, is not appropriate for 
electric matches. Ken Kosanke of Pyrolabs 
has agreed to test our electric matches. 
Kosanke has agreed to perform impact, 
impact with black powder, ESD 
(electrostatic discharge) through bridgewire, 
ESD through composition, coating 
resistance, friction, friction with black 
powder, thermal sensitivity, ramp firing 
current, and thermal output tests.  We will 
report these results elsewhere. 

MATCH PERFORMANCE 
 

Our initial MIC-based matches were 
made with Technanogy 40 nm MIC.  The 
electrical spark was adequate to ignite the 
match consistently but reacted so violently 
that it sometimes failed to ignite unconfined 
black powder.  Consequently, we changed 
our formulation to use the larger nano-
aluminum and consistent ignition of black 
powder was obtained. 

A qualitative comparison was made 
by comparing high-speed video records of 
Martinez Minimatches and our lead-free 
matches.  Figures 7 & 8 shows this 
comparison.  The scale of the view is 
approximately 12 inches.  Figure 9 is a close 
up view of a MIC-based match igniting.  As 
shown the MIC-based matches react faster 
(more explosively) than the Martinez match.  
The hot particles are propelled at least as far 
as the commercial match.  The exposure of 
the camera is the same for the two image 
sets.  The MIC-based match is brighter than 
the commercial match, which may indicate 
hotter products.  Further modification of the 
formulation could likely slow the reaction, if 
desired. 

 
SUMMARY 
 Lead-free electric matches have been 
developed and demonstrated.  Further 
evaluation is proceeding.  However, 
performance appears to be good and initial 
safety evaluation appears adequate. 
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Figure 7.  High-speed video of a Martinez 
Minimatch.  Time is relative to first light. 

Figure 8.  High-speed video of  a lead-free 
match.  Time is relative to first light. 
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Figure 9. Close-up high speed video of a lead-free match.  Time is relative to first light. 
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ABSTRACT 

Thermite materials are attractive energetic materials because the reactions are highly exothermic, 
have high energy densities, and high temperatures of combustion. However, the application of thermite 
materials has been limited because of the relative slow release of energy compared to other energetic 
materials.  Engineered nano-scale composite energetic materials, such as Al/MoO3, show promise for 
additional energetic material applications because they can react very rapidly. The composite material studied 
in this work consists of tailored, ultra−fine grain (30-200 nm diameter) aluminum particles that dramatically 
increase energy release rates of these thermite materials. These reactant clusters of fuel and oxidizer particles 
are in nearly atomic scale proximity to each other but are constrained from reaction until triggered. Despite 
the growing importance of nano−scale energetic materials, even the most basic combustion characteristics of 
these materials have not been thoroughly studied. This paper reports initial studies of the ignition and 
combustion of metastable intermolecular composites (MIC) materials. The goals were to obtain an improved 
understanding of flame propagation mechanisms and combustion behaviors associated with nano-structured 
energetic materials. Information on issues such as reaction rate and behavior as a function of composition 
(mixture ratio), initial static charge, and particle size are essential and will allow scientists to design 
applications incorporating the benefits of these compounds.  The materials have been characterized, 
specifically focusing on particle size, shape, distribution and morphology. 

 
INTRODUCTION 

The term thermite reaction is used here 
to describe an exothermic reaction which 
involves a metal reacting with a metallic or a 
non-metallic oxide to form a more stable 
oxide and the corresponding metal or 
nonmetal of the reactant oxide.1   Thermite 
reactions have long been used in a variety of 
pyrotechnic, material synthesis, and 
metallurgical applications.1   These materials 
are potentially attractive because the reactions 
are highly exothermic, have high energy 
densities, and high temperatures of 
combustion. However, their use has been 
limited because their energy release rate is 
typically relatively slow.  In recent years it has 
been demonstrated that considering reactants 
on the nano-scale reduces the diffusion barrier 
sufficiently to dramatically increase the 

energy release rate.2   In a sense, the rules are 
changed at the nano-scale and a door is 
opened for the consideration of new 
applications for these materials.  Engineered 
nano-scale composite energetic materials, 
such as Al/MoO3, have shown promise for 
energetic material applications because the 
nanocomposite can react extremely rapidly.  
Reaction rates are orders of magnitude faster 
than conventional formulations.2   As a 
consequence these materials have application 
directly for such things as primers, or nano-
materials can be formulated with other 
energetic materials, including gas generating 
materials, and used for a much wider variety 
of applications. These materials have been 
historically termed metastable intermolecular 
composites (MIC).  Here we use this term to 
refer to any energetic material utilizing 
nanoscale energetic constituents.   
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Although these materials have been 
available in the recent years, much research 
remains to fully characterize the morphology 
and reaction behavior of these materials..   

Fully characterizing these materials 
presents challenges.  Small angle neutron or x-
ray scattering (SANS and SAXS, respectively) 
is introduced and shown to be a useful 
characterization tool for these nano-materials 
to characterize size distribution and oxide 
layer thickness. Other size characterization 
tools and their range of useful resolution are 
presented in Fig. 1. This figure shows that 
SAXS and SANS span the range of interest 
for nanoscale materials. 

In this paper, we present recent 
combustion experiments involving Al/MoO3 
and Al/MoO3/Teflon MIC materials. Ignition 
delay and pressurization are measured in a 
small-volume combustion bomb.  Variations 
in the performance of the materials are 
contrasted.  Corresponding characterization of 
the materials studied is also shown. 

EXPERIMENTAL SETUP 

 There are many methods for preparing 
nanocomposite thermites, including sol-gel 
synthesis4 deposition of individual fuel and 

oxidizer layers that make up a multi-layer foil5 
and sonication of suspended particulates.2  For 
this study, Al and MoO3 powders were 
immersed in a solvent and sonicated. The 
particles were suspended in the solvent and 
once thoroughly mixed, the mixture was 
poured into a pan and heated to a few degrees 
above ambient, allowing the solvent to 
evaporate.  

We have considered both the 
morphological characterization and 
combustion of these materials. The Al and 
MoO3 powders were characterized using 
several different techniques to determine the 
particle size distribution, passivation layer 
thickness, and degree of particle 
agglomeration. In this paper we present results 
from pressure cell experiments and pellet 
burning experiments. 

SANS/SAXS Measurements 

Small-angle neutron scattering 
(SANS) measurements were performed on Al 
and MoO3 powders used to make MIC 
materials, in order to characterize their 
particle size and shape. In what follows, we 
will briefly describe the SANS technique. A 
much more detailed description of the SANS 
and SAXS measurements is presented in by 

Peterson et al. in this volume.8 

 
 In a SANS experiment, a beam of 
neutrons impinges upon a sample 

 

 

Figure 1.  A comparison of particle 
characterization techniques in terms of 
length scale probed.  

Figure 2.  Schematic of small-angle 
scattering technique. 
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characterized by a scattering length density, 
�(r), which reflects the microscale structure 
(see Fig. 2). Fluctuations in �(r) give rise to 
small-angle scattering. The intensity of the 
scattered radiation, I(Q), is measured as a 
function of the scattering vector, Q, of 
magnitude Q = (4�/�)sin�, where � is the 
wavelength of the incident radiation and � is 
half of the scattering angle. I(Q), for a 
monodisperse system of non-interacting 
particles, dispersed in a uniform media, can be 
expressed as, 

)(PVN)Q(I 22 Qρ∆= ,            

(1) 

where P(Q) is the normalized, single particle 
form (shape) factor and is related to Fourier 
transform of �(r), V is the particle volume, 
and � is the number of scatterers per unit 
volume. Also, �� is the scattering length 
density contrast between the average 
scattering length density of the particle, and 
that of the surrounding media.  The complete 
interpretation of I(Q) in terms of the sample 
structure, �(r), ultimately involves careful 
comparison with calculations of the scattering 
expected from model structures.  However, 
useful characteristics of the scattering, based 
on approximations to Eq. (1), can be used to 

determine general features of the structure. 
For example, for a collection of objects of a 
characteristic feature size, in the domain such 
that QR �1, where R is the feature size, one 
observes a knee in a log-log plot of the 
intensity versus Q, 
known as the Guinier region.  

Other assumptions can also be made, 
as determined from the data itself and verified 
by SEM images. A significant advantage of 
SANS or SAXS is that a statistically 
significant number of particles is sampled in a 
single measurement, which allows accurate 
assessment of particle size distributions.  
SANS measurements were performed on the 
Low-Q Diffractometer (LQD) at the Manuel 
Lujan Jr., Neutron Scattering Center. Data 
were reduced by conventional methods and 
corrected for empty cell and background 
scattering. Absolute intensities were obtained 
by comparison to a known standard and 
normalization to sample thickness.  SAXS 
measurements have been made at the 
University of New Mexico, and a new SAXS 
facility is nearly operational at Los Alamos. 

Pressure Cell Experiment 

Figure 3 is a schematic diagram of a 
constant volume (13 cc), cylindrical chamber. 
Pressure and light intensity were measured in 
this constant volume chamber during the 
reaction. A fixed volume of powder was 
placed in the chamber and laser ignited. 
Ignition occurred via a fiber-optic cable by a 
30 ns, 20 mJ pulse from a Nd:YAG laser. Two 
PCB PiezotronicsINC. high-frequency pressure 
transducers were installed in the wall of the 
chamber; one with a 50 psi range and the 
other with a 250 psi range. These transducers 
fed a voltage signal to a digital Tektronics 
oscilloscope via a signal amplifier. A fiber-
optic cable mounted in the wall of the 
chamber monitored light emission from each 
test. The light signal from the cable was 
transformed into a voltage signal by a photo-

Figure 3.  Schematic of pressure cell 
experiment.  The sample is ignited by 
Nd:YAG laser.  Pressure transducer record 
the pressurization and a photodiode records 
light emission.  Powders or pellets can be 
considered. 
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diode and then sent to the oscilloscope. The 
voltage-versus-time data was collected and 
processed with a laptop computer with data 
acquisition capabilities. 

Pellet Combustion Experiment 

Pellets of Al/MoO3 MIC where 
produced in an axial press of about 4.4 mm 
diameter and about 5 mm in length.  Various 
density pellets can be obtained.  The lower 
density pellets (<2.4 g/cc) generally exhibit 
nonplanar burning.  Presumably, small 
unobserved flaws are accessed and flames 
spread rapidly through the pellet.  This is very 
similar to the combustion of energetic 
materials where nonplanar convective burning 
can be observed in damaged material at 
pressures sufficient for flame incursion.  
Flame spreading down the side of pellets is 
also sometimes observed.   

Figure 4.  Combustion of a lower density 
pellet that has been coated with a thin coat 
of epoxy. 

Initially, we tried applying a thin coat 
of epoxy to the sides of the pellet, which is the 
usual method of inhibiting side burning of 
pellets or strands of energetic materials.  This 
inhibited flame spread on the sides of the 
pellet, however the epoxy apparently mixed 
with a small amount of MIC material to create 
an extremely opaque layer so the intense burn 
front could not be observed.   

(a) 

(b) 

Figure 5.  Part (a) is a SEM image of 
nano-aluminum made at Los Alamos, 
designated RF-B.  Part (b) is larger 
aluminum made by Technanogy, 
designated Technanogy-121.  Technanogy 
also makes small aluminum powders 
similar to RF-B shown in part (a).  The 
particle size distribution tends to widen as 
larger particles are formed. 

 
Both of the above effects are 

illustrated in Fig. 4 where the burning front 
cannot be seen through the epoxy layer and 
flame has spread through to the bottom the 
pellet and is jetting hot products.  We found 
that spraying a very thin layer of polyurethane 
adequately inhibited side flame spread, yet 
allowed observation of the flame front.  
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Igniting the entire pellet surface initially is 
also important.  We were able to accomplish 
this adequately by illuminating the entire 
surface with a Nd:YAG laser.  A planar 
burning MIC pellet is presented below. 

CHARACTERIZATION OF 

MATERIALS 

SEM Results 

 Figure 5 shows an SEM for typical 
aluminum samples.  As illustrated in this 
figure, our experience is that the size 
distribution widens as larger particles are 
obtained for materials we have considered.  

Also observed in part (a) of Fig. 5, we see 
agglomeration in the form of chains or 
branches.  This is consistent with small-angle 
scattering results.  Similarly, Fig. 6(a) is 
MoO3 and finally Fig. 6(b) is Al/ MoO3 MIC.  
The MoO3 images reveal sheet-like structures, 
intermixed with aggregates.  The SAXS 
results agree with the SEM images and 
provide a quantitative measure of sheet 
thickness as discussed below. 

SANS/SAXS Results 

 Figure 7 shows data obtained from 
SAXS measurements of MoO3 and Al (LA-
Al31500).  Data obtained from a sample of 
Climax MoO3 and the model fit of 
polydisperse sheet-like structures with large 
aggregates is shown in Fig. 7(a).  The model 
assumption is consistent with the SEM shown 
in Fig. 6(a).  Specifically, sheet-like structures 
with large aggregates are observed in the SEM 
images, and if this structure is assumed to fit 
the SAXS measurement, good agreement is 
achieved with the small-angle scattering data.  
This analysis yields a sheet thickness of 15.5 
nm.  Figure 7(b) is a comparison of size 
distributions of an Al powder obtained from a 
SAXS measurement and TEM images.  The 
comparison is reasonable considering the 
limitations of the sample size considered in 
the TEM measurements (only a few hundred 
particles), possible halo effect (electron 
diffraction) in the TEM images, and the 
difficulty determining the diameter of 
agglomerates.  In contrast, the SAXS 
measurement includes numerous particles. 

  

Table 1.  Sizing of aluminum core and 
oxide layer by various techniques. 

 
(a) 

 
(b) 

Figure 6. Part (a) is some MoO3 from 
Climax.  Sheet-like material is observed 
with smaller particles.  Part (b) is Al/MoO3 
MIC. 
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In Figure 8 we show the distribution 
obtained from a SANS measurement of three 
Los Alamos produced nano-aluminums.  Mass 
fractal agglomerates are assumed in the 
interpretation of the scattering, consistent with 
SEM images (see Fig. 5(a) for example).  This 
model was found to be consistent with the 
SANS data in that the assumption of mass 
fractal agglomerates matched the data well. 
Both particle number distribution  

and volume distribution are shown in the 
figure.  Table 1 shows sizing results from 
SANS with comparisons to other approaches. 
In Table 1, Rav is the average radius, Dav is the 
average diameter, and � is the oxide layer 
thickness. 

PRESSURE CELL EXPERIMENTS 

 The pressure cell experiment, as 
described above, was used to compare powder 
samples of MIC materials.  Samples are 
placed in the same volume for each 
experiment.  It must be noted that the density 
can vary because of the different bulk powder 
densities.  However, the density is determined 
for each test since sample mass is measured 
and the sample volume is fixed.  Typical 
traces are shown in Fig. 9 (a).  Ignition time is 
defined as the time required for the reaction to 
produce 5% of the maximum pressure. This 
time is measured from the initial laser pulse. 
This parameter is indicative of the reactivity 
of the material. The maximum pressurization 
rate is determined from the slope of the 
pressure versus time plot during rapid 
pressurization.  Good repeatability is obtained 
with this experiment as illustrated in Fig. 9 (a) 
by the overlaying pressure traces. 

 
(a) 

 
(b) 

Figure 7.  Part (a) is data obtained from a 
sample of Climax MoO3 and the model fit 
of polydisperse sheet-like structures with 
large aggregates (consistent with Fig. 6a).  
This yields a sheet thickness of 15.5 nm.  
Part (b) is a comparison of size 
distributions obtained from a SAXS 
measurement and TEM images. 
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Figure 8. Size distributions of three Los 
Alamos aluminum samples. 

 

Effect of electrostatic Charge  

Nano-composite Al/MoO3 mixtures 
exhibit high spark-sensitivity, especially in 
dry environments. This phenomenon led to 
questions about the possible effect of 
electrostatic charge on material ignition 
behavior. Consequently, a series of tests were 
conducted in the pressure cell to quantify 
possible performance variations caused solely 
by electrostatic charge. The composition of 
the mixture and the origins of the Al and 
MoO3 were held constant. Seven mixtures 
with different charges were examined. The 
first two mixtures were not altered, the third 
and fourth were neutralized with a destatic 
gun. An attempt was made to positively 
charge the fifth and sixth samples, while the 
seventh sample received a negative charge, 
both using the destatic gun in either only the 
positive or negative mode. The average 
density of the powder for all mixtures was 
0.126 ± 0.006 g/cm3. 
 

Figure 9 (b) shows that no significant 
variations of any of the major performance 
characteristics (i.e., ignition delay, 

pressurization rate, and peak pressure) were 
evident as a function of the electrostatic 
charge on the powder. The pressure histories 
of all seven tests overlaid consistently. These 
results imply that the electrostatic charge on 
the sample does not appear to play a 
significant role in the overall performance of 
the material.  Potentially, there might be an 
effect on the spark sensitivity.  Unfortunately, 
our spark test does not allow variation of the 
input spark so this could not be determined. 

Aluminum Size & the Addition of Teflon 

 
(a) 

 
(b) 

Figure 9.  In part (a) typical pressure traces 
illustrate the repeatability and the 
quantitative metrics obtained from the 
pressure traces for comparisons.  Part (b) is 
several test of the same material with 
different static charge induced. 
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Effects 

 When the aluminum size is changed, 
an effect on the reaction performance is 
expected.  In Fig. 10 we changed the 
aluminum from a small size (LA-Al-RF-B, 
see Fig. 8 for size distribution) to larger 
aluminum (Techanogy-121, see Fig. 5 (b) for 
size characterization).  There were measurable 
differences in the ignition times and maximum 
pressurization rate, as shown in the figure 
caption.  However, we note that the weight of 
material (density) differed significantly.  That 
may affect some of the differences observed 
as well as the higher and longer pressure trace 
of the denser and larger aluminum particle 
MIC.  In Figure 11 we compare the pressure 
response of two materials that are more 
similar than those in the previous example. 
This figure illustrates how the performance 
differences are nearly indistinguishable 
between the two Al/MoO3 mixtures. In these 
two mixtures, the Al particles were slightly 
different (see Fig. 8 for size distributions), but 
the MoO3 and composition ratios were held 
constant.  The density differences alone may 
account for the differences observed.  Open 
burns (see Son et al.6for more details of the 
open burn experiment) gave similar results.  
Specifically for the LA-Al-RF-B MIC we 
obtained 362 and 376 m/s for two runs.  For 
the LA-Al-031500 MIC we measured 410 and 
413 m/s for two runs. 

Figure 10.  Comparisons of three types of 
MIC compositions in the pressure cell test. 

 

 Formulating with various materials can 
affect the ignition and sensitivity significantly. 
Tepper and Kaledin7 found that the doping 
kerosene with nano-Al particles causes 
significant decreases in ignition delay times. 
This has important implications in super-sonic 
propulsion systems where mixing lengths are 
long. Shorter ignition delays lead to smaller 
propulsion systems. Nano-particle size was 
not examined in Tepper’s study; however, our 
observations imply that reducing particle size 
may additionally contribute to decreasing the 
ignition delay time.  The Al/MoO3/Teflon 
mixture generates more gas than MIC without 
Teflon. Using Teflon as a gasifying agent 
causes the pressure history to naturally exhibit 
higher pressure sustained over a longer 
duration, as observed in the pressure traces in 
Fig. 10. 

Figure 11.  Comparison of two similar MIC 
compositions. 

 

Mixture Ratio Effect 

Changing the stoichiometry is 
expected to affect the propagation rate 
significantly.  This is confirmed in Fig. 12 
where the percentage of aluminum was varied 
and both open loose powder burn propagation 
rate and maximum pressurization rate is 
presented.  Relatively small changes in the 
percentage of aluminum have large effects on 
the propagation rate and pressurization rate.  
In fact, the percentage of aluminum was 
varied by only 14% in the figure.  As might be 
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expected, there is a clear correlation between 
the propagation rate and the pressurization 
rate in the figure.  The burning powder 
pressurizes the cell.  If the propagation rate is 
faster, the pressurization rate would be 
expected to be faster. 

PELLET COMBUSTION 
EXPERIMENTS 

Density Effect 

As mentioned in the experimental 
section, Al/MoO3 MIC pellets exhibit 
nonplanar burning at lower densities.  Our 
interpretation is that when flaws exist in the 
pellets flames can spread in and spread 
convectively through the pellet.  Convective 
burning in loose powders or lower density 
pellets appears to be the dominant propagation 
mechanism.6  The MIC pellets burn much 
more rapidly than other energetic materials.  
Consequently, we were concerned about 
igniting the entire face of the pellet nearly 
simultaneously.  This was achieved using 
laser ignition with the beam spread across the 
entire face.  At higher densities, planar normal 
burns were achieved.  A picture of one such 
burn is shown in part (b) of Figure 12.  The 
density of this pellet was 2.93 g/cc.  The burn 
rate was measured at 20.6 cm/s.  This rate is 
three orders of magnitude slower than the 
propagation rate observed in the loose 
powder. This is consistent with the transition 
from convectively dominated burning to 
conductive (or normal deflagration) burning. 
This propagation rate is about two orders of 
magnitude faster than HMX burning at one 
atmosphere and an order faster than the faster 
burning organic energetic material under the 
same conditions.  We anticipate further 
studies at different pressures and particle 
sizes.  The laser used was not sufficient to 
ignite an Al/MoO3 MIC pellet that used 
Techanogy-121 aluminum.  We have observed 
that ignition is more difficult when the MIC is 
pressed compared to loose powders and the 

above results show differences in the ignition 
delay between the smaller and larger particle-
sized MIC materials.   

CONCLUSIONS 

This paper reported initial studies of 
the ignition and combustion of MIC materials. 
Results of the effect on ignition and reaction 
as a function of particle size, composition 
(mixture ratio), initial electrostatic charge, and 
particle size was presented.  SEM, SANS, and 
SAXS characterization data was presented.  
Small-angle scattering is shown to be an 
appropriate and useful tool in the 
characterization of these materials. 
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(a) 

 
(b) 

Figure 12.    Part (a) shows the 
dependence of the percent of Al on the 
maximum pressurization rate and open 
tray burn.  Nano-Aluminum from 
Nanotechnology was used.  Part (b) shows 
a burn of a high density pellet (2.9 g/cc).  
Normal planar burning was observed. 
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GOVERNMENT-CONTRACTOR TEAMING TO IMPROVE THE MK 141 
DIVERSIONARY CHARGE DELAY MANUFACTURING PROCESS 

 
J. Stockinger and T. Reed 

Naval Surface Warfare Center, Crane Division 
300 Highway 361 

Crane, Indiana 47522 
 

ABSTRACT 
 

The Charge, Diversionary, MK 141 Mod 0 is a pyrotechnic device used for diversionary 
purposes. The device is used and operated like a hand grenade without its lethal effects.  The 
fuze system contains a pyrotechnic delay column intended to delay the function of the item until 
after a user has thrown it and is crucial for mission effectiveness and user safety.  The original 
design contained a lead-sheathed delay column where the composition was compacted through a 
progressive rolling/swaging process.   
 
The Naval Surface Warfare Center Crane Division teamed with Pyrotechnics Specialties, 
Incorporated (PSI) to improve producibility and reliability of a boron-barium chromate 
pyrotechnic delay design through the use of a pressed delay column.  Secondary results included 
cost reduction and removal of lead from the delay housing to mitigate an environmental problem 
on test ranges.   
 
 
 
 
ITEM DESCRIPTION 
 
    The MK 141 Mod 0 Diversionary Charge, 
Figure 1, is a pyrotechnic device used to 
confuse and disorient an enemy by 
producing bright light and loud sound.  It is 
a low hazard device, which produces an 
intense flash and sound report, with a 
minimal amount of smoke.  Sometimes 
referred to as a "flash bang", it is intended to 
provide a non-lethal means of temporarily 
dazzling, dazing, or disorienting targeted 
individuals or groups before they can injure 
themselves or others. 
 
     Made primarily of molded polyethylene 
and polyurethane foam, the item consists of 
two major subassemblies, the fuze system 
and the pyrotechnic charge.   Upon removal 
of the safety pin and release of the lever,  
 

the spring-loaded striker initiates the primer.  
After a delay of approximately 1.4 seconds, 
the separation charge initiates.   
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     A closely controlled burn time is crucial 
for mission effectiveness and user safety.  
The separation charge ejects the fuze from 
the main body and ignites a second delay of 
100 milliseconds.   The second delay 
initiates an ignition charge which, in turn, 
sets off the output charge of aluminum 
powder, carbon, and potassium perchlorate.  
The device is 1.750 inches in diameter and 
5.0 inches in height.  The main body of the 
device is made of polyurethane foam.  The 
fuze body is of 10% glass filled 
polyethylene.  Since the fuze is ejected and 
the main body is foam, fragmentation is not 
a significant hazard during function of the 
main charge.  Figure 2 is a photograph of the 
item. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.  MK 141 Mod 0 Diversionary 
Charge 

 
    The operating parameters of the device 
are nominally 2,000,000 candela luminous 
intensity and 182 dB sound output.  
 
BACKGROUND 
 
     The design was the product of a series of 
government contracts between the 
government and Ensign-Bickford Aerospace 

Company (EBAC) in Simsbury, Connecticut 
in the late 1980’s. 
 
     The original design consisted of a lead 
sheathed delay column, containing a boron-
barium chromate mix, where the 
composition was compacted through a 
progressive rolling/swaging process.   This 
delay was fabricated by modifying a 2.70 
second burn time per inch delay cord, 
manufactured in-house by EBAC.  The cord 
was cut to a fixed length and crimped first 
into an aluminum ferrule, Figure 3, and then 
into a .30 caliber brass cartridge case, Figure 
4. 
 
 
 
 
 
 
 
 
 
 

 
Figure 3. 

 
 
 
 
 
 
 
 
 
  

 
Figure 4.  

 
This subassembly was then molded into the 
plastic fuze body. 
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IMPROVEMENT OPPORTUNITY  
 
   The first competitive procurements of the 
device were awarded by NSWC Crane in 
1996 and 1998.  The prime contractor was 
Pyrotechnic Specialties, Incorporated (PSI) 
in Byron, Georgia.  Several events occurred 
during 1999, in the latter stages of 
production on the 1996 contract, that lead to 
interest, both on the part of the government 
and the contractor, in changing the design of 
the T1 Delay Subassembly.  These events 
included: 
 
a.  Diminished availability of 2.70 second 
per inch lead sheathed delay cord. 
 
b. Expiration of an interim hazard 
classification for the delay cord.  Renewal or 
extension was not an option.  For subsequent 
interplant shipments of delay cord, PSI was 
required to bear the expense and delay of 
obtaining a hazard classification assignment 
(EX number) from the U.S. Department of 
Transportation. 
 
c.  Significant dud rates (approximately 4%) 
due to failure to transfer from the T1 to T2 
delay subassemblies. 
 
d.  Process control difficulties in cutting 
delays, with accurate burn times, from the 
delay cord. 
 
e.  Long-standing necessity to eliminate lead 
hazards from manufacturing, training, and 
operational environments. 
 
f.  A concern, on the part of the prime 
contractor, to perform delay fabrication 
work in-house. 
 
g.  Selection and use of a pressed delay 
column to match the process to the prime 
contractor’s capabilities. 
 

     After several shipments of lead sheathed 
delay from their vendor, McCormick Selph 
Incorporated, in Hollister, California, PSI 
was faced with the expiration of the interim 
hazard classification.  Also, PSI was having 
problems maintaining control of delay burn 
times in the cutting of the cord lengths.  
Following discussions between the Navy 
and PSI, the contractor proposed an alternate 
design of the delay using the same delay 
composition pressed into an aluminum 
housing.  In order to avoid an extensive 
repeat of numerous safety tests, the 
composition and physical envelope of the 
delay subassembly were unchanged in the 
process.   
 
APPROACH 
 
     Significant changes in an item containing 
energetics must be thoroughly tested, 
reviewed, and approved by the Weapons 
System Explosives Safety Review Board 
(WSESRB).  This course of action was 
chosen to minimize the impact of the change 
and allow a minimal amount of qualification 
testing to satisfy the WSESRB.  
 
     The aluminum delay module assembly, 
Figure 5, contains the same amounts and  
percentages of boron/barium chromate delay 
composition as the T1 Delay manufactured 
by McCormick Selph Incorporated.  
 
 
 
 
 
 
 
 

 
 

Figure 5. 
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      Four increments of the composition, 
with the addition of a binder, are pressed 
into the tube, on top of the separation 
charge.  The design of the housing allows a 
more focussed jet of burning gas from the 
separation charge to ignite the second delay 
column.  This is another element of 
improvement in the reliability of the transfer 
from T1 to T2.   
 
     The aluminum tube eliminates 
environmental concerns of lead vapor in 
training facilities and residual lead scrap in 
the field by replacing the lead sheath.  The 
Navy, in 1992 and 1993, as an adjunct to the 
last contract with EBAC, contracted with 
EBAC, in an attempt to replace the lead with 
aluminum or pewter.  These efforts were not 
fully successful and no change was adopted 
as a result of the effort. 
 
     The contractor and the Navy 
representatives used an iterative review 
process to finalize the physical configuration 
of the alternate delay subassembly.  Since 
there were no funds available to separately 
fund the effort, the Navy and contractor 
agreed to an allocation of tasks, risks, 
responsibilities, and rewards. 
 
     The contractor conceptualized the 
pressed delay element, including the 
aluminum housing.  These proposed changes 
were reviewed by the Navy and consensus 
was reached.  The contractor built 100 
prototype T1 delays and performed burn 
time tests at ambient, hot, and cold 
environments.  The delay consolidation 
process was finalized and documented with 
82 MK 141 Diversionary Charge units tested 
as a first article. Test results and supporting 
documentation were sent to the WSESRB 
and the change was approved. 
 
     The focussed transfer of ejection charge 
to the T2 delay column has resulted in very 

reliable transfer while requiring a lower 
ejection charge weight.  The improved 
reliability of the transfer between the T1 and 
T2 has reduced the incidence of duds.  Over 
1700 test firings have been performed on 22 
lots produced with no duds experienced due 
to failure to transfer between T1 and T2.  
The reduced ejection charge weight has 
resulted in lower ejection charge velocities 
which, in turn, has resulted in reduced 
hazard due to fuze ejection.   
 
ALLOCATION OF SAVINGS 
 
     The savings of this initiative accrue both 
to the government and the contractor.   
   
CONTRACTOR: 
 
•  The change to an in-house processing 

effort resulted in manufacturing cost 
savings.    

•  The cost of obtaining a Final Hazard 
Classification was avoided for the lead-
sheathed delay since component material 
shipments would no longer be needed.   

•  The pressing process is more easily 
controlled and requires less in-process 
testing than the roll/swaging and cutting 
processes.   

•  Delivery schedule slippage has been 
reduced since moving delay fabrication 
in-house.  

•  The contractor has also reduced the risk 
of lot acceptance test failures due to 
erratic delay burn times. 

•  Total cost savings for the contractor is 
estimated at $75,000. 

 
 
GOVERNMENT: 
 
•  Improved competition since a pressing 

procedure rather than a swaging 
procedure is a more wide spread method 
and can be easily tooled at various sites.  
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•  Improved competition since the Navy 
acquired unlimited data rights in a new 
delay design for the cost of preparing the 
drawings, validating tests, and obtaining 
WSESRB safety concurrence.   

•  The Navy will avoid the incremental 
cost of future range cleanup with the 
elimination of the source of lead 
contaminants.   

•  Improved reliability and material 
availability.  

•  Total cost savings on future contracts 
estimated at $175,000. 
 

 
     Through a joint effort, the contractor 
contributed the expertise to develop, test, 
and validate the alternate process and the 
Navy led the effort to document the change, 
validate test results, and gain WSESRB 
concurrence following successful test and 
evaluation.  
 
CONCLUSION 
 
     Teaming of contractor and government 
resolved a multifaceted problem with a 
single solution.  The change was conceived, 
tested and adopted in a compressed time 
frame of less than six months, in part due to 
the synergy achieved in this combined effort 
between contractor and government. 
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Comparison of Several Techniques to Evaluate 

Percussion Primer Performance 
 

Frank J. Valenta and Aubrey J. (Jay) Dalton 
Naval Sea Systems Command (NAVSEA) 
Indian Head, Maryland, 20640-5035, USA 

 
 

Abstract 
 

Percussion primers are critical 
components in many mechanically actuated 
explosive/pyrotechnic trains.  Since primers 
generally are not used in redundant 
configurations (because of physical 
constraints and complexity issues) and since 
primers usually present the potential for 
single point failures, it is extremely 
important that each and every primer be of 
the highest quality and performs reliably in 
its application.  

Because primers are typically very 
inexpensive, the traditional approach 
towards determining primer lot quality has 
been to "test the quality in"  (i.e., test a large 
number of primers to generate statistically 
significant performance data on each lot and 
thus build confidence it its quality).  The 
two performance indicators that most 
closely reflect the quality and reliability of a 
given lot of percussion primers are input 
sensitivity and output characteristics. 

Sensitivity defines the input energy 
levels required to function a primer at a high 
level of reliability under a given set of 
conditions.  Sensitivity also is used to 
determine the input energy levels at which 
the primer will not function (a safety 
consideration) as well as the probability of 
primer functioning at various (often 
inadvertently obtained) intermediate levels.  
Traditionally, sensitivity tests such as the 
Bruceton (staircase) and the so called "Run-
Down" tests have been used to determine the 
critical energy (50% functioning level), 

standard deviation, and skewness of the 
primer lot.  In recent years, more 
sophisticated statistical tests have become 
available, although, generally, these have 
not been widely adapted for use with 
percussion primers.  

For output testing of percussion 
primers, the most widely used approaches 
are either subjective judgements about the 
sound the primer produces or, in the area of 
ammunition, the velocity action time and 
consistency of standard ammunition rounds 
fired with primers from the lot.  Many other 
test techniques have also been used to 
measure primer output - including closed 
bomb, vented bomb, sound level, work 
output, optical output (as a means of 
estimating flame temperatures, flame 
length/duration, etc.) - but few output 
measurements (other than the effect on 
ammunition performance) have been widely 
accepted by the community.   

In our poster presentation and the 
accompanying paper, we will examine and 
compare many of the methods used to test 
and analyze percussion primer performance 
for sensitivity and output characteristics.  
Data will also be presented on the 
comparative performance for various types 
of percussion primers used in cartridge 
actuated devices (CADs) for specialty 
applications. 
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Introduction 
Percussion primers are widely used in ordnance, ammunition, and specialty applications 

to convert a mechanical input stimulus into an explosive output suitable for the ignition of 
propellant, explosive or pyrotechnic materials.  Because the percussion primer is generally the 
first explosive component in the energetics train, it must perform as intended for the 
device/subsystem to properly function.   

The critical performance characteristics of the percussion primer are sensitivity (a 
measure of safety and reliability, i.e., the primer shall not function below a certain minimum 
input energy level but shall function at input energies above some defined input energy level) 
and output (i.e., the output of the primer in response to an appropriate firing stimulus should be 
consistent and appropriate  - heat, pressure, flame, hot particles, sound, energy flux, etc. - a 
reliability consideration).  Although there are a number of non-destructive inspection techniques 
which can be applied to percussion primers, destructive performance functioning tests of a 
significant number (hundreds) of representative units from each lot is typically performed with 
statistical results being applied to the remainder of the lot.   

Over the years, many testing and measurement methods have been applied to 
characterizing the performance of percussion primers.  In our paper, we will present our 
experience and comment on several of those methods.   
 
Approach 

NAVSEA, Indian Head, has been concerned with, and monitoring, the quality of primers 
at least since it was assigned engineering responsibilities for the energetic components of 
cartridges and cartridge actuated devices (CADs) in 1966 with the closing of the Naval Ordnance 
Plant, Macon, Georgia.  Since that time, Indian Head has either evaluated or considered a 
number of techniques to evaluate percussion primer performance.   

Of primary interest to NAVSEA, Indian Head, are specialty primers not generally used in 
ammunition such as the low brisant PVU-1/A and PVU-12/A dry loaded lead styphnate primers 
(M42-5086 variants) and the high temperature PVU-2/A dry loaded potassium chlorate/Tacot 
primer (an 49-G11 variant).  These primers are used in escape system components for high 
performance military aircraft. 

As a Poster Session presentation, this paper is intended more as an introduction/overview 
of some of the more commonly used (and perhaps a few of the less well known) approaches to 
testing percussion primers.  It is not intended to serve as a comprehensive survey of those 
techniques applied to monitoring percussion primer performance.    
 
Sensitivity/Reliability Testing 

The most common quality/ performance tests for percussion primers are the traditional 
rundown (sensitivity) test and the dud (reliability) test.  These tests (or variations of them) are 
conducted on virtually all lots of commercial and military primers. 

In the rundown test1, the all-fire and no-fire energy levels are determined by noting the 
response of a relatively large sample (50) of primers at each of a number of equally spaced 
energy levels using a drop tester similar to that shown in Figure 1.  The all-fire energy is 
generally taken as the energy level at which 50% of the primers fire (the “critical height,” or 

                                            
1 For the calculation of the critical height, standard deviation and skewness of a primer lot based on rundown 
sensitivity data, see form in The Encyclopedia of Explosives and Related Items. 
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H50%  plus 5 standard deviations (H50%  + 5 σ)).  Some specifications2 allow reduced testing (e.g., 
a two height sensitivity test) if a minimum number of consecutive previous lots had passed 
requirements and if the skewness values from the rundown tests were all low (i.e., skewness 
values between –0.787 and +0.787).   

Although the well known Bruceton test3 and other reduced sampling sensitivity tests 
(e.g., Neyer, Langlie, etc.) have been widely and successfully applied to electroexplosive devices 
(EEDs), such tests (other than the Bruceton) have not been widely accepted for use with 
percussion primers as a predictor of lot sensitivity or output. 

For percussion primer reliability, the standard test is the dud test, in which some quantity4 
of primers is subjected to a firing impulse at an all-fire energy level.  Each primer is expected to 
function (i.e., not dud, squib, or hangfire).  Because the dud test is a relatively easy/inexpensive 
test to perform and because percussion primers are generally very inexpensive (from a penny a 
piece for wet loaded ammunition primers to a few dollars each for dry loaded specialty primers 
produced in smaller lots), the dud test provides a wealth of information on primer quality with 
little effort.  The dud test verifies an all-fire level for the lot (albeit generally higher than the 
computed minimum all-fire energy from the rundown sensitivity test), provides some confidence 
that critical random defects aren’t present in the lot (e.g., no missing anvils or charges), and 
generates a demonstrated (not computed) reliability level for the primer lot.    
 
Performance in End Items 

Most military primers used in ammunition, as part of their acceptance testing, are 
evaluated in end item ammunition applications.  Parameters of interest included projectile 
velocity, action time, chamber pressure, and variability.  This is the “proof of the pudding,” so to 
speak.  For ammunition primers, which are generally produced in large lots (>100,000 primers), 
application testing is generally quite inexpensive and reduces risk of accepting an otherwise 
defective primer lot.  For specialty primers, such as used at NAVSEA/IH, end item performance 
testing as part of primer acceptance is generally not done for a number of reasons including that 
the specific application may not be known at the time of primer acceptance testing and that the 
cost of the CAD/PAD in which the primer is used may be hundreds to thousands of dollars each, 
making statistically significant testing cost prohibited.  
 
Pressure Measurements 
 One of the easier to obtain (and possibly the most meaningful) measurement of 
percussion primer performance is its pressure-time output.  Pressure is generally a direct 
reflection of the output energy of the primer (mass flow and energy flux), its brisance, and its 
ability to provide its multiphase reactive output to the next energetic material in the explosive 
train. Over the years, significant effort has been put into measuring primer output through 
pressure measurements.  These efforts can be divided into three different approaches: closed 

                                            
2 See MIL-P-46610 Section 4.4.1.1. 
3 See National Bureau of Standards Handbook 91, Experimental Statistics.  Note:  Although the Bruceton test 
provides a good estimate of the critical (50%) height/energy for primer functioning, it only tests primers near the 
critical height and requires a correct pre-test “guess” of the range of the standard deviation. Bruceton can provide 
poor data on standard deviation and provides no estimate on skewness. 
4 Depending on what demonstrated reliability at what confidence level is needed, e.g., 300 of 300 functioning yields 
a reliability of 0.99 at 95% confidence while 2300 of 2300 functioning demonstrates a reliability of .999 at 90% 
confidence, etc. 
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bombs, vented bombs, and impulse bombs (where the efficiency of the donor primer in igniting 
an acceptor charge is measured).     
 Closed Bombs: Pressure-time has long been proposed as an acceptance criteria for 
percussion primers.  Problems with closed bomb testing tend to be associated with two factors.  
First, primer output is generally multiphase (solid/gas/liquid) and the gas contribution to primer 
output energy may be as low as 50% of the total primer energy.  Secondly, closed bombs do not 
deal well with predicting mass flow and accounting for heat loss (which is generally large).  For 
low brisance primers as used at NAVSEA/IH, closed bomb results tend to be so variable as to be 
useless as an accept/reject criteria for a primer lot.  A closed bomb design used at NAVSEA/IH 
is shown in Figure 2. Another closed bomb configuration designed by a contractor to evaluate 
primers is shown as Figure 3.  Performance of the two bomb configurations is compared later in 
this paper.  
 Vented Bombs:  Vented bombs have been pursued as engineering tools to more 
completely characterize the output of percussion primers.  Using a vented bomb (with 
appropriate sensors and software), the gas phase mass conversion and energy flux can be 
determined through measurement.  The primer – vented bomb system can be analytically 
approached using techniques applicable to small rocket motors. Additionally, since vented bomb 
firings are very fast (50-500 µs), losses from heat transfer are held to a minimum.  Although 
NAVSEA/IH pursued using vented bomb (see Figure 4) for acceptance testing of percussion 
primers5, the vented bomb approach was determined to be too experimental in nature and not 
suitable for including into acceptance requirements.  Other work in this area was also conducted 
under funding by the Army Research Office6  
 Impulse Bombs:  An impulse bomb is a fixture that allows measurement of how well a 
primer ignites a standardized bed of propellant or pyrotechnic material.  It does not generally 
measure individual characteristics of the primer output (e.g., pressure, energy flux, etc.) but 
rather the combined effect of primer interaction with the propellant charge. Such ignition test 
fixtures can be either vented or unvented.  A variation of this approach is the application of a 
maximum chamber pressure requirement (based on primer/propellant interaction in the 
breech/barrel) that is imposed on most military ammunition primers. In general, the parameters 
of interest in impulse/ignitability bombs include ignition delay, pressure rise rate and maximum 
pressure.  A number of researchers7 have pursued this approach over the years. 
   
Optical Measurements   

Optical methods of gauging primer output have ranged from the relatively simple to 
fairly sophisticated.  At NAVSEA/IH we have tried several optical methods with mixed results.  
Low tech approaches have included measuring the flame (light) intensity and duration using a 
simple photo cell or measuring the flame length using high speed video recording or an open 
shutter camera.  Such results are often quite spectacular but the data gained is often hard to 
convert into anything meaningful relative to primer performance in the end item. On the high 
                                            
5 Efforts were conducted under contract N00600-83-D-4637 with Applied Combustion Technology. 
6 See: Characterization of Mass Flow Rates for Various Percussion Primers, by K.K. Kuo et al in Progress in 
Astronautics and Aeronautics, Vol. 75, 1981. 
7 Besides the work referenced in Footnotes 5 and 6, other significant efforts in this area include “Ignitability Test 
Method,” L.J. Bement, NASA/Langley, and M.L. Schimmel, Schimmel Company, SAFE Symposium, 5-8 
December 1988.  Additionally, Cartridge Actuated Devices, Inc. has recently demonstrated an ignition bomb 
approach to the Army for use in evaluating new primer designs. 
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end, in the early 1970, we used a high speed two color pyrometer8 developed by Franklin 
Institute Research Labs (Figure 5). This approach, although very good at differentiating between 
primer types and measuring the dynamic properties of the primer output plume, was too much of 
a research tool (requiring calibration against black body sources, very sensitive to physical 
orientation, etc.) to be called out as an acceptance test for percussion primers.   
 
Sound Measurements 
 Sound is the basic measurement for determining if a primer functions properly in both the 
rundown and dud tests.  A positive result in the various drop tests is determined by a subjective 
evaluation by the test operator as to whether the primer provided an appropriate output sound, 
i.e., it did not dud (not fire), squib (burn slowly), or hangfire (have a delay in response when 
struck).  In order to make such calls more objective and available for post-test reevaluation, 
NAVSEA/IH has explored using sound measuring equipment (from the basic microphone to the 
more sophisticated audio spectrum analyzer) to capture the sound of primer functioning.    
Figures 6 and 7 show typical primer output signatures from the spectrum analyzer.  These data 
allowed for an objective determination/measurement of primer delay response (a consistent 3 ms 
after the sound of the firing pin being struck) and prevented ball drop noise from masking the 
sound of primer functioning.    
 
Mechanical energy output 
 Percussion primers, as small explosive devices that produce pressure and shock, have the 
capacity to do mechanical work.  Perhaps the most well known application of this principle is the 
McAir energy tester9 that was developed (primarily) for evaluating the output of shielded mild 
detonating cords (SMDCs).  In the McAir energy tester, primer output is used to drive a piston 
that compresses a calibrated aluminum honeycomb material.  The McAir energy tester does not 
provide any information on energy-time and, in testing at NAVSEA/IH, provided results that 
appeared to be inconsistent with other (closed bomb and flame length) tests and our experience 
with primers10.  Because of heat losses and frictional forces, as well as pressurization rate 
differences, the McAir energy tester may not be well suited for characterizing lower output (i.e., 
5.56 size) primers.  
 
Some Comparative Results 

Comparison results of various primers tested using different measures of output are 
presented in Table I.  With the exception of the McAir data on the M42-PA101, results and 
trends appear to be fairly consistent across the different tests.      
 
Conclusions  
 Although there have been many efforts to develop improved or alternate methods of 
monitoring the quality of percussion primers, none have yet gained the wide acceptance and use 
in lot acceptance testing or quality evaluation programs.  The currently used tests (rundown, dud, 

                                            
8 The instrument is described in “A Radiant Energy Technique to Measure Explosive Output,” M.G. Kelly, FIRL, 
Proceedings of the Fifth Symposium on Electroexplosive Devices, 13-14 June 1967. 
9 “Measurement of Explosive Output,” M.L. Schimmel and V.W. Drexelius, McDonnel Douglas, Company, 
Proceedings of the Fifth Symposium on Electroexplosive Devices, 13-14 June 1967. 
10 The NAVSEA/IH data generated with the McAir tester indicated that the M42-PA101 energy output was similar 
to the M42-5086 rather than the 49-5061 primer.   
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performance in the end item, etc.) can all likely be marginally improved (e.g., using sensors to 
remove any subjectivity from the tests).  The tests examined in this paper all can contribute to a 
better understanding of primer performance, although some may not be readily adapted to 
acceptance testing in support of primer production efforts.    
 
Acknowledgement: The authors would like to acknowledge the help of Mr. Pete Czupryna of 
NAVSEA/IH.  Pete provided historical information on approaches to primer testing as well as 
testing data.  
 

 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
 
 

Figure 2:  NAVSEA/IH Closed Bomb -
Mechanically Fired 

Figure 1: Ball Drop Sensitivity Tester 

Figure 3: Alternate Closed Bomb – Pneumatically Fired 
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Figure 4: Vented Bomb 
Figure 5: FIRL Two Color Pyrometer 

Figure 6: Primer Audio 
Output (Voltage – Time) 

Figure 7: Primer Audio Output 
(dB v. Frequency) 
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Table I:  Comparative Test Results 
 

MCAIR Energy Tester 
inch-lb (force) 

IH Closed Bomb 
psi 

Contractor Closed Bomb 
psi 

Flame Length 
inches 

Primer Type/Lot 

N X S N X S N X S <2 2-6 >6 
PVU-1/A 
  83M007-003 
  84D009-001 
  84F009-002 

 
20 
20 
20 

 
47.4 
35.0 
41.0 

 
9.4 

11.1 
16.3 

 
17 
15 
20 

 
1167 
813 
895 

 
272 
201 
187 

 
10 
10 
10 

 
754 
508 
524 

 
266 
167 
199 

 
19 
- 

19 

 
1 
- 
0 

 
0 
- 
0 

M42-5086 
  395/Dry load 
  17/Wet load 

 
20 
20 

 
66.7 
63.7 

 
11.3 
9.6 

 
18 
18 

 
1972 
2023 

 
229 
229 

 
10 
10 

 
1161 
1141 

 
139 
171 

 
1 
1 

  
8 

14 

 
3 
3 

49-5061 
  LC83J300S251 

 
20 

 
101.1 

 
15.4 

 
15 

 
2972 

 
283 

 
10 

 
1918 

 
126 

 
0 

 
0 

 
20 

M42C1-PA101 
  WCC-1-884G 

 
20 

 
65.1 

 
10.0 

 
11 

 
2739 

 
145 

 
10 

 
1461 

 
246 

 
0 

 
0 

 
20 

 
N = Number of tests 
X = Mean value 
S = Standard Deviation 
 

Figure 8:  McAir Energy Tester 
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Peculiarities of Combustion of 

Mg/Sr(NO3)2 and Mg/Ba(NO3)2 Mixtures 
 

Varyonykh N.M.∗ ), Obeziyaev N.V.**), Sheludyak Yu.E.*) 

 

Experimental studies of the burning rate u of stoichiometric mixtures 
0.365Mg+0.635Sr(NO3)2 at the atmospheric pressure in the range of initial temperatures T = 213 
� 473 K for three values of porosity П = 0.02, 0.2 and 0.3 have been conducted in [1]. The aver-
age particle size of magnesium was 130 µm and that of nitrates � 120 µm. The samples were 
pressed into paper shells with the inner diameter of 15 mm and the height of 20 mm. Thermostat-
ting and the following combustion of the samples were performed in massive steel capsules. 

The author in [1] has approximated the obtained data on the burning rate with the help of 
the following equation: 
 ( ),TexpAU β⋅=  (1) 

with the assumption that the temperature coefficient of the burning rate is constant 
dT/Ulnd=β   in the whole range of initial temperatures. However if the same data are ap-

proximated with the help of the equation (1) in a more narrow range of initial temperatures, one 
can see the increase of the value β with the increase of the value T. 

The more accurate description of experimental data on the burning rate can be done with 
the help of the enthalpy approach [2-4] according to witch the mass burning rate is determined 
by the following equation: 

 ,
hh

qu
m

m

−
ρ=  (2) 

and the equation for the temperature coefficient of the burning rate looks like this:  
 

 .
hh

C
v

m

p α+
−

=β  (3) 

In the equations (2) and (3) ρ,αv, h and Cp are the porosity, the temperature coefficient of 
volume expansion, the enthalpy and the specific heat at constant pressure of a combustible sys-
tem at the appropriate initial temperature; qm and hm are the heat flow and the maximum enthalpy 
in the critical section of the burning wave. The parameters qm and hm do not depend on initial 
temperature but may depend on another factors which influence the burning rate. 

                                                 
∗ ) Federal Scientific and Production Centre "Scientific Research Institute of Applied Chemistry", 
Sergiev Posad, Moscow Region 
**) Russian Academy of Rocketry and Artillery Sciences, Moscow 
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In the coordinates [h; (uρ)-1] the experimental data on the burning rate can be placed on a 
straight line: 

 ( ) ,h
q
1

q
hu

mm

m1 −=−ρ  (4) 

what allows to determine the parameters qm and hm with a rather high accuracy. Having the de-
pendence h(T), one can calculate the temperature T*, to which an inert system can be heated by 
the quantity of heat hm, but the real temperature in the critical section Tm is calculated according 
to the following equation: 

 ,
TT

T
R
E

*
m

2
m

−
=  (5) 

where E is the energy of activation, R is gas constant per mole (universal gas constant). At very 
high initial temperatures the burning rate is not longer a function of temperature but in depends 
also on the time tT of preliminary thermostatting. At T→T* the burning rate should have the fol-
lowing value: 

 ,
( )t,TQ
q

ulim
T

m

TТ * η
ρ=

→
 (6) 

where Q is the heat of reaction, η is the part of a combustible system which has reacted, but in 
fact selfignition of a sample will occur before ignition at T<T*. 

The temperature dependences of thermal and physical characteristics of pyrotechnic mix-
tures, which are necessary for calculating and using the equations (2) and (3), have been calcu-
lated on the basis of reference data in [5]. For 0.365Mg + 0.635Sr(NO3)2 mixture these depend-
ences are determined by the following equations: 

 (7) 

 (8) 

 (9) 

 (10) 

 

and for 0.317Mg + 0.683Ba(NO3)2 mixture the dependences are determined by the following 
equations: 

3
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3
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m
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 (11) 

 (12) 

 (13) 

 (14) 

 

The values of thermal parameters of the burning wave hm, qm, T* and Tm, which have 
been calculated on the basis of experimental data on the burning rate [1] for mixtures 
Mg/Sr(NO3)2 and Mg/Ba(NO3)2, as well as the mean-square error of approximation of experi-

mental data Su  are given in Table 1. The melting points of the components TPt as well as the 
enthalpy of a mixture at the temperature of phase transition hPt (for the solid components) and 

h"
Pt  (for the melted components) are also given in Table 1. The values of hm are in the following 

limits: from h'
Pt  for nitrate to h"

Pt  for magnesium, and the values of T* are near the melting 

point of one of the components. In this case a fictitious critical temperature Tf
m  is calculated 

according to the equation (5) while the real critical temperature Tm coincides with the tempera-
ture of phase transition TPt, and the state of the mixture in the critical section is determined by 
the part of the melted component: 

 ( ) ,/ Hhhhm Pt
'
Pt

chem
mPt ∆−∆+=∆  (15) 

where ( ) ( ),TTTCh *f
m

*
P

chem −⋅=∆  

HPt∆  is the head of melting of the component. To calculate the values of Tf
m  the following 

value of E = 104.7 kJ/mol is used. 

The values of Tm for both mixtures are equal to or slightly higher than the melting point 
of the oxidizer. Since the mixtures Sr(NO3)2 and Ba(NO3)2 decompose during their melting, the 
ignition of mixtures of these nitrates with magnesium by a stationary burning wave depends on 
the interaction between solid or liquid magnesium and the oxygen generated on the initial stage 
of nitrate decomposition. 

The values of hm for both mixtures decrease linearly as the porosity decreases while the 
values of qm are described by the quadratic dependence. In the range of changes of the values of 
T and П the experimental data in [1] reproduce the following equations: 

m
kg],T102047.0T106375.0

Tln103095.010866.2[exp)1(2545
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 ( )Th4.5892.619
18611108064054u

2

−Π+
Π−Π+=ρ  (16) 

for mixture 0.365Mg + 0.635Sr(NO3)2 and  

 ( )Th2.656564
2106193493408u

2

−Π+
Π−Π+−=ρ  (17) 

for mixture 0.317Mg + 0.683Ba(NO3)2. 

Using the dependences qm(П) and hm(П) from the equations (16) and (17) one can calcu-
late the obvious dependences on П and T for the temperature coefficient of the burning rate β (3) 
and for the coefficient of sensitivity of the burning rate to changes in porosity: 
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 (18) 

Thus the application of the enthalpy approach to the analysis of the experimental data on 
the burning rate of mixtures Mg/Sr(NO3)2 and Mg/Ba(NO3)2 allowed us not only to describe 
(with a rather high accuracy) the initial data by one functional dependence on temperature and 
porosity, but also to obtain new information on the mechanism of combustion of these mixtures. 
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Table 1 
Thermal parameters of the burning wave for mixtures Mg/Sr(NO3)2 and Mg/Ba(NO3)2 

 

Mixture 
K

,TPt  
kg
kJ

,h'
Pt

 
kg
kJ

,h"
Pt

 П 
kg
kJ
h ,m

 
2

,m

mS
kJ

q

⋅

 
%

,SU
 

T*, 

K 

Tm, 

K 

The part of the 

melted compo-

nent at Tm 

36.5% Mg +  

63.5% Sr(NO3)2 

918 

923 

664.2 

817.7 

811.2 

945.4 

0.02 

0.2 

0.3 

632.6 

732.4 

799.0 

4263 

5471 

5621 

1.4 

1.3 

1.0 

894 

918 

918 

918 

923 

923 

28% Sr(NO3)2 

5% Mg 

24% Mg 

31.7% Mg +  

68.3% 

Ba(NO3)2 

867 

923 

509.7 

709.8 

648.7 

820.6 

0.02 

0.2 

0.3 

576.6 

696.7 

759.9 

3587 

4435 

4317 

1.4 

1.8 

2.1 

867 

911 

923 

869 

923 

948 

� 

21% Mg 

� 
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ABSTRACT 
The marine marker, Float Smoke and Flame (FSF), has had continuing problems in functioning to 
specification; the munition has been reported to have in-service failure rates of up to 50%. A programme 
of work was defined to identify the failure mode(s). 

Following the investigations, design modifications to FSF were undertaken and the modified munitions 
subjected to a further trial. The unmodified munitions, as supplied from service stock, had a 20% failure 
rate, principally due to long ignition times. Of those munitions that passed the proof requirement, the 
average time to visible smoke and flame was 8.1s. For the modified munitions, the failure rate was 
reduced to 10% and the average time to visual output was reduced to 2.8s. 

Introduction 
Float Smoke and Flame N2 Mk3 (FSF) is a UK service munition that is designed to 

function when submersed in salt water where the salinity is greater than 3.5%. The munition is 
shown in Figure 1 and the explosive train shown in Figure 2. 

 

 

 
Figure 1 Float Smoke and 

Flame N2 Mk3  Figure 2 Explosive Train of Float 
Smoke and Flame N2 Mk3 
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The smoke and flame composition in FSF contains red phosphorus. The decomposition 
of red phosphorus in the presence of atmospheric oxygen and water is well documented1, 
although the exact mechanism is not known. This decomposition forms various phosphorous 
acids and the extremely toxic gas phosphine (PH3). 

The occupational exposure limit, within the UK, for phosphine is 0.3ppm. Previous 
studies have identified levels of phosphine as high as 20ppm within the packaging of the 
munition. Therefore in addition to the failure analysis, the phosphine levels, both in the 
packaging and the munition body were measured. 

Phosphorous acids have been shown to affect the stability of various metallic 
components2, particularly copper, and therefore these components are avoided in munitions 
containing red phosphorus compositions. However, the burster disc in FSF is still manufactured 
from copper, although it is protected by a coating of varnish. Previous studies have shown the 
burster disc is susceptible to corrosion and as part of this study the state of the disc was 
documented. 

Operation of Float Smoke and Flame 
The operation of FSF, including the ignition train and sinking mechanism, is detailed in 

the following paragraphs. 

The first step in functioning the munition is the removal of the safety pin. This allows the 
spring-loaded assembly within the munition to remove the protective cover from the sea cell 
therefore enabling salt water to reach the active components. The munition is then released into 
the sea, either from a ship’s deck or from a helicopter. 

There are eight holes in the nose cone unit of FSF, four in the base and four in the side, 
which enable water and air to flow into and out of the munition respectively. On immersion in 
salt water, the sea cell is flooded and functions as an electrochemical cell generating a DC 
voltage. This voltage is sufficient to fire the Type E fusehead within the igniter stem, which in 
turn ignites a gunpowder charge and then the primed cambric disc. This ignites the pellet priming 
composition (SR252), followed by the pellet ignition composition (SR251) and finally the smoke 
and flame composition (SR414). See Table 1 for details of each composition. 

A potassium bromide pellet has been incorporated into the main body of the munition 
that, when completely dissolved, enables water to enter the body and causes the munition to sink. 
The dissolution time for the pellet is longer than the burning time of the smoke and flame 
composition flare, ensuring the device will only sink when burning is complete. 
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Item Designation Composition Weight 

Fusehead Type E LMNR / Potassium chlorate / Charcoal 30mg 
Ignition 
composition 

Gunpowder 
G12 

Potassium nitrate                                  75% 
Charcoal                                            14.5% 
Sulphur                                                 10% 

130mg 

Pellet priming 
composition 

SR252 Silicon                                                  40% 
Potassium nitrate                                  40% 
Sulphurless mealed powder                  20% 

2g 

Pellet ignition 
composition 

SR251 Silicon                                                  50% 
Potassium nitrate                                  50% 

32g 

Smoke 
composition 

SR414 Calcium silicide                                     6% 
Magnesium                                            6% 
Manganese dioxide                              28% 
Amorphous red phosphorus                 60% 

298g 

Table 1 Explosive components of FSF 

Operating Specification 
The sea cell, which consists of a silver chloride plate suspended between two magnesium 

plates, is proof tested using a resistive load of between 0.9 and 1.1 Ohm. When immersed in 
3.5% saline solution the sea cell must generate a voltage of not less than 0.8V within five 
seconds. The sea cell must maintain this voltage for a minimum of 0.5 seconds. The  Type E 
fusehead within the igniter stem has been well characterised and has a typical firing power of 
300mW, which is approximately half the power produced by a sea cell generating 0.8V. 3 

The required performance of FSF is given in the proof specification. Each munition is to 
emit smoke and flame within 20 seconds of entering the water and emission is to continue for at 
least 4 minutes with a flame of at least 250mm height. The amount of freeboard (the distance 
between the water line and the top of the munition) is not to be less than 25mm and this is not to 
decrease during burning. 

Initial Trial 
For the failure investigation 60 munitions, approximately 18 months old, were 

obtained from service stock. Initial examinations included visual inspection (particularly of the 
copper bursting disc), measurement of the igniter resistance and radiography, of both the 
complete munition and the igniter stem once removed. 

Measurements of phosphine levels within the packaging and the main body 
were performed on all of the munitions. Thirty munitions were subjected to proof testing; twenty 
munitions were subjected to breakdown and the performance of the sea cells was examined. The 
remaining 10 munitions were subjected to accelerated ageing, to an equivalent of 10 years 
natural life. 
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Initial Examinations 
Visual examination showed that many of 

the copper burster discs were in a poor condition. 
(This effect has been observed during previous 
studies on FSF.2a,b) Moderate to severe corrosion 
was found on 40% of the munitions, an example is 
shown in Figure 3. Most of the remaining 
munitions exhibited the initial signs of corrosion. 
Radiographic examination showed no apparent 
problems with the build standard of the munitions. 

All munitions were dismantled to enable 
the measurement of the resistance of the igniter and determination of the condition of the sea 
cell. Resistance measurements of the igniter were all within specification, ranging from 1.2 to 1.6 
Ohms. The sea cells appeared to be in good condition with no degradation of the magnesium 
electrolytic plates. 

In six munitions, the sea cell cover had failed to release when the nose cover was 
removed for resistance checks. This cover not only prevents water reaching the sea cell but also 
prevents a complete firing circuit being made with the fusehead. Therefore, these munitions 
would have failed to function if breakdown and reassembly had not occurred. 

Phosphine Measurements 
The phosphine levels within the packaging and the munition were measured using a 

Dräger Pac IIIs instrument fitted with a hydride-specific electrochemical detector. The 
instrument was also fitted with a sampling probe and pump to enable remote measurements. 

For 50% of the munitions phosphine was detected within the packaging at levels up to 2.2 
ppm. During the breakdown of 20 munitions, the phosphine levels were measured inside the 
main canister, and here levels of phosphine ranging from 0.09ppm to 6.7ppm were found. 

FSF Proof Testing 

The devices for proof testing were fired in 
a 200 litre oil drum containing 6.25kg rock salt to 
provide the 3.5% saline solution; the time to 
ignition and the burning time were measured. All 
failures to ignite were to be subjected to a critical 
examination including radiography if required. 

The proof firing results, which record the 
time to ignition and burning time, are detailed in 
Table 2. A typical FSF operating is shown in 
Figure 4. 

 

Figure 3 Corroded burster disc 

Figure 4; FSF functioning 
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Serial 
No 

Time to 
ignition (s) 

Burning 
time (min) 

 Serial 
No 

Time to 
ignition (s) 

Burning 
time (min) 

03 16.1 >4 min  33 4.8 >4 min 
05 6.3 >4 min  34 3.8 >4 min 
06 3.9 >4 min  35 23.5 >4 min 
07 7min05sec >4 min  38 12.0 >4 min 
10 5.1 >4 min  40 5.2 >4 min 
12 10.1 >4 min  42 14.2 >4 min 
14 DNF     44 5.1 >4 min 
15 6.5 >4 min  47 4.9 >4 min 
17 7.6 >4 min  48 6.1 >4 min 
19 5.8 >4 min  49 19.5 >4 min 
22 13.3 >4 min  52 7.5 >4 min 
23 4.9 >4 min  53 53.2 >4 min 
25 8.2 >4 min  57 3min23 >4 min 
28 23.8 >4 min  58 6.5 >4 min 
29 10.5 >4 min  60 6.0 >4 min 

DNF = Did not fire Bold figures indicate failure of proof specification 
Table 2 Proof firing results from initial trial 

Proof testing resulted in a 20% failure of the proof-specification ignition time, including 
two munitions failing to ignite in 5 minutes. All of the munitions ignited eventually therefore 
there were no complete failures available for breakdown and critical examination. Once ignited 
all the munitions burned well and met the proof specification. These results suggest that the 
functioning of the sea cell is delayed because the saline solution does not enter the sea cell 
immediately. 

Sea Cell Proof Testing 
Twenty FSF were broken down and the sea cell/igniter stem removed for examination; 

these components will be referred to as trial sea cell/igniter stems. QinetiQ were also supplied 
with eight sea cells that had never been incorporated into a munition containing red phosphorus. 
Five of these were supplied by the Defence General Munitions Integrated Project Team (DGM 
IPT) direct from the manufacturer; these will be referred to as DGM sea cells. The remaining 
three were supplied by the design authority from stock. These will be referred to as WDS sea 
cells. 

All twenty trial sea cell/igniter stems were examined visually and all, except Serial 
Number 41, appeared in good physical condition, a typical example is shown in Figure 5. Device 
41 was in good condition except for some discoloration of the magnesium plates as shown in 
Figure 6. This device was selected for characterisation of the electrical pulse generated upon 
immersion in saline solution. Five sea cell/igniter stems were randomly selected for x-ray 
examination; no defects were observed. 
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Figure 5 A typical FSF sea cell Figure 6 Sea cell SN41 showing 

discolouration of magnesium plates 

Visual examination of the DGM and WDS sea cells showed a distinct difference in the 
condition of the magnesium plates. The external surface of the plates from the DGM sea cells 
appeared clean of any surface deposits. However, those from the WDS sea cells had regions that 
were distinctly darker, particularly at the bottom of the plate. Two sea cells from each of the trial 
type and the WDS type were broken down so that the magnesium plates could be examined, see 
Figure 8. 

  

Figure 8 Comparison of the surface of WDS (left) and trial (right) magnesium plates 
The magnesium plates were also sent for examination by Scanning Electron Microscopy 

(SEM) to determine the nature of the surface deposit present on both the trial and WDS types.4 
The analysis showed the plates from the two batches had different elemental compositions. The 
plates from the trial type were produced from a magnesium-aluminium-tin alloy whereas those 
from the WDS type originated from a magnesium-aluminium-manganese- zinc alloy. The main 
requirement of the specified alloy is a high magnesium content since this is the main factor 
affecting the sea cell performance. Both of these alloys have a minimum magnesium content of 
92% and differ only in the minor constituents. 

The deposit present on the WDS plates was rich in magnesium and oxygen and was 
significantly thicker than the surface oxide film present on the clean areas of the plates. The 
polished microsections of the old plates clearly showed pitting corrosion occurring at the grain 
boundaries and thick deposits of magnesium oxide present both within the pits and on the plate 
surface around these pits, see Figure 9. 
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Figure 9 Electron micrograph showing pitting attack of WDS magnesium plate 

Sea cells of each type were functioned in the same conditions required during proof, 
using a 3.5% (w/v) solution of commercial sodium chloride in distilled water maintained at 
between 19 and 21ºC. 

Five sea cells, including Serial Number 41, without their igniter stem were selected for 
measurement of the electrical pulse generated upon immersion in saline solution. The devices 
were functioned through a nominal 1 Ohm resistive load. For comparison, the electrical pulse 
generated by five DGM sea cells and three WDS ones were also measured. All would have fired 
a Type E fusehead. 

A further five devices from the trial lot were randomly selected for firing of the complete 
sea cell igniter stem assembly. For safety reasons, the gunpowder charge was carefully removed 
prior to firing these devices. All the devices functioned; the fusehead resistance and firing 
measurements are summarised in Table 3. 

 
Serial 

Number 
Resistance 

(ΩΩΩΩ) 
Time to 0.8V (s) Peak Current 

(mA) 
Function time (s) 

59 1.54 0.3 406 0.3 
21 1.44 2.3 355 0.5 
10 1.29 3.4 440 1.8 
24 1.42 1.6 585 0.9 
36 1.43 0.8 779 0.7 

Table 3 Summary of trial sea cell/igniter firing measurements 
Measurement of the electrical pulse generated by all types of sea cells examined showed 

no significant difference in the performance of the devices. The performance of each sea cell met 
the proof specification. 

All the sea cells generated a pulse of greater than the 300mW power required to initiate a 
Type E fusehead. The maximum time to achieve this threshold was 1.9s. Although this could be 
considered a long time delay, all the sea cells would have passed the proof specification. The 
results show that upon complete immersion in saline solution, the sea cells from the lot under test 
would have fired a Type E fusehead. 
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Ignition Train Testing 
The twenty munitions that had their sea cell igniter stems removed were fitted with an 

electrical ignition source to verify the correct functioning of the remainder of the ignition train. 
Ten munitions were fitted with a Type E fusehead and the remaining munitions were fitted with 
a Type E fusehead and 0.13g gunpowder size G20 encapsulated around the fusehead. All 
munitions fired immediately after application of the firing current. 

Artificially Aged Munitions 
The munitions provided for the initial trial were only 18 months old and the proof testing 

failed to produce complete failures available for breakdown and critical examination. Therefore, 
ten munitions were subjected to an accelerated ageing regime (ISAT A conditions for 152 days, 
equivalent to 10 years natural ageing) and then subjected to the standard proof firing. It was 
anticipated this programme would produce complete failures that would identify the principal 
failure modes. 

On removal of the safety pin all the munitions functioned correctly, that is the sea cell 
cover was removed to the required position by the spring mechanism. However, proof firing 
resulted in a 30% failure of the munitions; all the munitions that ignited met the proof, see Table 
4. 

Serial No Time to 
ignition (s) 

Burning 
time (min) 

(1)102 >98s  
(1)103 >77s  
(1)104 7.4 >4 min 
(1)105 8.3 >4 min 
(1)106 >80s  
(1)107 7.8 >4 min 
(1)108 12.1 >4 min 
(1)109 6.2 >4 min 
(1)110 5.4 >4 min 

Bold figures indicate failure of proof specification 
Table 4 Firing results of artificially aged munitions 

The igniter stems from the three munitions that did not function were removed and 
examined. In two cases, it appeared the sea cell had functioned but the fusehead had not ignited. 
The resistance of both fuseheads was measured and was within specification and the devices 
functioned correctly on application of a 1A current pulse. This indicates a failure in the electrical 
circuit between the fusehead and the sea cell, possibly of the electrical connectors. In the 
remaining igniter stem, the fusehead resistance was 36 Ohms. However, since no resistance 
measurements were taken before proof testing, it is not possible to show whether this high 
resistance was a faulty igniter stem or occurred as a result of the firing. 
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Second Trial 

During the breakdown of munitions in the initial trial, the sea cell cover had failed to 
fully retract in six munitions and these munitions would have failed to function if fired without 
breakdown. The main objective of this second trial was to ascertain whether the sea cell cover 
was responsible for the significant number of failures to meet the proof specification seen in the 
initial trial. 

For this failure investigation, 15 munitions, manufactured in 1990, were obtained. Initial 
examinations were limited to visual inspection. The removal of the nose cone, to enable internal 
phosphine measurements and resistance determination, would disturb the sea cell cover and was 
therefore not performed.  

Prior to functioning, a 10mm hole was drilled into the munition to confirm the cover and 
plunger springs of the sea cell operated correctly upon removal of the safety pin. When the 
correct cover operation had been confirmed, the hole was masked with aluminium tape. 

The devices for proof testing were fired following the same procedure as the initial trial. 
Although the sea cell cover in all the munitions tested functioned as designed, a 50% failure rate, 
due to long times of ignition, was still observed, see Table 5. This suggested a further type of 
failure mechanism. 

Serial No Time to 
ignition (s) 

Burning 
time (min) 

 Serial 
No 

Time to 
ignition (s) 

Burning 
time (min) 

(2)202 5.8 >4 min  (2)209 12.3 >4 min 
(2)203 6.4 >4 min  (2)210 59.6 >4 min 
(2)204 26.1 >4 min  (2)301 >140  
(2)205 47.0 >4 min  (2)302 5.6 >4 min 
(2)206 6.9 >4 min  (2)303 4.8 >4 min 
(2)207 39.4 >4 min  (2)304 >136 >4 min 
(2)208 37.2 >4 min  (2)305 4.7 >4 min 

Bold figures indicate failure of proof specification 
Table 5 Firing results for munitions from second trial 

The previous trial showed the ignition train functioned as designed and the sea cell 
battery generated the required electrical pulse when immersed in saline solution. This second 
trial confirmed the sea cell cover removal system was operating correctly. These results suggest 
that the failure mode must either be a failure of electrical connections or a lack of saline solution 
to allow sufficient electrochemical reaction within the sea cell. 

Further Investigations 
Since the trials on the artificially aged munitions identified the electrical connections as a 

potential failure point, the gold plated electrical connection posts between the igniter stem and 
the sea cell were subjected to microscopic and elemental analysis. Four pairs of electrical pin 
contacts were supplied for examination to determine (i) the presence of any surface 
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contamination e.g. grease and (ii) to confirm the presence of the specified gold plating on the 
contacts.  

An initial optical inspection of the contacts was made to identify macro features of 
interest. This showed the presence of corrosion products along the longitudinal slits on one 
sample, see Figure 10. Further examination by scanning electron microscopy (SEM) and energy 
dispersive x-ray analysis shows the attack to be in the form of severe pitting corrosion and the 
corrosion product to be rich in P, O, Cu and Zn.5 

SEM analysis showed no evidence of any surface contamination, except the corrosion on 
the one sample. ED x-ray analysis showed all the samples to consist of a 60Cu-40Zn-Pb type 
brass substrate with a gold coating. All the contacts show the presence of a Ni layer in between 
the substrate and the gold coating. 

  

 Figure 10 Photograph of contact pins 

Third Trial 
Previous trials suggested the delay in functioning, which is the principal failure mode of 

Float Smoke and Flame, may be due to the salt water not reaching the sea cell. There are several 
mechanisms that may cause this: 

•  during service use the FSF is dropped from a considerable height (typically the deck of a 
ship), the impact of the munition on the water, and influx of water through the base holes 
may relocate the sea cell cover thus preventing unhindered access of the salt water to the 
electrolytic plates; 

•  an air lock in between the magnesium plates may form thus preventing water from 
reaching the electrolytic plates. 

Several methods are available to increase the flow of water into the sea cell area, but care 
has to be taken because this may affect the functioning of the munition via other mechanisms, for 
example increasing the size of the base holes may increase the possibility of relocating the sea 
cell cover on influx of water. 

Another major factor when considering options to increase the water flow is the need for 
a simple retro-fit i.e. the modifications should be easily applied to any munitions already in 
service. Therefore, it was proposed to increase the water flow within the munition by increasing 
the side water-inlet holes from 6.4mm to 12.7mm.  

For this failure investigation, 10 munitions were used. Initial examinations were limited 
to visual inspection. Removal of the nose cone, to enable internal phosphine measurements and 
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resistance determination, would have disturbed the sea cell cover therefore these tests were not 
performed. 

No control firings were required since munitions from the same lot were fired as received 
during the initial trial. In addition to increasing the side water-inlet holes of each of ten FSF 
munitions, the igniter stem connector was removed so that the fusehead wires could be soldered 
directly to sea cell. The devices for proof testing were fired following the same procedure as the 
initial trial. All failures to ignite were to be subjected to a critical examination including 
radiography if required. 

Results 
One of the modified munitions completely failed to ignite even after vigorous agitation of 

the munition in the saline solution. This munition was subjected to breakdown and critical 
examination. This showed that water had entered the munition and that the sea cell had 
functioned. The igniter stem was removed and it was observed that one of the solder joints, 
connecting the fusehead to the sea cell, had failed, which could be avoided if the modification 
became normal production procedure. 

The unmodified munitions, as supplied from service stock, fired during the first trial had 
a 20% failure rate, principally due to long times to ignition. Of those munitions that passed the 
proof requirement, the average time to visible smoke and flame was 8.1s, see Table 6. For the 
modified munitions, the failure rate was reduced to 10% and the average time to visual output 
was reduced to 2.8s. 

Serial No Time to 
ignition (s) 

Burning 
time (min) 

(3)102 1.97 >4 mins 
(3)103 2.70 >4 mins 
(3)104 2.53 >4 mins 
(3)105 3.89 >4 mins 
(3)106 3.03 >4 mins 
(3)107 DNF  
(3)108 2.73 >4 mins 
(3)109 2.74 >4 mins 
(3)110 2.54 >4 mins 

DNF = Did not fire 
Bold figures indicate failure of proof specification 

Table 5 Firing results for munitions from modified FSF 
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Conclusions 
Phosphine was detected in the packaging of 50% of the munitions and in the main body 

of virtually every munition examined during the first trial. Visual examination showed that many 
of the copper burster discs were in a poor condition. Moderate to severe corrosion was found on 
40% of the munitions, most of the remaining munitions exhibited the initial signs of corrosion. 

The complete munition and the sea cell/igniter sub-units, from 18 month old FSF, were 
examined, both visually and by x-ray, no defects were observed. 

The explosive train was reliable once ignition of the fusehead had been achieved. 

Measurement of the electrical pulse generated by a range of sea cells showed no 
significant difference in the performance of the devices from the lot under test. The performance 
of all the sea cells was within the proof specification. 

All the sea cells generated a pulse of greater than the 300mW power required to initiate a 
Type E fusehead. The maximum time to achieve this threshold was 1.9s. Although this could be 
considered a long time delay, all the sea cells would have passed the proof specification. Upon 
complete immersion in saline solution, the sea cells from all the lots under test would have fired 
a Type E fusehead. 

Analysis showed the electrolytic plates of two types, WDS and trial, were made from two 
different alloys of magnesium. However, since both alloys had similar magnesium content to the 
material specified in the drawings, this would not have a detrimental effect on the performance 
of the sea cell. 

Proof firing of unmodified munitions, received from service stock, resulted in a 20% 
failure of the ignition time specified by the proof specification, including two munitions failing 
to ignite in 5 minutes. Accelerated ageing, for an equivalent of 10 years, increased the failure 
rate of a particular batch of munitions from 20% to 30%. Two failures in the aged munitions 
were due to a fault within the electrical circuit between the fusehead and the sea cell; the failure 
mode of the third was unknown.  

Trials had suggested the cover for the sea cell may not be retracting completely thus 
preventing unhindered access of the salt water to the electrolytic plates. However, visual 
observations confirmed the correct functioning of the removal system for the sea cell cover and 
failures still occurred. Therefore, another failure mode was contributing to the poor reliability of 
ignition for FSF. 

Surface analysis showed the presence of a phosphorus-based contamination on a sample 
of electrical pin contacts. This is probably due to the presence of phosphine causing corrosion on 
a poorly protected area of brass substrate. All the electrical pin connectors tested had the 
specified electro-nickel plating and a protective gold coating.  

Increasing the side water-inlet holes decreased the average time to ignition from 8.1s to 
2.8s. The number of complete failures, i.e. no ignition, was also reduced. 

The FSF currently uses the Type E fusehead, which contains a copper laminate material. 
This should be replaced with the Type A device, which contains a brass laminate, to reduce the 
corrosive effect of the moist phosphine environment. 
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During the course of this programme the future availability of the brass laminate used to 
manufacture Type A fuseheads became uncertain. Therefore, an investigation to determine the 
compatibility of the Type A fusehead, containing an alternative brass laminate material, under 
high levels of phosphine is required. 

Float Smoke and Flame is a legacy munition and has a number of significant in-service 
problems. These are effectively a result of the store being used long after its design obsolescence 
date. There have been a number of technological improvements that could be used to address 
some of these issues. 
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Summary 

 
For the calculation of the performance parameters of combustion processes, equilibrium thermodynamic 
processes are being taken into account. On the other side, so-called none-equilibrium reactions occur, 
mostly connected with low pressure burning. 
In this paper, several explosives, explosive mixtures, solid and liquid propellants have been calculated. It 
was shown how energy-output and gas formation is dependent on the O2-balance and the enthalpy of 
formation. 
It was found that the reason for the higher specific energy of liquid propellants is due to the  increased 
formation of gases consisting of H2, N2 and H2O, compared with conventional solid propellants based on 
nitrocellulose and nitroglycerine, which produce more CO and CO2. 
None-equilibrium combustion of solid propellants was found at very low loading densities or pressures 
lower than 1 to 2 MPa. In this case, the reaction products measured by mass spectrometry, such as NO, 
N2O and HCN, are metastable and highly toxic producing a much lower heat of explosion compared with 
equilibrium burning measured and calculated. 

 
 

1. Introduction 
 
A precise knowledge of combustion 

processes of energetic materials is important 
since the reaction process determines the 
energy-output and other parameters such as 
- Enthalpy of reaction 
- Specific energy 
- Specific impulse 
- Reaction temperature and  pressure 
- Reaction products and gas formation and 

therefore also the degree of the  toxicity 
of the products. 
 
For the theoretical ascertainment of the 

combustion behavior of energetic materials 
such as propellants and explosives, in most 
cases computer codes are being used, which 
are able to evaluate reaction energy and 
products on the base of thermodynamic 
equilibrium calculations. 

 

Under the aspect of a critical application 
of the codes, it is possible to determine not 
only the combustion energy of a number of 
explosives, but also the reaction products 
quantitatively, especially by considering the 
freeze out reactions of the products. On the 
other side, it is also possible to avoid some 
toxic products only by optimization of the 
components of the propellant or gas 
generator. 

 
The following contribution shows under 

which preconditions thermodynamic 
calculations lead to a good agreement 
between theory and experiment. But it also 
points out the limit of the calculation of 
reactions, which are very strongly dependent 
on the pressure, so that none-equilibrium 
reactions occur. In this case we have to 
analyze the reaction products using 
experimental methods, or we have to 
measure the energy output with calorimetric 
methods. 
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2.  Thermodynamic Calculations 
with the ICT-Thermodynamic Code 

 
The ICT-Thermodynamic Code is based 

on a method developed by the National 
Space Administration (NASA)(1,2)  This 
method uses mass action and mass balance 
expressions for calculating chemical 
equilibria. Thermodynamic equilibria can be 
calculated for constant pressure conditions 
as well as for constant volume conditions. 

 
In addition to the ideal equation of state 

(EOS), the Virial EOS can be used and is 
necessary for the high pressure conditions of 
gun weapons and closed bombs (3,4) . The 
calculation of the heat of explosion is of 
special interest, because the experimental 
measurement using the closed bomb 
technique is sometimes difficult due to high 
temperatures and erosive reaction products. 

 
Finally, the code can be used to 

determine the parameters of gas detonations, 
e.g. pressure, temperature and detonation 
velocity. 

 
The enthalpies of formation, which are 

necessary for thermodynamic calculations 
are contained in the ICT-Thermochemical 
Data Base (5) . 

 
 

2.1 Calculated Results of Several 
Explosives at Constant Volume 
Conditions. 

 
For the thermodynamic calculation of 

energetic materials we usually need the 
composition and the enthalpy of formation. 
Then we can decide if the calculation should 
be for conditions of a constant volume or of 
constant pressure. The main advantage for a 
constant volume calculation is that we can 
evaluate the heat of explosion. This holds 
for a loading density of 0.1 g/cm3 .  Because 

this value can also be measured 
experimentally in a calorimetric bomb 
system at the same loading density, it is 
possible in this way to compare measured 
and calculated heats of explosion. 

 
Usually, combustion reactions are 

dependent not only on the enthalpy of 
formation. In many cases, the oxygen 
balance of the energetic component or of the 
mixture influences much more the energy-
output and gas formation. Table 1 contains 
the results of the calculation of several 
explosive substances with different oxygen 
(O2) balances. 

 
In our case, the O2-balance is defined as 

the amount of oxygen we need for a 
complete combustion of 100g of a 
substance, or of a mixture of several 
energetic substances, into CO2, H2O and N2, 
or in the case of chlorine or aluminium 
containing systems into HCl and Al2O3 etc. 
This holds for substances which need 
additional oxygen for a complete 
combustion. Therefore, the O2-balance is 
negative in this case. 

 
Only a few explosive substances exhibit 

a positive O2-balance, such as nitroglycerine 
(+3.5%), ammonium nitrate (+19.98%) or 
ammonium dinitramide (ADN) with 
+25.8%.  For glycoldinitrate, the O2-balance 
is zero. 

 
In Table 1 we see roughly that the 

highest energy values of specific energy, of 
heat of explosion and even of the adiabatic 
temperature are produced during the 
combustion of substances having a positive 
or a small negative O2-balance. But with the 
increase of the negative oxygen balance, we 
see also, together with a decrease of the 
energy an increase of the mol number. This 
means that the gas formation of a more 
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negative oxygen balance is normally higher 
than it is for a better O2-balance. 

 
We understand also that a combustion 

of substances with a very negative O2 -
balance such as benzene derivatives cannot 
be complete: The more CO and H2 is 
formed, with a decrease of CO2, the more is 
the probability of a formation of free carbon, 
as we see from Table 1. In the same 
direction, temperature, pressure and both 
energy parameters are also decreasing. 

 
We should remember, that the specific 

energy (ES) can also be evaluated from 
measurements in a ballistic vessel. Its 
definition is 

 
ES  = n * R * TEX 

 
This means that the specific energy is 

proportional to the gas formation n and the 
adiabatic temperature TEX.  

 
 

2.2   Energy of CL 20 with Different 
Amounts of PB – binder 

 
The relationship between O2-balance 

and energy parameters on the one side and 
gas formation on the other side will be much 
more clear when we compare the  calculated 
results of the energetic substance 
Hexanitrohexaazaisowurtzitane, which we 
call CL 20, with different amounts of a 
polybutadiene binder (PB). 

 
From Table 1 and Table 2 we see that 

CL 20 alone is more energetic than RDX by 
comparing temperature and heat of 
explosion. On the other side, combustion 
pressure and specific energy of RDX is 
higher. The reason for this behavior is the 
O2-balance, which is much more negative 
for RDX. Therefore RDX produces more 
gas than CL 20, which increases the product 

n * R *  TEX  to a higher value of the specific 
energy, despite the fact that the adiabatic 
temperature of RDX is lower. 

 
Together with the PB-binder, the 

oxygen balance and the enthalpy of 
formation decrease more and more which is 
connected with a decrease in pressure, 
temperature and the energy parameters. 
Only the mol number and therefore the gas 
formation increases. In addition, beginning 
with an O2-balance of about –57%, the 
combustion reaction produces more and 
more carbon soot. 

 
This behavior is typical for the 

combustion of energetic materials: In many 
cases we know from experimental 
investigations that carbon soot is formed 
from materials with O2-balances which are 
more negative than –55%. But we should 
remember that combustion of energetic 
materials is very different from detonation 
processes (6) . In the case of a detonation, 
much higher pressures will result: they are 
about 33800 MPa for RDX and 19000 MPa 
for TNT. Therefore a lot of carbon 
monoxide (CO) produced reacts according 
to the Boudouard equilibrium with the 
formation of carbon soot and CO2: 

 
2 CO  ⇔   CO2 + C;   ∆H = -172.4 kJ/mol 

 
Therefore, the carbon soot formation in 

detonation processes is much higher than in 
combustion processes. Because of the high 
energy output of the Boudouard reaction, 
also the detonation heat is higher than in the 
case of combustion. 

 
2.3  Energy of  Solid Propellants 

 
In connection with the performance of 

solid propellants, the energy output of some 
gun propellants is shown in Table 3.  With 
decreasing O2-balance, we compare energy 
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and gas formation of the four conventional 
propellants 
•  JA-2   double base propellant 
•  A 5020  single base propellant 
•  M1   single base propellant 
•  P544   triple base propellant with 

nitroguanidine (Nigu). 
 
with two nitramine containing propellants: 
•  KHP 305  79% RDX, 8.0% TAGN,  
            13.0% GAP binder, 
•  KHP 168  42.5% RDX, 42.5% Nigu,  
            4% KNO3, 11% Polybutadiene binder.  
 

 
In addition, the energy parameters of 

RDX, TNAZ (1,3,3-Trinitroazetidine) and 
CL 20 are also listed in Table 3. 

 
We see that with the decrease of 

temperature and specific energy the gas 
formation (mol number n) increases. But it is 
also of interest that the nitramine propellant 
KHP 305 containing RDX and a GAP binder 
exhibits a much higher specific energy 
(1338 J/g) than the double base propellant 
JA-2 (1141 J/g). 

 
On the other side, the same composition 

with respect to RDX and TAGN, but with a 
polybutadiene binder instead of the GAP 
binder, produces a much lower specific 
energy and heat of explosion. The reason for 
this behavior is that the Glycidylazide 
Polymer (GAP) has a better oxygen balance 
(-121.1%) and a more positive enthalpy of 
formation (Hf = +141.0 kJ/mol), compared 
with polybutadiene HTPB: O2-balance = -
317.6% and Hf = +2.93 kJ/mol. 

 
So we can conclude that nitramine 

propellants with GAP- binders exhibit a quite 
high energy, much higher than the 
conventional propellants based on 
nitrocellulose, nitroglycerine and 
nitroguanidine. 

 
Even when we take into account 

explosives with the highest energy output, 
such as 1,3,3-Trinitroazetine (TNAZ) or 
Hexanitrohexaazaisowurtzitane (CL 20), the 
specific energy of the pure substances are 
quite similar to that of the GAP containing 
nitramine propellant KHP 305, as we see in 
Table 3. 

 
 

2.4   Energy of Liquid Propellants 
 
In order to increase the energy output of  

propellants markedly, we have to use liquid 
propellants as we see in Table 4:  Very high 
values of specific energies and of heats of 
explosion are produced from the hypergolic 
liquid propellants with hydrazine (N2H4) and 
unsymmetric dimethyl-hydrazine NH2 – N – 
(CH3)2  (UDMH) as fuels and nitrogen 
tetroxide (N2O4) as an oxidizer. 

 
We calculated the following specific 

energies: 
50% N2H4 / 50% N2O4: 1636 J / g 
35% UDMH / 50% N2O4: 1536 J / g. 

 
It is clear that these energy values are 

much higher than the highest energy we can 
get from solid propellants. In this connection 
we should remember that the rocket motor of 
the Apollo 11 Spacecraft Vehicle landing on 
the moon in July 1969 used UDMH and 
N2O4 as rocket propellant. 

 
The specific energies of the liquid 

propellants described are higher than those of 
gun propellants with a similar oxygen 
balance because of the higher amount of 
reaction products such as H2, N2 and H2O, 
and less carbon dioxide.  In addition, a less 
negative enthalpy of formation leads to a 
higher heat of explosion (Table 5). 
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Also other fuels such as 
monomethylhydrazine (MMH) and 
triethanolamine (TEA) together with nitric 
acid (HNO3) as an oxidizer develop quite 
high energies, see Table 4. 

 
The final liquid propellant system NOS 

365, consisting of hydroxyl ammonium 
nitrate (HAN), isopropylammonium nitrate 
(IPAN) and water is insofar of interest, as it 
was tested for a long time as a liquid gun 
propellant (7, 8) . This fuel combination has 
the main advantage that only CO2, N2 and 
water is being produced during combustion, 
without the formation of toxic CO. 

 
 

2.5 Optimization of Gas Generators for 
Airbag Systems 

 
Gas generators for airbag systems have 

to fulfill special requirements with respect to 
the quality of the combustion products. 
Especially, the amount of toxic components 
must be minimized and has to correspond to 
fixed toxicity limits. Therefore it is very 
helpful to reduce those toxic products, which 
can be calculated very accurately such as the 
CO and NOX by optimization of the fuel / 
oxidizer ratio at the manufacturing process (9) 
. 

 
Table 6 makes clear, how the CO content 

in the reaction products of an airbag 
propellant consisting of 5-aminotetrazole (5-
ATZ) and potassium nitrate (KNO3) can be 
minimized only by changing the fuel / 
oxidizer ratio. We see that the O2-balance is 
of great influence on the formation of CO, H2 
and NO. With the increase of the KNO3 
content, this means with improving the O2-
balance, the content of CO and H2 decreases 
very strongly.  On the other side, the 
formation of NO increases after attaining the 
minimum of CO with a further increase of 
the O2-balance to positive values.   

 
Therefore it is very important to meet 

special limits with regard to the fuel / 
oxidizer ratio during the manufacturing of the 
propellants for gas generators. Nevertheless, 
it is very important to measure all the toxic 
products experimentally by using special 
trace analysis detectors. 

 
 

3.  None-Equilibrium Combustion 
Reactions 
 

Contrary to equilibrium reactions, it is 
not possible to calculate none-equilibrium 
processes using thermodynamic codes, and 
for the reaction kinetic procedures, there are 
not enough correct data for the many reaction 
rate constants, which we need for a complete 
calculation of the reaction products. 
Therefore it is necessary to analyze the 
combustion products.  

 
In this connection, a lot of investigations 

have been carried out at the Fraunhofer 
Institute to learn about the products of 
propellants, especially formed by low 
pressure burning (10) . As an example, the 
reaction behavior of the double base 
propellant JA-2 was investigated by burning 
under different pressures (Table 7), at first by 
burning in a closed vessel with a loading 
density of 100 g/l (high pressure burning), 
then by burning with a low loading density of 
0.66 g/l. As a result, very different reaction 
products have been analyzed: The high 
loading density of 100 g/l leads to a reaction 
pressure of more than 120 MPa (see also 
Table 3), compared with less than one MPa 
for the loading density of 0.66 g/l. 

 
Especially of interest is the result of the 

analysis of the product gas, which was done 
by mass spectrometry and gaschromato-
graphy.  The low pressure products are very 
different from the high pressure burning, 
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which is very similar to the calculated gas 
composition: A high concentration of NO 
(18.9 mol%), HCN (1.1 mol%), and carbon 
soot (13.5 mol%), which are typical for none 
equilibrium products. There is also a large 
difference in the heat of explosion: 2488 J/g 
compared with 4550 J/g. These values have 
been calculated from the difference of the 
enthalpies of the reaction products and the 
propellant components.  

 
A similar influence of the combustion 

pressure on the reaction products was found 
for other propellants and explosives such as 
single base and triple base propellants, but 
also for all the nitramine containing 
propellants (11) .  

 
An example of a none-equilibrium 

combustion of the nitramine containing 
propellant KHP 305 with a GAP binder is 
recorded in Table 8. Also in this case, 
metastable reaction products such as NO and 
HCN are being produced under the low 
combustion pressure of the loading density 
0.67 g/l, whereas the high pressure burning 
with 100 g/l exhibits only main products such 
as H2, N2, CO, CO2 and H2O, which are 
typical products of the water gas equilibrium 

 
CO + H2O  ⇔  CO2 + H2 ;  ∆H = -41.03 kJ/mol 

 
In another study with the aim to evaluate 

the combustion behavior of propellants as a 
function of the loading density, it was found 
that the equilibrium burning started at 
loading densities higher than 10 to 20 g/l. 
This result is also in agreement with 
experimental results of Andrejev (12)  who 
found that the equi-librium burning of nitric 
esters starts at pressures higher than 1 to 1.5 
MPa. 

 
 
 
 

4.  Conclusion 
 

Several explosives have been calculated 
thermodynamically by using the ICT-Code. It 
was shown that O2-balance and  enthalpy of 
formation are the most important parameters, 
which influence combustion temperature, 
specific energy, heat of explosion and gas 
formation.  

 
By comparing the products of liquid 

propellants and solid propellants having the 
same O2-balance, the reason was found why 
the liquid propellants investigated exhibit a 
higher specific energy compared with the 
conventional solid propellants based on 
nitrocellulose and nitroglycerine. The reason 
was the increased formation of H2, N2 and 
H2O producing much more gas with a lower 
mean molecular weight .  

 
It was also shown that the ICT-Code is 

very useful for the optimization of gas 
generators for airbag systems, especially in 
connection with the avoiding of toxic 
products. 

 
In addition, it was explained that the 

limits of thermodynamic calculations are 
burning reactions at low pressures. In this 
case, a none-equilibrium burning is 
responsible for the formation of toxic 
metastable reaction products, such as NO, 
N2O, HCN etc. These products are also the 
reason that the energy-output is much lower 
than in the case of an equilibrium burning at 
pressures higher than 1 to 2 MPa. 
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Table 1: Influence of Oxygen Balance on Energy Parameters of Explosives 
Explosive ∆∆∆∆Hf 

kJ/kg 
O2-

Balance 
% 

Temp. 
K 

Pressure
MPa 

Spec. 
Energy 

J/g 

Heat of 
Explosion 

J/g 

Mol 
number 
mol/kg 

Carbon 
weight%

ADN -1207 +25.8 2514 92.6 843 3337 40.30 - 
Nitroglycerine -1632 +3.5 3887 124.0 1125 6671 31.91 - 
Glycoldinitrate -1596 0.0 3941 131.3 1190 7289 32.88 - 

Hexanitrobenzene +420.7 0.0 4509 128.3 1154 7203 25.85 - 
Nitropenta -1705 -10.1 3953 133.3 1205 6306 34.79 - 

CL-20 +921 -10.9 4347 147.9 1323 6312 34.22 - 
Pentanitrobenzene -162.9 -13.2 4469 134.5 1206 6094 29.69 - 

BTTN -1683 -16.6 3917 139.0 1254 6022 37.28 - 
TNAZ +189.5 -16.7 4263 151.5 1358 6343 36.39 - 
RDX +301.4 -21.6 4000 154.1 1375 5647 40.26 - 
NTO -775 -24.6 2956 106.4 945 3148 38.12 - 

NC 13.4%N -2390 -29.2 3388 121.8 1094 4409 38.30 - 
Nitroguanidine -893 -30.7 2335 105.7 932 3071 46.47 - 

1,2,3,5-Tetranitrobenzene +142.8 -31.0 4298 143.1 1277 4941 34.73 - 
1,2,3,4-Tetranitrobenzene +300.2 -31.0 4374 146.1 1304 5098 34.73 - 

TAGN -287.9 -33.5 2593 132.1 1159 3974 51.90 - 
NC 12.6%N -2598 -34.5 3085 115.7 1037 3983 39.69 - 

Metriol trinitrate -1666 -34.5 3497 140.9 1260 5053 42.19 - 
Nitromethane -1853 -39.3 3043 139.7 1245 4821 47.25 - 

DEGN -2227 -40.8 3083 132.0 1178 4566 44.20 - 
NC 11.6%N -2859 -41.2 2683 106.3 949 3480 41.17 - 

PVN -1152 -44.9 3388 143.0 1269 4781 42.76 - 
Tetryl -69.9 -47.4 3468 137.0 1208 4271 40.27 2.2 
TATB -541.4 -55.8 2218 96.1 838 3062 43.85 4.9 

Trinitroaniline -368.1 -56.1 2663 109.6 960 3589 42.26 5.8 
1,3,5-Trinitrobenzene -204.2 -56.3 3017 119.6 1050 3963 41.18 6.33 
1,2,3-Trinitrobenzene +25.5 -56.3 3193 126.6 1112 4193 41.18 6.4 

Triethyleneglycoldinitrate  -2619 -66.6 2025 102.5 899 3317 47.50 - 
2,4,6-TNT -295.3 -74.0 2512 103.3 908 3766 46.13 11.2 

Z-Tacot +1188 -74.2 3086 103.6 924 4121 45.68 16.2 
1,3-Dinitrobenzene -161.8 -95.2 2304 88.1 782 3519 50.82 19.2 

Isopropylnitrate -2187 -99.0 1723 92.7 803 3126 53.86 4.1 
Nitrobenzene +78.9 -162.4 1771 59.0 537 2871 66.12 40.0 

Propylene oxide -2111 -220.4 1371 56.6 517 2415 74.67 35.2 
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Table 2: Energy Parameters of CL 20 with Different Amounts of PB 
 

Explosive 
CL 20 / PB 
(weight %) 

 
∆∆∆∆Hf 

kJ/kg 

 
O2-

Balance 
% 

 
Temp. 

K 

 
Pressure 

MPa 

 
Spec. 

Energy 
J/g 

 
Heat of 

Explosion 
J/g 

 
Mol 

number 
mol/kg 

 
Carbon 

weight% 

100 / 0 920.5 -10.95 4347 147.9 1323 6312 34.22 - 
95 / 5 898.9 -26.4 4206 156.5 1392 5453 38.52 - 
90 / 10 877.4 -41.8 3751 155.0 1366 4780 41.28 - 
85 / 15 855.8 -57.2 3167 145.0 1263 4579 44.66 3.8 
80 / 20 834.3 -72.7 2695 125.3 1091 4435 48.23 8.3 
75 / 25 812.8 -88.1 2517 116.5 1018 4288 51.70 12.6 
70 / 30 791.2 -103.5 2355 108.3 949 4138 55.08 16.8 
65 / 35 769.7 -119.0 2210 100.5 884 3985 58.37 20.9 
60 / 40 748.1 -134.4 2083 93.3 824 3829 61.58 24.9 
55 / 45 726.6 -149.8 1973 86.7 769 3670 64.71 28.9 

 
 
 

Table 3: Energy Output of Different Solid Propellants 
 

Name O2-
balance 

T (K) P (MPa) ES (J/g) n (mol/kg) QEX (J/g) 

JA-2 -30.35 3397 127.1 1141 40.39 4622 
A 5020 -39.67 2916 113.1 1011 41.70 3759 

M 1 -50.52 2494 103.9 921 44.40 3247 
P 544 -51.88 2009 90.7 799 47.83 2841 

       
KHP 305 -35.49 3522 151.5 1338 45.69 4828 

KHP 305 PB -61.05 2645 133.7 1158 52.67 4098 
KHP 168 -55.61 2180 107.3 933 51.46 3281 

       
RDX -21.6 4000 154.1 1375 40.26 5647 

TNAZ -16.6 4263 151.5 1358 36.39 6343 
CL 20 -10.9 4347 147.9 1323 34.22 6312 
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Table 4: Liquid Explosives 
 
 

 
∆∆∆∆Hf 

kJ/kg 

 
O2-

Balance 
% 

 
Temp. 

K 

 
Pressure

MPa 

 
Spec. 

Energy 
J/g 

 
Heat of 

Explosion 
J/g 

 
Mol number

mol/kg 

N2H4 / N2O4 
50 / 50 

683.6 -15.15 3725 183.5 1636 6822 52.10 

UDMH / N2O4 
35 / 65 

151.6 -29.33 3818 172.6 1536 6246 46.87 

MMH / HNO3 
35 / 65 

-1384 -19.51 3496 157.2 1414 6076 48.03 

TEA / HNO3 
35 / 65 

-3362 -20.7 3159 125.5 1137 4973 43.0 

NOS 365 
HAN/IPAN/H2O 

60.7/19.3/20.0 

-6144 0.01 2480 98.1 916 4647 44.28 

 
 
 

Table 5: Combustion Products of MMH / HNO3 
Compared With the Gun Propellant JA – 2   (Loading density: 0.1 g/cm3) 

 MMH / HNO3 JA-2 
 Analysis Calculation Calculation 

Oxygen balance in % -30.0 -30.0 -30.35 
Composition in Vol%    

H2 21.5 22.3 13.6 
N2 26.1 25.9 12.6 

CH4 0.7 0.9 0.6 
CO 10.4 10.2 31.8 
CO2 4.7 5.6 18.8 
H2O 36.6 34.8 22.5 

Heat of Explosion QEX   
(J/g) 

 5583 4609 

Spec. Energy ES   (J/g)  1403 1139 
Mol number n   (mol / kg)  52.52 40.39 
Mean molecular weight   

(g/mol) 
 19.04 24.76 

Enth. of Formation   
(kJ/kg) 

 -1209 -2290 
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Table 6: Gas Generators Optimization 

 
5-ATZ / KNO3 

(weight %) 
 

 
O2-

Balance 
% 

 
Temp. 

K 

 
Heat of 

Explosion 
J/g 

 
Mol number

mol/kg 

 
CO 

mol % 

 
H2 

mol % 

 
NO 

mol % 

47.00 / 53.00 
 

-10 2070 3290 32.73 6.90 13.25 - 

42.28 / 57.72 -5 2184 3536 30.46 3.86 7.34 - 
38.49 / 61.51 -1 2291 3739 28.59 0.85 1.59 - 
37.54 / 62.46 0 2300 3790 28.13 0.001 0.001 0.001 
36.59 / 63.41 +1 2207 3664 27.85 - - 0.027 
32.80 / 67.20 +5 1843 3161 26.44 - - 0.061 
28.05 / 71.95 +10 1780 2473 22.51 - - 0.085 

 
Table 7: Reaction Products of Double Base GP JA - 2 

(O2-Balance: -30.2%) Experiment Calculation 
Loading Density [g/l] 0.66 100 100 
Combustion Condition 0.1 MPa Closed Vessel - 

Products [Mol %]:  
H2 3.5 14.0 13.6 

CH4 1.0 - 0.7 
CO 24.9 32.7 31.2 
CO2 7.0 17.0 19.0 
N2 1.3 12.4 12.6 
NO 18.9 0.025* - 

HCN 1.1 - 0.004 
NH3 0.8 - 0.08 
H2O 28.0 23.4 22.9 

C solid 13.5 0.5 - 
QEX [J/g] 2488 4550 4719 

*(NO)X - Analyzer 
 

Table 8: Reaction Products of KHP 305  (79% RDX, 8% TAGN, 13% GAP binder) 
(O2-Balance: -36.3%) Experiment Calculation 
Loading Density [g/l] 0.67 100 100 
Combustion Condition 0.1 MPa Closed Vessel - 

Products [Mol %]:  
H2 17.8 23.3 21.79 

CH4 0.3 0.3 - 
CO 24.5 28.6 27.45 
CO2 5.3 5.4 6.01 
N2 27.9 30.9 31.01 
NO 3.6 - - 

HCN 4.7 - 0.02 
C2H2 0.1 - - 
NH3 0.1 - 0.32 
H2O 15.7 11.5 13.39 

QEX [J/g] 4108 4409 4642 
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EXPLOSIVELY DRIVEN COPPER FLYER AS A PLANE IMPACTOR 

FOR OVERDRIVEN DETONATION 
 

Tat Sinh VONG,  Jean Noel OECONOMOS  and  Jean Francois MANLAY 

Commissariat à l’Energie Atomique, Centre IDF 

BP n°12, 91680 – Bruyères Le Châtel (France) 

vong@bruyeres.cea.fr 

 

Studying the state of overdriven detonation is of great interest : for example we can then 

determine the equation-of-state of detonation products (sound speeds, overdriven Hugoniot 

measurements). It needs first the development of a launcher which we present in this paper. The 

aim is to generate high pressure simultaneously in several explosive targets : so the launcher 

must propulse a flyer at high velocity (5000m/s) and with an impact surface quite plane over a 

large radius. The design combines a plane-wave lens (200mm diameter only) and a lengthy high 

explosive booster to accelerate the flyer. Our hydrocode accounts for Shock Detonation 

Transition in explosive, damage in metal flyer and gap models. The combination of these models 

leads then to an optimized launcher. In particular we use a thin (1.5mm thickness) copper flyer 

(small grains, optical surface quality) which will be positioned at 2mm from the booster surface. 

Note that the copper flyer is not directly in contact with the booster. In order to measure the 

acceleration and the deformed front surface of the flyer during its flight, the test performed is 

highly instrumented : 3 velocity Doppler Laser Interferometers (high precision better than 0.5%, 

allowed by the use of apparatus velocity of 200m/s) and 150 optic fibers without caps (no 

dispersion in time response). These captors are positioned at several flight distances (10mm to 

30mm) and are known within an accuracy of 2micron. Experimentally at 20mm flight distance, 

we observed a velocity of 5000m/s for the flyer and a plane surface quality of 0.2mm (40ns) over 

60mm diameter. These results correlate well with the numerical design. 
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Nano-Aluminum Production at Technanogy 
 
 

Kevin C. Walter, Doug Carpenter, Robert Dye, David Pesiri, 
H.E. Rogers, Debbie Sheldon and Richard Tacker 

 
Technanogy, Irvine, CA 92606 

 
 
The energy released from the oxidation of aluminum (400 kcal/mol) makes aluminum a popular 
ingredient in propellants and pyrotechnics.  While the attributes of Al-energetics are well known, 
the use of nano-particles of aluminum (or nano-aluminum) is less common except at the research 
level.  A key problem facing researchers and system developers that want to use nano-aluminum 
in the development, or simply the enhancement, of systems has been the scarcity of high quality 
nano-aluminum powder. 
 
Technanogy produces high-quality, highly energetic, high-purity nano-aluminum powder made 
to explicit customer specifications.  We can manipulate our aluminum particle size from 20 to 
200 nanometers, with a practical range of designated oxide coatings from 1.5 nanometers to 5.0 
nanometers.  Our manufacturing process, which is based on gas condensation, allows 
independent control of particle diameter and oxide thickness.  Thus, 90-100 nm particles can be 
specified, and Al-contents can be varied from 60 to 90-wt%.  Surface-area and 
thermogravimetric analyses, which are performed on each lot, indicates lot-to-lot variations of <5 
nm in mean particle diameter and <0.5 nm in oxide thickness.  While our present daily 
production of 0.5 to 1.5 kg/day may seem trivial, our next phase of scale-up will deliver ~10 
kg/day.  Initial operation of our “Delta” system occurred in April, 2002.  The next phase of scale-
up will achieve production rates as high as 500 kg/day by the end of 2003.   
 
The poster presentation will describe the characteristics of Technanogy’s nano-aluminum 
powder, powder handling and storage, the production process and scale-up schedules.  The 
poster also provides a list of potential uses for nano-aluminum.   
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ABSTRACT 

 
In this paper, explosive lining using mortar in soil is defined. The technique, mechanism 

and construction program of explosive lining are introduced. Approximate calculating formulae 
of the cavity radius formed by explosive lining are derived. The radius is concerned with shot 
depth, the kind of explosives and property of soil. The results calculated by the formula are close 
to the results obtained by on-site experiment and can meet the demand of engineering project. 
 

1.  INTRODUCTION 
 

It is very difficult to form a stable cavity in soil for several years directly by blasting 
action of explosives. That is to say that the cavity can’t be used to store water for long term 
because of its bad stability and penetrability for water. 

Explosive lining by means of blasting action of explosives and lining mortar bin is a kind 
of lining techniques to be used to form underground cavity with a close-contact-to soil lining 
layer, bearing capacity and impervious function. 

It is a timesaving, economic and effective way to apply the explosive lining technique to 
form the underground space for some special use such as water storehouses, bunkers and military 
construction. 

However, for this problem, it is important how to determine blasting parameters and to 
predict radius of the cavity according to the properties of the soil. A method calculating and 
predicting approximately radius of the cavity for explosive lining are put forward in this paper. 
The calculating formula is derived to predict the radius of cavity formed using different 
explosives in a given soil and amount of explosives. It is very significant for designing the 
experiment program, reducing amount of on-site experiment and dropping cost of the 
experiment. 



 

552

2.  MECHANISM OF EXPLOSIVE LINING 
 

The formation of an underground cavity by explosive lining in soil is taken as an example. 
The specific construction scheme for explosive lining is briefly described as follows: 

(1) Drill a vertical hole, put explosives into the bottom of the hole; 
(2) Initiate explosives and form a small cavity like pot; 
(3) Put a certain amount of explosives into the small cavity and make charge be located in 
the center of the small cavity. Mortar is made be filled with the rest space; 
(4) Tamp the hole entirely; 
(5) Initiate explosives and form a cavity with a thin lining layer under the ground shown in 
Figure 1. 

Fig. 1 Construction Program of Explosive Lining 
 

After the explosive is initiated, under an action of both explosion gas and shock wave, 
mortar around the explosives charge is enlarged and forms a thin mortar layer. At the same time, 
the mortar moving outwards in spherical (rotational) symmetry shock and extrude its 
surrounding soil, make the soil remove and be extruded into a spherical shell with high strength 
and high density. During this process, mortar keeps close contact with the soil, fills in the 
fissures, moves simultaneously with the soil outwards, and releases amounts of water and gas. As 
the moving velocity of mortar is higher than that of soil, mortar and soil are combined together 
closely to form a composite lining, in which the inner is mortar and the outer is high-strength soil. 
Finally a cavity with bearing capacity, high stability and leakage prevention is obtained. 
 

3.  APPROXIMATE CALCULATION OF RADIUS OF CAVITY FOR 
EXPLOSIVE LINIG 

 
Using commercial explosives as ammonite and emulsion explosives etc., explosive lining 

can be carried out in the compressible soils, such as loess and clay. It is one of the key techniques 
how to form a cavity with a mortar layer and a given radius for explosive lining. The radius of 
the cavity formed is concerned with the physical and mechanical characteristics of soil, the kind 
of explosives and the shot depth as well as the amount of explosives. 
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Usually, radius can be directly obtained by on-site experiment. But the cost of the 
experiments is very expensive. And a lot of labors are need. So for this reason, a method of 
numerical calculation is tried to use to predict the radius of the cavity. However, It will need a lot 
of data about the soil and take much time for calculation. An approximate calculating method for 
radius of the cavity formed is introduced in this paper. 

According to mechanics of the soil, the stress in soil with a depth of h is hp  

∑
=

++=
n

i
iinah hgpp

1
ρσ                       （1） 

Where hi is the thickness of ith soil layer; iρ  is the natural density of ith soil layer; g is 
gravitational acceleration; ap  is atmospheric pressure; nσ  is additional stress in soil induced 
by buildings. If there is no buildings nearby, nσ ＝0.  

Suppose no explosion gases enter the soil pores. And the gas pressure inside the mortar 
cavity keeps balance with the pressure of static soil. Therefore,  

∑
=

++=
n

i
iinab hpp

1
g ρσ                      （2） 

Where bp  is the pressure inside mortar cavity as internal force inside the cavity wall reaches 
ultimate equilibrium. The change of mean gas pressure can be obtained by 
Londau-Stanyukowich adiabatic curve (J. Henrych, 1987) as  
When kvp pp ≥ ,  
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Where vpp is gas pressure inside the mortar cavity; vpV  is the volume of mortar cavity; wp  is 

detonation pressure; ( )12

2

+
=

k
Dp w

w
ρ

. wV  is volume of the gas. wρ  is density of explosives. D is 

detonation velocity. kp  and kV  represent respectively explosion pressure and volume of the 
mortar cavity when detonation gas expands to the conjugate point k. The value of kp and kV  

are obtained by Hugoniot equation for detonation wave. Here k = 3, γ =
3
4 . 

In terms of the above theory, when kvp pp ≥  and spherical charge is used, and because 

9

0










=










=

vp

k

vp

w

w

vp

R
r

V
V

p
p

                       （5） 

Where 0r  is radius of charge; Hence 
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When the mortar cavity is further enlarged, i.e. kvp pp < , the following equation comes into 
existence from equation (4). 
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When 0ppvp = , the mortar cavity expands up to the maximum. It means that as vdvp RR = , 
expanding stops. From the preceding equation, the following equation is got 
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Although the value of kp and kV  could be obtained by Hugoniot equation, it is very 
complicated to calculate. 
      e is coefficient of explosive and can be expressed as  

)( mb eee +=
2
1                                      (10) 

Where power) explosives 320 /(=be and 320 is the power of 2# ammonite nitrate powered rock 
explosive; em =(12/explosives brisance) and 12mm is the brisance of 2# ammonite nitrate 
powered rock explosive.  

From a lot of experience, the value of 
ex

AN

k

k

p
p

 is close to the value of e. Error is within 

10%.  In this paper, 
ex

AN

k

k

p
p

 is placed by e so as to evaluate approximately the value of pkex.   

e=
ex

AN

k

k

p
p

                               （11） 

Because kp  of TNT is known as 2.8×108 Pa（J．Henryqi，1987）, values of kp for 2# 
ammonite nitrate powered rock explosive and other commercial explosives can be got by 
equation (11). Values of kp  for some commercial explosives are listed in Table 1. 
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Table 1. Parameters of some commercial explosives 

Explosive type e  kp /108 Pa 
2# ammonite nitrate powered rock 

explosive 1.0 2.366 

4# anti-water rock ammonite 0.85～0.88 2.688～2.784 
TNT 0.75～0.94 2.8 

ANFO 1.0～1.33 1.779～2.366 
Water-gel explosive and emulsion 0.75～1.0 2.366～3.155 

Gel dynamite 0.8～0.89 2.658～2.958 
 
Substituting kp ＝2.366×108Pa， wρ ＝1000kg/m3 and D＝3200m/s of 2# ammonite 

nitrate powered rock explosive into equation (9)，the calculation formula of radius formed for 
explosive lining in soil is as follows 

               25.0
0
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150
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=                       （11） 

or 
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Similarly, the equations (13) and (14) are the calculation formula suitable for water-gel 
explosive and emulsion. 
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4.  COMPARISION WITH EXPERIMENT RESULTS 
 

On-site experiments have been carried out in Nanyang City and Shijiazhuang City. 2# 
ammonite nitrate powered rock explosive was used. Radiuses measured and calculated for 
explosive lining in soil are listed in Table 2. 
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Table 2. Radius of cavity for explosive lining a 

Characteristic and  
kinds of soil  

Drilling 
depth 

/m 

Charge 
Quantity 

/kg 

Radius 
measured 

/m 

Radius 
calculated  

/m 
8.5 19.95 1.025 1.105 
12.5 36 1.25 1.260 
12 49.8 2 1.414 
12 51 1.4 1.426 
12 50.1 1.6 1.417 

Mid Pleistocene series 
Diluvia brown yellow clay 
Natural density 2023kg/m3 
Compression coefficient 
0.14MPa-1  Compression 
module 12.1MPa 11.3 44.55 1.725 1.377 

2.0 0.225 0.26 0.297 
2.0 0.225 0.248 0.297 
2.45 0.225 0.20 0.293 
1.55 0.225 0.225 0.301 
1.65 0.225 0.245 0.300 

Silt soil 
Yellow clay 
Natural density 1598kg/m3 
Compression coefficient 
0.5MPa-1 
Compression module 
3.86MPa 1.85 0.225 0.235 0.297 

 
The results of comparison between two groups of radius values in table 2 show that error 

of calculation lies between 0.8%～46.5%. When the loading quantity and loading depth is small, 
Error is larger than that when they are big. The calculation error of the first group is between 
0.8%～29.3%. The calculation error of the second group is between 14.2%～46.5%. Therefore, 
the calculation formulas can only be used to provide a reference for the design and determination 
of parameters. 

The calculation results coincide roughly with the results of on-site experiments, and meet 
the demand of engineering design. 

 
REFERENCES 

 
[1]  Li Yiqi, Ma Suzhen．Explosion Mechanics[M]. Beijing: Science Publishing House, 1992: 417-422 
[2]  J.Henrych．The dynamic of Explosion and its use[M], ACA DEIA Prague．1979  
[3]  Wang Hailiang, Feng Changgen, Wang Liqiong．Study on on-site experiment of explosion cavity in 

soil[J]．Chinese Journal of Explosives and Propellants. 2001，24(2)：12-15 



 

 823
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This paper focuses on a pyrotechnic composition which produces a bright orange color. The 
composition was based on ammonium perchlorate, cellulose and calcium carbonate. Goal of this 
study was the validation of thermodynamic modeling in relation to spectral output of the 
pyrotechnic composition.  
The applied method was: 1) simulate the reaction products of a series of compositions where 
calcium carbonate is the �running variable� and 2) validate these results by experimental 
measurements of the spectrum under laboratory conditions.  
In order to minimize the possible reactants a relatively simple composition was chosen. It was 
assumed that the concentrations of the species in the excited state are proportional to the 
predicted modeling reactants. Other basic assumptions will also be discussed.  
 
The applied thermodynamic computer code was the ICT Code, which was run on a normal PC. A 
commercial spectrometer (manufactured by Ocean Optics) with a range of 350 to 800 nm was 
used for measuring the spectrum of the different compositions. The method of preparation of the 
pyrotechnic composition is also described. 
 
This study was performed at TNO-PML as part of a brief study on �green fireworks�, in which 
the feasibility to replace certain elements was evaluated, with the aim to decrease environmental 
impact. This work is related to a broader programme within TNO-PML involving pyrotechnics, 
composition development, and electromagnetic radiation.  
 

Keywords: thermodynamic simulation of pyrotechnic composition, experimental validation, 
calcium, emission, color purity.  

1. Introduction 
The chemistry and physics responsible for 
colored flames of pyrotechnic compositions 
is described in literature [1]. Such 
pyrotechnic compositions react to produce 
certain gaseous species which are excited by 
the thermal energy of the flame. When the 
species return to their ground state, light of a 
specific wavelength is emitted.  

 
 
Development of improved color 
compositions with greater color purity has 
been described in [2] and [3], as well as the 
use of computer calculations in the 
development of color calculations [4], 
however, these studies did not include 
experimental spectroscopic analysis. In this 
article results of thermodynamic calculations 
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are compared with color measurement 
experiments.  

2. Composition 
The pyrotechnic composition is a calcium 
based orange/red flame composition, using 
ammonium perchlorate as the oxidizer, 
cellulose as the fuel, calcium carbonate as 
the �calcium source�, and a small amount of 
cellulose nitrate as the binder. The 
composition was kept relatively �simple� in 
terms of the number of ingredients used, and 
the ability to process small samples for 
small labscale experiments. There should 
also be sufficient reliable thermodynamic 
data of each ingredient, in order to enable 
reliable thermodynamic simulations. Other 
selection criteria for the ingredients were 
low toxicity and low cost.  
 
Table 1: Stoichiometry and thermal 

prameters of composition 
investigated (shaded area is base 
composition) 

Compound Weight 

percent 

(%) 

∆Hf 

(kJ/mole) 

density 

(g/cm3) 

Oxygen 

balance 

(%) 

ammonium 

perchlorate 

NH4ClO4 

76 -295.77 1.95 34.04 

cellulose  

C6H10O5 

22 -965.67 1.55 -118.41 

cellulose nitrate 

(13.1% N) 

C6H7.41N2.58O10.17 

2 -694.03 1.65 -31.77 

calcium 

carbonate CaCO3 

+ 1-20 

 

-1206.96 2.80 0.00 

3. Thermodynamic calculation 
Thermodynamic calculations[5] were 
performed on the composition given in 
Table 1. Relevant reaction products 
considered in the simulations were CaO, 
CaOH en CaCl. It is well known that these 
three products emit light in the red/orange 
colour band [6]. CaCl emits between 605 

and 635 nm. CaO emits broad bands 
between 598 and 636 nm. The orange-red 
band of CaOH is very diffuse and has a 
maximum at 623 nm. It is accompanied by 
much weaker diffuse bands at 603 and 641 
nm and a green band near 555 nm. 
Therefore CaOH tends to have a more 
orange colour than CaCl and CaOH. The 
dominant wavelength and its percentage 
saturation of each product are listed in Table 
2.  
 
Table 2: Dominant wavelength and 

percentage saturation of emitters 
component CaCl CaOH CaO 

Dominant wavelength (nm) 605 585 830 

% saturation 99.6 99.8 100 

 
The thermodynamic calculations were 
performed with a base composition 
(ammonium perchlorate/cellulose/cellulose 
nitrate) with a varying mass fraction of 
CaCO3 (0-20 %). Although the combustion 
of these compositions hardly results in a 
local pressure rise around the pellet, 
calculations were performed at different 
chamber pressures (1-2.5 bar) to examine 
the effect of pressure on the production of 
the different species and their ratio. The 
combustion products were calculated using 
an expansion pressure of 1.0 bar.  
 
The simulation results show that the mole 
fractions of the produced CaCl and CaOH 
were similar, whereas the mole fraction of 
gaseous CaO was about 1% of the amount of 
both CaCl and CaOH (figure 1). 
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Figure 1: reaction products and temperature at 
1.0 bar simulation: ■ CaCl; ▲CaOH; and X 
CaO(g) (x 100); ♦ temperature 
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Figure 2: pressure dependency plot:  dashed 
line CaCl, normal line CaOH; ♦ 1.0 bar; ▲1.5 
bar; X 2.0 bar; + 2.5 bar;  
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Figure 4: pressure dependency of ratio CaCl / 
CaOH ♦ 1.0 bar; ▲1.5 bar; X 2.0 bar; + 2.5 
bar;  
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Figure 3: pressure dependency of  reaction 
temperature ♦ 1.0 bar; ▲1.5 bar; X 2.0 bar; + 
2.5 bar;  
 
The mole fractions of gasses possibly 
contributing to the final colour of the flame 
are decreasing with an increase in pressure. 
Also a slight shift in the position of the 
maximum production of Ca-gasses can be 
noted towards a lower percentage of CaCO3 
(Figure 2). 
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The dependency of the temperature on the 
pressure is depicted in Figure 3. It shows 
that the percentage of CaCO3 is much more 
influencing the temperature than the 
pressure during combustion itself.  
 
To examine if the ratio of the reaction 
products is changing as a function of the 
pressure, which could result in a shift of the 
final color, the ratio between CaCl and 
CaOH was calculated (Figure 4). It shows 
some change in the ratio with changing 
pressure and CaCO3 content. 
 

4. Experiment 
4.1 Sample preperation 
The experimental verification was done by 
preparing mixtures of ammonium 
perchlorate/cellulose/cellulose nitrate with 
different mass fractions of CaCO3. The 
selected mass fractions CaCO3 were 0%, 
0.5%, 1%, 3%, 7%, 15% and 20%.  
 
The ammonium perchlorate was sieved 
through a 20 micron sieve, the cellulose and 
CaCO3 were passed through a 180 micron 
sieve. The final mixture was carefully 
passed through a 180 micron sieve. All 
handling took place under controlled 
conditions.  
 
The composition was carefully mixed 
(wetted with acetone) in a mortar and 
pestled in 10 gram batches. The pyrotechnic 
compositions were pressed into 2 gram 
cylindrical pellets of 12 mm diameter, at a 
pressure of 46.7 MPa resulting in a density 
of 1.43 g/cm3. 
 
4.2 Measuring method 
For the measurement of the emission 
spectrum a SpectroScope (PC1000-3L) [7] 
by Ocean Optics was used. The measured 
spectral range was 350 - 800 nm. A fibre 
optic cable connected to the sensor was 

aimed at the entire flame. As a result of the 
numerical aperture of the fibre (0.22) and 
the measuring distance of 80 cm the 
diameter of the flame covered by the field of 
view of the fibre was approximately 35 cm. 
No attempt was made to focus at any 
specific area of the flame. An example of 
the flame is given in Figure 5.  
 

 
Figure 5: Example of flame from the 

pyrotechnic composition 
 
The ignition was accomplished with the use 
of a blowtorch. The emission spectrum data 
was transformed to an ASCII file, which 
was then processed in an Excel sheet to 
convert the intensity versus wavelength, into 
normalised values for the CIE Chromaticity 
Diagram (1931) i.e. the chromaticity co-
ordinates, _x and _y. The value of the 
dominant wavelength and the percentage 
saturation were also calculated. All 
measurements were performed twice. The 
results of the measurements are given in 
Table 3 and graphically presented in Figure 
6 and 7.  
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Table 3: Measured values of _x, _y, and 
dominant wavelength 

m/m% 
CaCO3 

_x _y Dominant 
Wavelength 

(nm) 

% 
saturation

0.00 0.543 0.399 592 82.9 
0.00 0.545 0.397 592 83.1 
0.50 0.572 0.380 597 85.4 
0.50 0.575 0.378 597 86.4 
1.00 0.586 0.376 598 88.8 
1.00 0.595 0.371 600 89.2 
3.00 0.616 0.364 602 94.0 
3.00 0.615 0.366 601 94.3 
7.00 0.644 0.353 604 99.0 
7.00 0.648 0.351 605 99.3 

15.00 0.630 0.369 601 99.1 
15.00 0.630 0.366 601 99.2 
20.00 no stable burning observed 
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Figure 7: Zoomed in on selection of 
Chromaticity Diagram. CaCO3: ■ 0%; 

▲ 0.5%; X 1%; * 3%; •  7%; ♦  15% 
 
Observations of the colors with the human 
eye were also noted. The results are 
summarized in Table 4.  
 
Table 4: Summary of observed colors.  
% CaCO3 Observation 

0.0 flame with a white base and yellowish body 
0.5 flame with a white base and pink salmon body 
1.0 flame with a white base and red body 
3.0 red flame without a white base  
7.0 red flame without a white base  

15.0 no complete combustion 
20.0 no complete combustion 

 
5. Conclusions 
The results of the thermodynamic modelling 
show an optimum for concentration of 
gaseous CaOH, CaCl and CaO at 12 % 
CaCO3. This optimum percentage of CaCO3 
is not significantly changed when the 
combustion pressure is increased from 1 to 
2.5 bars. The addition of CaCO3 leads to a 
decrease in temperature from approximately 
2600 K to 2400 K. This effect was expected 
because of the endothermal decomposition 
of CaCO3 into CaO and CO2. 
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We conclude that very good color quality is 
already observed by the eye at 3% CaCO3. 
The optimal measured value in terms of _x 
and _y is obtained at 7% CaCO3. Both 
values are lower than the percentage CaCO3 
at which the maximum concentration of 
calcium species in the flame is predicted by 
the thermodynamic modelling.  
 
However, the gaseous calcium species 
themselves are not responsible for the 
emitted color, but rather the excited calcium 
species, and that in turn, is a �product� of 
both temperature and available gaseous 
calcium species in the flame. Since the 
flame temperature is significantly higher at 
lower percentages of CaCO3, these 
compositions proved to be effective in terms 
of producing excited species. 
 
An increase of calcium carbonate percentage 
above 15% caused the composition to 
become practically impossible to ignite.  
 
Simulations combined with experimental 
validation under laboratory conditions may 
be used in the future to study different types 
of pyrotechnic compositions with very 
different applications, such as pyrotechnic 
compositions which emit in the near-
infrared region.  
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ABSTRACT 

 

The US Army impulse cartridge M-796 and US Air Force BBU-35B are used to eject 
countermeasure stores (flares and chaff) from aircraft dispensers (XM-130, ALE-40, ALE-45, 
ALE-47) of military aircraft (F-16, F-15, A-10, C-130, AH-64, MH53E, and CH-47).   Both the 
M-796 and BBU-35B impulse cartridge are of the same general configuration with different part 
numbers for the Army and Air Force.   Both are used to eject a M-206 Infrared Flare.    

The M-796 and BBU 35B are subjected to temperature-altitude conditions and aircraft flight, 
ground and maintenance environments (-62°C/-80°F to 95°C/203°F) during qualification and 
acceptance tests. 

The M-796 and BBU-35B use a double base NC/NG propellant for producing gas pressure 
against the countermeasure piston for ejection (and to ignite a Mg-Teflon flare) from the aircraft 
dispenser.   In 1978 the double base propellant (Bullseye), US Army drawing 9326769 (USAF 
drawing 7829435), was used in the impulse cartridges M-796, USA 9311660 and BBU-35B, 
USAF 7729436.  

During qualification testing, the M-796 impulse cartridge had experienced inconsistent function 
time and pressure rise time (psi/ms slope) failure mode.   The failure occurred after exposure to 
Temperature–Altitude test per the customer’s procurement specification tailored from MIL-STD-
810, Method 504.1. 

Failure investigation identified decomposition of the Nitrocellulose/Nitroglycerine (NC/NG) 
double base propellant which occurred during temperature cycling where the temperature was 
held at +95°C (+203°F) for 16 hours. 

This paper describes an empirical investigation test method used to determine the failure mode 
and discusses the test results.  
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IMPULSE CARTRIDGE, INFRARED FLARE & CHAFF ASSEMBLY, DISPENSER 
 
 

M-206 
FLARE ASSY 

M-796 
IMPULSE 
CARTRIDGE
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MH53E SEA DRAGON HELICOPTER INFRARED FLARE DEPLOYMENT
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In 1978 during qualification of the M-796 Impulse Cartridge (9311660), inconsistent ignition 
time and pressure vs. time rise rate was experienced.   The cartridges had completed an 
environmental temperature-altitude cycling per customer requirements as follows: 

a. Set chamber at -62°C (-80°F) and expose cartridges for two (2) hours minimum 

b. Set chamber at –54°C (-65°F) and expose cartridges for two (2) hours minimum  

c. Set altitude chamber at 60,000 ft altitude and expose cartridges for 30 minutes 

d. Set altitude chamber to laboratory ambient altitude at –10°C (+14°F) and let cartridges stabilize 

e. After cartridges have stabilized, open chamber door and allow frost to form.   Leave door open 
long enough to allow the frost to melt but not evaporate. 

f. Set chamber to +95°C (+203°F) ambient altitude, and maintain for sixteen (16) hours minimum 

g. Set the chamber to +71°C (+160°F) and ambient altitude 

h. After stabilization record thermocouple readings 

i. Set chamber to +95°C (203°F) ambient altitude, and maintain for 30 minutes 

j. Adjust the chamber condition to +71°C (+160°F) and ambient altitude.   After the chamber 
condition has stabilized maintain for one (1) hour.   Adjust chamber temperature to +101°C 
(+214°F) and maintain for 20 minutes.  Record thermocouple readings every 10 minutes.    
Repeat this step for two (2) additional cycles. 

k. Set the chamber to +24°C (+75°F) and allow chamber to stabilize.   Adjust the altitude to 60,000 
feet.   Maintain for four (4) hours.   Record the thermocouple reading every 30 minutes. 

l. Change the chamber temperature to +83°C (+181°F).   Allow the chamber to stabilize thermally 
and maintain for 2 hours. 

m. Stabilize the chamber at +36°C (97°F).   After stabilization, maintain for one hour.   Change 
chamber temperature to +143°C (+289°F) and maintain for 10 minutes.   Then set the chamber 
temperature to +70°C (+158°F).   Record temperature every 10 minutes.   Repeat this step two 
additional times.   Return chamber to ambient conditions. 

n. Inspect the squibs for any damage caused by the temperature-altitude test.   Document all 
observations. 

Bulging of the closure disc was noted after Step f. [temperature at +95°C (203°F) for 16 hours]. 

Upon completion of the Temperature-Altitude test the cartridges were subjected to functional 
testing at ambient.   During the functional test inconsistent ignition time and pressure vs time rise 
rate was experienced. 
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Double Base Propellant NC/NG Investigation: 
The double base composition of Bullseye was suspect.  Discussions with Hercules of the 
inconsistent function time and pressure rise rate revealed that +95°C (+203°F) was too severe for 
any NC/NG double base propellant.   Hercules recommended not to expose Bullseye to 
temperature extremes greater than +75°C (+167°F) for extended lengths of time. Hercules also 
recommended using one of their high temperature propellants [Hi-Temp (RDX) or 8028 (HMX)] 
for this application. 

An empirical temperature test was performed with two different lots of Bullseye, Lot# B-E-259 
and B-E-269.   Bullseye propellant was weighed and sealed in ten glass vials.    Five vials 
contained 195 mg each of Lot# B-E-259 and five vials contained 195 mg each of Lot# B-E-269.    
The two groups (lots) were placed in an environmental chamber and the temperature was set at 
+85° ±2°C (+185° ±4°F).   Periodic observations were made over time. 

GROUP I 

LOT#B-E-259 

LOT#B-E-259 

COMMENT 

GROUP II 

LOT#B-E-269 

LOT#B-E-269 

COMMENT 

2 hr No Change 2 hr Slight Condensation 

15 hr Yellow Condensation 9 hr Clear Condensation 

22 hr Increased Yel Condensation 24 hr Clear Droplets Appear 

37 hr Yellow Droplets Appear 32 hr Increased Droplets 

 
To eliminate water moisture as the observed condensation, five additional glass vials were 
wetted with water droplets and set alongside the unsealed Bullseye samples.    The vials were left 
for six hours unsealed at ambient temperature. 

Results:  
The vials wetted with water droplets had dried while the Bullseye vials still had the condensed 
droplets. 

Conclusion: 
1. A colorless to yellowish substance condenses on the glass vial when the Bullseye is exposed 

to +85°C (+185°F). 

2. The condensation on the glass vials containing Bullseye is not water. 

3. There is a difference in the color of condensation/droplets between the two lots of Bullseye. 

4. The condensation/droplets are most likely decomposition of the Bullseye propellant.   

5. The condensation though not quantitatively identified is most likely Nitroglycerine. 
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Impulse Cartridge Investigation: 
Thirty M-796 cartridges were assembled with Bullseye propellant, fifteen contained Bullseye 
designated as Lot #B-E-296 and fifteen designated as Lot #B-E-259.   The cartridges were then 
divided into six groups, three groups each lot, five cartridges each group, Group #1, #2, & #3 
were of Lot #B-E-269, Group #4, #5, & #6 were of Lot #B-E-259.   Groups #1 and #4 had the 
cartridge oriented in the environmental chamber with the closure end up.   Groups #2 and #5 had 
the cartridge oriented in the environmental chamber with the closure end down.   Group #3 and 
#6 are ambient control groups.   The orientation of the closure, up vs down, was to see if 
convection within the cartridge might be factor. 

The cartridges were subjected to an elevated temperature of 85°C ±2°C for 21 hours then 
functioned at ambient in a closed volume (45cc). 

Lot#B-E-269 CLOSURE UP CLOSURE DOWN CONTROL GROUP 

GROUP # GROUP 1 GROUP 2 GROUP 3 (AMB) 

FUNCTION X bar ms Std Dev ms X bar ms Std Dev ms X bar ms Std Dev ms 

BWBO 6.6 .45 6.0 0.0 4.6 .89 

1ST Ind Press 21.5 3.5 22.0 2.74 18.6 2.4 

Time to  100 psi 31.5 5.3 40.4 3.96 23.8 2.75 

Critical Slope Psi/ms 76.6 10.5 45.9 22.2 75.0 4.69 

Time to Peak Press 41.6 6.39 51.8 3.03 34.8 3.42 

Peak Press 620 psi 21.2 psi 488 psi 111.7 psi 630 psi 12.2 psi 
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Lot#B-E-259 CLOSURE UP CLOSURE DOWN CONTROL GROUP 

GROUP # GROUP 4 GROUP 5 GROUP 6 (AMB) 

FUNCTION X bar ms Std Dev ms X bar ms Std Dev ms X bar ms Std Dev ms 

BWBO 6.0 0.00 5.8 .45 5.8 .45 

1ST Ind Press 20.2 2.17 20.6 1.82 20.2 1.79 

Time to  100 psi 32.6 2.51 32.2 2.17 26.4 1.67 

Critical Slope Psi/ms 62.0 5.6 60.4 7.72 73.3 5.27 

Time to Peak Press 43.6 2.97 43.0 2.65 35.6 1.52 

Peak Press 590 psi 23.5 psi 584 psi 21.9psi 624 psi 8.94 psi 

 

Conclusion: 
Based on visual examination of the cartridges and test firing data the following conclusions are 
supported. 

1. The elevated temperature of +85°C (+185°F) affects cartridge performance. 

2. Cartridge exposure at +85°C (+185°F) will cause internal pressure to bulge the closure. 

3. There appears to be different functioning characteristics between lot numbers when 
comparing Group 2 to Group 5. 

4. Cartridge orientation during +85°C (+185°F) exposure appears to have an affect on 
functioning characteristics. 

 
Summary: 
The decomposition of the Bullseye does not render the propellant inert but the 
condensation/droplets likely permeates the bridgewire ignition composition and booster charge 
(BKNO3) thereby affecting chemical reaction, thus performance.   This is indicated by the long 
ignition time and inconsistent pressure vs time rise rate.   It is important to note that at no time 
did a failure to function occur. 

As a result of the above investigations, HPC-1 (10534810) replaced the Bullseye in the M796.   
And HMX (8412690) replaced Bullseye in the BBU-35/B-20.  There have been no known 
anomalies with ignition time and PvT rise rate performance of the impulse cartridge since using 
the high temperature propellant output charge. 

The BBU-35/B-20 (HMX) currently meets Detail Specification SP-7729436B call out for an 
operating temperature range of -18°C (-65°F) to +85°C (+185°F). 
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Recommendation: 
Avoid the use of NC/NG double base propellant in defense/aerospace applications that have 
environmental requirements above +74°C (+165°F). 

 
Technical Discussion: 
N. S. Garman, et al, ‘Prediction of Safe Life of Propellants’, Picatinny Arsenal, May 1973, 
reported on M9, NC/NG propellant, chemical stability under accelerated aging at elevated 
temperatures.   The propellant M9 was tested and its composition is compared to Bullseye 
(UASF 7829435 & USAARDC 9326769) and HPC-1 (USAARDC 1053481): 

PROPELLANT COMPOSITION COMPARISON 

PROPELLANT TYPE  

INGREDIENT BULLSEYE M9 HPC-1* 

Nitrocellulose (%) 58.00 57.25 56.50 

Nitroglycerine (%) 40.00 40.00 40.00 

Ethyl Centralite (%) 0.75 0.75 1.50 

Potassium Nitrate (%) NA 2.00 NA 

Graphite (% added)  0.40 0.15 0.40 

Potassium Sulfate 1.25 NA 2.00 

*While HPC-1 is a NC/NG double base propellant it meets the operating temperature range of 
-18°C (-65°F) to +85°C (+185°F).   The ethyl centralite (stabilizer) is twice that of Bullseye and 
M9 propellant which would improve the temperature tolerance of the HPC-1 NC/NG 
composition.  

Figure 1 and 2 show the depletion rate of the stabilizer (ethyl centralite) over time for +60°C 
(+140°F), +70°C (+158°F), +80°C (+176°F) and +90°C (+194°F) for M9 propellant. 
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FIGURE 1:  STABILIZER (ETHYL CENTRALITE) DEPLETION FOR M9 PROPELLANT 
(N. S. GARMAN et al, Prediction of Safe Life of Propellants) 
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FIGURE 2:  DETERIORATION PHENOMENA EXPRESSED BY BERTHELOT’S LAW  FOR M9 PROPELLANT 
(N. S. GARMAN et al, Prediction of Safe Life of Propellants) 
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Abstract  
 The effects of binder loading and appli-
cation on the ignition sensitivities and 
performance of pyrotechnic compositions of 
MTV with Alex® have been studied.  Sur-
face morphology (to determine mixture ho-
mogeneity and fuel coverage), ignition sen-
sitivities, and burn times have been charac-
terized.   
 
Background 
 Because of the high specific surface area 
of nanomaterials such as ultrafine alumi-
num, the quantity of binder necessary to at-
tain pyrotechnic compositions with a degree 
of binder coverage of fuels comparable to 
that of compositions without such additives 
may be significantly higher. 
 Scanning electron microscopy (SEM) 
studies have shown that the surface mor-
phology of pyrotechnic compositions with 
and without Alex® additives are signifi-
cantly different.  These differences may lead 
to localized areas in which the fuel particles 
may not be covered with binder, yielding 
areas of potentially increased ignition sensi-
tivity.  Such areas of incomplete coverage 
may lead to vulnerabilities in the material, 
which, when coupled with unfavorable am-
bient conditions, such as applied friction, 
electrostatic, or impact stimuli, may lead to 
unanticipated initiation of the material. 
 To counteract this effect, more complete 
binder coverage is necessary.  Higher binder 
loadings may be used in formulations, 
though it has been shown that increased 
binder percentages decrease the burn rates of 
pyrotechnic materials.  Typically, binder 

loadings are limited to what is necessary to 
give acceptable ignition sensitivities and 
processing characteristics.   
 Another method to address incomplete 
fuel coverage is to pre-coat the fuels with 
binder.  This method of application may al-
low for more complete fuel coverage with-
out increasing binder quantities.  Pre-coating 
of magnesium for use in pyrotechnics to 
prevent degradation when exposed to water 
has been studied previously.1,2  It is conjec-
tured that by pre-coating Alex® with Viton 
the total surface area of the ingredient would 
be reduced, thus reducing its tendency to be 
coated by Viton in a composition.  In this 
way, the magnesium would have better ac-
cess to the binder in a composition.   
 
Preparation of Compositions for Testing 
 Six different compositions were studied.  
These included three baseline compositions 
with standard loadings of binder, one com-
position with a higher binder loading, and 
two compositions where the Alex® fuel was 
pre-coated with 16% by weight of Viton 
binder.  The test matrix is shown in Table 1.   
 The fuels used in the mixtures were 
200/325 mesh atomized magnesium from 
Hart Metals Company of Tamaqua, PA, and 
Alex®, electro-exploded aluminum powder 
from Argonide Corporation of Sanford, FL.  
The nominal fuel particle size ranges were 
40-80 microns and 100-200 nanometers, re-
spectively.  The oxidizer was G-10 Al-
goflon® (polytetrafluoroethylene, Teflon) 
from Ausimont USA, Inc. of Thorofare, NJ.  
The average particle diameter of the oxidizer  
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Table 1.  Composition properties 
 

Designation 
Fuel Frac-

tion 
Alex® 

Weight % 
Viton in 
mixture 

MTV control 
 0 16 

Low Alex® 
 1/6 16 

Moderate Alex® 
 1/3 16 

Pre-coated 
Low Alex®  1/6 16 

Pre-coated Mod-
erate Alex® 1/3 16 

High binder, 
Moderate Alex® 1/3 18 

 
was 550 microns.  Fluorel®, a 1:1 copoly- 
mer of hexafluoropropylene and vinylidene 
difluoride (also known as Viton) was used 
as the binder.  Viton was prepared as a 25% 
by weight solution of the copolymer in ace-
tone.   
 Pre-coated Alex® was prepared by mix-
ing the aluminum with Viton/acetone solu-
tion.  Additional acetone was added so that 
the materials could be easily mixed.  Hexane 
was then added to the mixture to cause the 
binder to precipitate out and coat the Alex®.  
When the residual solvent had evaporated, 
the resulting powder was fine, and any 
lumps were easily broken using a metal 
spatula.  This material was tested for its ig-
nition sensitivities and SEM was performed 
to determine the degree of fuel coverage 
with binder. 
 The coacervation coating method was 
also used to prepare the mixtures.  The fuels 
were mixed with the binder thoroughly be-
fore the oxidizer was added.  For the mix-
tures with pre-coated Alex®, the magnesium 
was added first to allow it to be coated with 
binder before Alex® was introduced.  Then 
hexane was added to the mixture to cause 
the binder to precipitate out and coat the fu-
els and oxidizer.  The composition was dried 

to evaporate the residual solvents.  The 
molding powder was pressed into 1.9 cm 
diameter pellets.  A consolidation pressure 
of approximately 41 MPa was applied for 10 
seconds.  The sides of the pellets were inhib-
ited with Miller Stephenson 907 two-part 
epoxy, and a button of MTV ignition slurry 
and an electric match were applied to the top 
of the pellets for ignition. 
  
Testing 
 Samples of each batch of composition 
were tested for ignition sensitivities.  Tests 
were performed for electrostatic, friction, 
and impact sensitivities.  The ignition sensi-
tivities of magnesium, Alex®, and pre-
coated Alex® were also determined. 
 Scanning electron microscopy (SEM) 
was used to examine the morphology of the 
compositions to determine if the quantity or 
method of application of the binder influ-
enced the appearance of the material.  Ele-
mental mapping will be performed on the 
compositions to determine the distribution 
of the binder within the composition, by 
mapping carbon, fluorine, aluminum, and 
magnesium.  These maps indicate the loca-
tion of both the Viton binder and the Teflon 
oxidizer relative to the magnesium and alu-
minum fuels.  The results of the elemental 
mapping were not available at the time this 
manuscript was prepared. 
 The pellets were burned at Crane’s ra-
diometric test facility to determine their burn 
times.  Video coverage and radiometric data 
were also collected.   
 
Sensitivity Results 
 Three ignition sensitivities were meas-
ured for each composition.  Impact sensitivi-
ties were determined by doing a 25-sample 
Bruceton test using an apparatus where a 
weight is dropped on a sample from a series 
of fixed heights.  The friction sensitivity was 
measured using a rotary friction apparatus 
with a test sample size of 10.  Electrostatic 
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sensitivity was determined to be the energy 
corresponding to a given voltage and capaci-
tance, at which 20 consecutive samples do 
not fire. 
 The ignition sensitivities of the fuels 
were determined first, and the results are 
given in Table 2.  Alex® and magnesium 
were both insensitive to impact at the maxi-
mum height of the test apparatus.  Both ma-
terials had high sensitivity to frictional 
stimulus (< 100 ft-lb).  Magnesium was 
highly sensitive to electrostatic stimulus 
(0.01 - 1.0 J), but Alex® had very high elec-
trostatic sensitivity (< 0.01 J). 
 
Table 2.  Ignition sensitivities of fuels 

Fuel Impact 
(kg-cm) 

Friction 
(ft-lb) 

Electrostatic 
(J) 

Alex® 
 

No 
fires 

41.65 0.004 

Magnesium 
 

No 
fires 

88.82 0.100 

Pre-coated 
Alex® 

No 
fires 

1745 0.045 

 
 When Alex® was pre-coated with Viton, 
the sensitivities were improved.  The tests 
for impact sensitivity resulted in no fires, 
and the friction sensitivity was very low, 
with a minimum initiation energy for the 
compositions greater than 1000 ft-lb.  The 
electrostatic sensitivity for the pre-coated 
Alex® was high, where the sensitivity of 
Alex® without the pre-coating was very 
high. 
 For the compositions, sensitivities are 
given in Table 3.  The impact sensitivities of 
the compositions ranged from very low 
(MTV control) to moderate.  The composi-
tions with moderate loadings of Alex® and 
standard binder loadings were the most sen-
sitive to impact.  The compositions with pre-
coated Alex® were less sensitive to impact 
than their non-pre-coated counterparts.  The 
composition with high binder loading was 
the most sensitive to impact.   
 

Table 3. Composition ignition sensitivities 
Type Impact 

(kg-cm) 
Friction 
(ft-lb) 

Electrostatic 
(J) 

MTV con-
trol 
 

352.56 
(very low) 

509.88 
(low) 

0.080 
(high) 

Low 
Alex® 
 

184.84 
(moderate) 

455.24 
(moderate) 

0.200 
(high) 

Moderate 
Alex® 
 

169.32 
(moderate) 

633.92 
(low) 

0.200 
(high) 

Pre-coated 
Low 
Alex®  

215.41 
(low) 

645.65 
(low) 

1.250 
(moderate) 

Pre-coated 
Moderate 
Alex® 

172.60 
(moderate) 

499.32 
(moderate) 

1.013 
(moderate) 

 
High 
binder, 
Moderate 
Alex® 

126.19 
(moderate) 

840.97 
(low) 

0.005 
(very high) 

 
 The friction sensitivities for four of the 
compositions were low.  The composition 
with high binder loading was the least sensi-
tive to friction.  The compositions with low 
Alex® and pre-coated moderate Alex® 
loadings were in the moderate category, but 
possible reasons for this have yet to be de-
termined. 
 The electrostatic sensitivities of the 
compositions with pre-coated Alex® were 
lower than those of their non-pre-coated 
counterparts (moderate rather than high sen-
sitivities).  The electrostatic sensitivity of 
the composition with the high loading of 
Viton was higher than those with the stan-
dard loading of binder.  This effect was not 
anticipated. 
 
Scanning Electron Microscopy Results 
 SEM photographs of the compositions 
were taken at several different magnifica-
tions.  Backscatter electron images were 
taken at magnifications of 100-, 300-, 500-, 
1700-, and 3500-x at 10 kV using an AM-
Ray 3200S-ECO SEM.  An indication of the 
degree of coverage of magnesium with 
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binder could be made by studying these im-
ages.   
 The morphological differences between 
the MTV control and MTV with moderate 
loading of Alex® are shown in Figure 1.  
The coating of Viton on the magnesium par-
ticles was uneven, with portions of many 
particles bare.  With Alex®, the coating had 
a more grainy appearance, due to the pres-
ence of Alex® within the coating.  Magne-
sium coverage appeared to be heavier, 
though there were still some areas of mag-
nesium that were not covered. 
 

 
 

 
 
Figure 1.  Scanning Electron Micrographs 
of the MTV control (top) and MTV with 
low Alex® loading (bottom) at 500-x 
magnification. 
 
 

  
 

 
 

Figure 2.  Scanning Electron Micrographs 
of virgin Alex® (top) and Alex® with 
16% by weight Viton binder coating (bot-
tom) at 50,000-x magnification. 
  
 SEM was also used to determine the dis-
tribution of binder within the composition of 
Alex® pre-coated with Viton.  Figure 2 
compares Alex® with and without Viton 
binder coating.  For the composition with 
the Viton coating, the Viton appeared to 
cover the spherical Alex® particles and 
stretch between adjacent spheres in a web-
like fashion.  While the binder did not ap-
pear to provide a coating for every surface 
of the Alex®, it did appear to provide some 
degree of coverage. 
 SEM studies of compositions with and 
without the pre-coated Alex® indicated that 
the compositions with pre-coated Alex® 
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have better coverage of magnesium by the 
binder and Alex® materials, as shown in 
Figure 3.  The pre-coated composition had 
fewer visible magnesium particles, particu-
larly ones of smaller diameter.  The coating 
on the compositions also looked different, 
where the composition with pre-coated 
Alex® had a more grainy appearance than 
the other composition.  The pre-coated 
Alex® probably shows up in the coating as 
agglomerates of Alex® and Viton, with a 
larger size than the uncoated Alex®. 
 

 
 

 
 
Figure 3.  Scanning Electron Micrographs 
of compositions with moderate loadings of 
Alex® (top) and pre-coated Alex® (bot-
tom) at 300-x magnification.  
 
 The composition containing a higher 
loading of binder had a different morphol-

ogy, as shown in Figure 4.  The higher load-
ing of binder was quite visible, with much of 
the magnesium embedded within the binder 
at the higher loading.  The composition with 
the standard binder loading had many more 
exposed magnesium surfaces. 
 

 
 

 
 
Figure 4.  Scanning Electron Micrographs 
of compositions with moderate loadings of 
Alex® with moderate (top) and standard 
(bottom) loadings of binder at 100-x 
magnification. 
 
Burn Test Results 
 The average linear burn times for the 
three pellets of each composition tested are 
given in Table 4.  Small-sample t-tests were 
used to determine differences between the 
average times, with 95% confidence.  The 
burn times for the samples including Alex® 
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were statistically shorter than those of the 
MTV control. The burn times for the com-
positions with the pre-coated Alex® were 
statistically the same as for those without the 
pre-coating for the two loadings of Alex®. 
 

Table 4.  Burn Times for Compositions 
Composition Avg. Burn Time 

(s/in) 
MTV control 
 

3.85 

Low Alex® 
 

3.63 

Moderate Alex® 
 

3.44 

Pre-coated 
Low Alex® 

3.59 

Pre-coated Mod-
erate Alex® 

3.46 

High binder, 
Moderate Alex® 

3.68 

   
 For the composition with the high load-
ing of binder and moderate loading of 
Alex®, the burn time was not statistically 
different than that for the composition with 
the moderate loading of Alex® and standard 
binder loading.  However, the burn time was 
much closer to that of the composition with 
low Alex® loading and standard binder 
loading.  Also the burn time for this compo-
sition was not statistically different than that 
of the MTV control, indicating that higher 
binder loadings may indeed counteract the 
effects of Alex® in the compositions. 
 
Conclusions 
 The quantity and method of application 
of binder to these MTV-Alex® composi-
tions did have an impact on the ignition sen-
sitivities, mixture homogeneity, and burn 
times.  Using pre-coated Alex® in the com-
positions mitigated the hazards of high elec-
trostatic sensitivity, and improved the cover-
age of magnesium by binder within the 
compositions.  Both of these achievements 
were made without detriment to the burn 

times of the compositions.  Using a higher 
loading of binder did yield more complete 
coverage of magnesium, but increased elec-
trostatic sensitivity, and yielded burn times 
that were not significantly different than for 
the MTV control composition, which did not 
include Alex®.   
  
Future Work 
 Based on the results of these experi-
ments, pre-coated Alex® will be used in fu-
ture pyrotechnic compositions.  The benefits 
of decreased ignition sensitivities and im-
proved mixture homogeneity are certainly 
worth the extra processing step of preparing 
pre-coated Alex®.  Other future efforts may 
be made to investigate another form of 
Alex® called L-Alex®.  This material has a 
stearic acid based coating, which reportedly 
is less sensitive to ignition stimuli than 
Alex®.  We will be performing ignition sen-
sitivity tests on this material at a later date. 
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ABSTRACT 

This paper reports the results of two sets of cylinder test for the aluminized explosive 
ROT-901, with diameter of 25mm and 50mm, respectively. By measuring R(t) the expansion 
history of the copper tube driven by detonation products, we have made analysis and 2D 
numerical simulations for the cylinder test to evaluate the ability of doing work for this 
explosive. By using 2D fluid dynamic numerical simulation, we obtain the parameters of JWL 
equation of state of detonation product for this explosive. 

 
KEYWORDS: aluminized explosive, cylinder test, JWL equation of state, numerical 

simulation. 
 

1  Introduction 
 The aluminized explosive has been 
widely used in tactical weapon warheads, 
especially in under water weapon warheads, 
and has formed a important branch of 
military mixed explosives. However, there 
are more disputes about explanation and 
description for detonation reaction 
mechanism of aluminized explosive [1~3]. 
 

Equation of state (EOS) of detonation 
product is used to describe the relationship 
between some physics quantity of 
detonation product of explosive. So far, 
there are some successful EOS of 
detonation produce, such as γ-law、BKW、
LJD、JCZ and JWL. 
 

In 1965, based on the Jones and 
Wildins′s works, Jones established the JWL 
(Jones-Wilkins-Lee) EOS of detonation 

product [4]. The equation for pressure p is 

V
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and that for ps, pressure a function of 
volume at constant entropy (i.e., the 
isentrope), is 

1
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+
−− ++= ωV

CBeAep VRVR
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where p and ps are the pressure of 

detonation product in GPa; 
0v

vV =  is 

the volume of detonation product/the 
volume of undetonated explosive; E is the 
detonation energy per unit volume in 
(GPa-m3)/m3; A、 B and C are linear 
coefficients in GPa; R1、R2 and ω are 
nonlinear coefficients. 
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2  Cylinder Test and Results 
2.1  Cylinder Test 
 The cylinder test is a standard test to 
be used to determine the parameters of 
JWL EOS of detonation product and to 
evaluate the ability of doing work of 
explosive. This test was firstly established 
and applied by Kury [5]. 
 
 In this work, we have done two sets of 
cylinder test for the aluminized explosive 
ROT-901 which mainly consist of HMX、
TNT and Aluminum powder, with diameter 
of 25mm and 50mm. The test sample size 
of ROT-901 explosive are φ25mm ×
300mm and φ50mm×560mm；and the 
outer diameter of copper tube are φ30mm 
and φ60mm. A schematic diagram of the 
cylinder test is show in Fig.1. 

 
The detonation velocity D, is 

measured by the electric pins fixed on the 
top and bottom side of the explosive test 
sample. The cylinder expansion process 
driven by detonation production at 
observation section is measured by a GSJ 
rotating mirror camera. The distances of 
observation section are 200mm and 
300mm from the top side of the explosive 
test sample. 
 

 
Fig.1  A schematic diagram of the 

cylinder test 
 
2.2  Test Results 
 The cylinder expansion process 
recorded by GSJ rotating mirror camera is 
show in Fig.2. 
 

 
Fig.2  A photograph of the cylinder 

expansion 
 
 The cylinder expansion distance (R-R0) 
and cylinder expansion time t yield  

4
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3
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2
02010

)()(
)()(
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So, the radial cylinder expanding velocity u 
is 
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By using the formula (3) to regress 
the test data of cylinder expansion process, 
we got the parameters a0、a1、a2、a3、a4 are 
–7.11462×10-4、9.27446×10-1、-2.59502
×10-2、1.02657×10-3  and -1.70728×10-5 
for 25mm cylinder test. For 50mm cylinder 
test, this parameters are  6.51599×10-1、

9.37366×10-1、-1.66118×10-2、3.44610
×10-4 and   -2.72600×10-6. 

 
3 Determination of Parameters of JWL 

EOS 
 Firstly, we use the analysis method to 
analyze the cylinder test results and obtain 
a group of schematic parameters of JWL 
EOS[6]. Then we take the schematic 
parameters as input data and send them to 
2D Lagrange reactive hydrodynamic code 
WSU to numerical simulate the cylinder 
expansion process at two sets of cylinder 
test we have done. By means of modifying 
the input data and recalculating many times, 
we will get the parameters of JWL EOS of 
detonation product of this aluminized 
explosive ROT-901. 
 
 The simplified calculating model of 
cylinder test is shown as Fig.3. Where 
explosive is in hArOh and ABR0rA is 
cylinder. In the figure, axis Z is the 
symmetry axis, and R is defined as 
continuum interface, and BR0 is the free 
surface. On the initiation detonation 
surface hA, we adopted the pressure as 
26GPa and used a pressure piston which 
can keep 0.6µs to simulate the initiation 
detonation. 
 

 
Fig.3  Calculating model of cylinder 

test 
 

 The length of Oh is 100mm. In the 
cylinder tests of two different diameter, Or, 
OR0 are 12.5, 15mm and 25, 30mm, 
respectively. The size of grid is 0.5mm×
0.5mm. 
 
 The reaction rate function is adapted 
as two items formula of ignition and 
combustion 

mn pWpr )1(21 −+= ωω    (5) 

Where r is the reaction rate, W is the 
fraction of unreacted explosive mass, ω1, 
ω2, n and m are the parameters which are 
determined later. 
 
 From the shock Hugoniot and the 
referential POP relationship . The values of 
parameters of the reaction rate function, 
which is calculated and fit for ROT-901 
explosive, W1, W2, n, m are 6512, 25, 3.47, 
1, respectively. 
 
 We take a series of predict parameters 
of JWL EOS of ROT-901 explosive 
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detonation product which are obtain from 
analysis resolution. In the WSU program, 
to numerically simulate the φ25 cylinder 
test model firstly. 
 
 When we computed for the first time, 
the computational value of the initial time 
of the cylinder expansion, is fit with the 
value measured in experiment on the whole. 
However, because of the deviation of the 
predict parameters, the process of cylinder 
inflation R(t) which is obtain from 
computation ran out of the way of 
experiment results with the inflation 
distance (R-R0) growing. 
 
 According to the trendency of 
deviation, we modified, the predict 
parameters appropriately and then take 
them into the program to compute. We find 
that the computation results gradually get 
close approach to the experiment results. 
We modified the parameters and computed 
them by four times and we finally get the 
computational results of the cylinder 
inflation process R(t) of the φ25 cylinder 
test model which is suitable for the 
experiment result on the whole. Next, we 
take the parameters obtained from φ25 
cylinder test computation which are 
regarded as the predict parameters into the 
simulation of φ50 cylinder test model. We 
adjusted the parameters by little and found 
that the computational results were fit for 
the experiment results generally. 
 
 The comparison of the numerical 
simulation results with the experiment 
results of the process of two different 
diameters of ROT-901 in cylinder test. Are 
shown in Fig.4 and Fig.5. We can find in 

figures that the relative error of the 
experiment results and the numerical 
simulation results was controlled about 1%, 
except the initial stage of the cylinder 
inflation. This coincides with the 
requirement of determination of JWL EOS 
parameters. 
 

 
Fig.4  Comparison between the 

calculated and experimental results 
for φφφφ25mm cylinder test of ROT-901 

 
Fig.5  Comparison between the 

calculated and experimental results 
for φφφφ50mm cylinder test of ROT-901 
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Fig.6  The p~V curve of JWL equation 

of state 
 

4  The Parameters of JWL EOS 
 We obtained the parameters of JWL 
EOS for ROT-901 aluminized explosive 
detonation product. By numerically 
simulating and analyzing two different 
diameter sets of cylinder test. Where 
ρ0=1.870g/cm3, A, B, C respectively is 
639.2, 8.32, 1.262GPa, R1, R2, ω 
respectively is 4.34, 1.33, 0.36. The p~V 
curve of JWL equation of state is shown in 
Fig.6. 
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