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Effects of Endothermic Binders on Times
to Explosion of HMX- and TATB-Based

Plastic Bonded Explosives

CRAIG M. TARVER
JAKE G. KOERNER

Energetic Materials Center, Lawrence Livermore
National Laboratory, Livermore, California, USA

Plastic-bonded explosives (PBXs) based on octahydro-
1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX) or 1,3,5-tria-
mino-2,4,6-trinitrobenzene (TATB) formulated with the
endothermic binders Estane, Viton, or Kel-F exhibit
longer times to thermal explosion than do pure HMX
and TATB in the one-dimensional time to explosion
(ODTX) and in other thermal experiments. Previous che-
mical kinetic thermal decomposition models for HMX- and
TATB- based PBXs assumed that the binders decomposed
independently of and at lower temperatures than the
explosives. Recent chemical decomposition rate measure-
ments showed that Estane, Viton, and Kel-F are more
thermally stable than HMX and TATB. Thus, the longer
thermal explosion times for these PBXs are most likely
due to endothermic decompositions of the binders by reac-
tions with the gaseous decomposition products of HMX
and TATB. New PBX chemical decomposition models
are developed using the global HMX and TATB models,
measured binder kinetics, and cross-reactions between
gaseous explosive products and binders. These new models
accurately predict ODTX time to explosion and other
experimental data.
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Introduction

Plastic-bonded explosives (PBXs) based on octahydro-1,3,5,7-
tetranitro-1,3,5,7-tetrazocine (HMX) or 1,3,5-triamino-2,4,6-
trinitrobenzene (TATB) are often formulated with endothermic
binders to improve their mechanical and thermal properties [1].
PBXs of HMX and TATB formulated with Estane, Viton A,
and Kel-F 800 exhibit longer times to thermal explosion than pure
HMX and TATB in one-dimensional time to explosion (ODTX)
and other thermal explosion experiments [2]. Chemical decompo-
sition models were developed to predict times to explosion and the
locations within the explosive charges where runaway reactions
first occur [2–4]. These predictions are used as the basis for estima-
tions of the violence of thermal explosions as functions of heating
rate, confinement, damage, and porosity [5,6]. Since little experi-
mental chemical kinetic data have been obtained at higher tem-
peratures, these models have been used to predict the times to
explosion measured in high-power laser heating experiments [7];
estimate the critical conditions for ‘‘hot-spot’’ ignition during
impact and shock compression scenarios [8]; and model the growth
rates of shock-induced hot spots during shock-to-detonation tran-
sition (SDT) processes [9]. They are used to model shock initiation
and detonation wave propagation in the statistical hot spot reac-
tive flow model in the thermal-mechanical-hydrodynamic–
coupled computer code ALE3D [10].

Burnham and Weese [11] measured the thermal degrada-
tion kinetics of three endothermic binders used in PBXs: Estane
5703P, a poly(ester urethane) block copolymer; Viton A, a
vinylidene-hexafluoropropene copolymer; and Kel-F 800, a
vinylidene-chlorotrifluorethene copolymer. Simultaneous dif-
ferential thermogravimetric analysis was conducted at several
heating rates to obtain percentage of decomposition versus tem-
perature data. These experiments showed that Estane, Viton A,
and Kel-F are more thermally stable than HMX and TATB.
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Previous chemical reaction models for HMX and TATB
PBXs assumed that the binders decomposed independently of
and at lower temperatures than the explosive particles. The
new binder kinetic data suggest that endothermic degradation
of the binders by gaseous explosive decomposition products as
they are produced causes the measured longer times to explosion
for the PBXs. To test this hypothesis, ‘‘cross-reactions’’
between the binders that cover the explosive particles and the
evolving HMX and TATB gaseous decomposition products are
added to the thermal decomposition models. The calculated
times to explosion for these PBX models are compared to
ODTX and other experimental measurements for several PBXs.

Chemical Kinetic Decomposition Models for HMX
and TATB

Three to five step global chemical decomposition models have
been developed for several solid high explosives. The HMX che-
mical decomposition model consists of four reactions and five
chemical species. The reaction sequence is [4]:

Beta HMX! Delta HMX ð1Þ
Delta HMX! Solid Intermediates ð2Þ

Solid Intermediates! Gaseous Intermediates

ðCH2O; N2O; HCN; HNO2; . . .Þ ð3Þ

Gaseous Intermediates! Final Products

ðCO2;H2O;N2;CO;C; . . .Þ ð4Þ

The major pathways for HMX decomposition have been
reviewed by Behrens et al. [12]. The solid-solid beta to delta
phase transition is treated as a separate reaction in Eq. (1)
[4], whereas previously it had been included in Eq. (2) as one
overall endothermic process [2]. Equation (2) describes the
initial ring- and bond-breaking endothermic step(s). HMX
decomposition is known to produce mainly CH2O plus N2O
under some temperature and pressure conditions and mainly
HCN plus HNO2 under other conditions [12]. Equation (3) is
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slightly exothermic, and thus most of HMX’s chemical energy is
released during the gas phase formation of the final stable reac-
tion products such as CO2, CO, N2, and H2O by second-order
gas phase reactions represented by Eq. (4).

The TATB model is based on less chemical kinetic data
than the HMX model [5]. It consists of three reactions and four
species. The TATB sequence is

TATB! Solid Intermediate AþH2O ð5Þ
Solid Intermediate A! Solid Intermediate BþGases ð6Þ

Solid Intermediate B! Final gaseous products ð7Þ
It is known that TATB reacts mainly in the condensed phase

and that all of the possible H2O molecules can be formed during
extremely slow heating, leaving C6N6O3 behind [5]. At faster
heating rates, the first two reactions, Eq. (5) and (6), are
assumed to be endothermic steps that eliminate H2O and then
form other intermediate gaseous products, such as NO. The
third reaction is assumed to be an exothermic, second-order
reaction. Some experimental kinetic data are available for the
rates of the three reactions [5]. In the ODTX apparatus, heavily
confined and unconfined TATB-based explosives exhibit essen-
tially the same times to explosion [2,5]. Thus, gas phase reac-
tions do not dominate the chemical energy release process in
TATB as they do in HMX. This fact is borne out by the success-
ful modeling of unconfined TATB laser heating experiments [7].

Tables 1 and 2 list the thermal property and reaction rate
parameters for the HMX and TATB decomposition models,
respectively. Both models have been used in the Chemical
TOPAZ heat transfer code [13] to calculate times to and loca-
tions of thermal explosion for the ODTX experiment and for
other thermal experiments with various heating rates, degrees
of confinement, and geometries.

Chemical Kinetic Decomposition Models for Binders
and PBXs

The three endothermic binders were heated at rates varying
from 0.2�C per minute to 40�C per minute, and their weight
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losses versus time and temperature were measured [11]. The
resulting curves were then used to determine Arrhenius rate
parameters. Estane is the least stable of the three binders and
Viton A the most stable, although Kel-F’s stability is similar
to that of Viton A. Viton A and Kel-F exhibited primarily a sin-
gle reaction rate, while Estane appeared to have two reaction
rate components with a rate change occurring at 42% decompo-
sition. Table 3 lists the room-temperature thermal properties of
the binders and the resulting kinetic parameter fits. Burnham
and Weese [11] developed more complex nucleation and growth
degradation models, but first-order models using their Arrhe-
nius rate parameters reproduced the experimental weight losses
closely in recent Chemical TOPAZ simulations. The binders
are therefore assumed to decompose according to simple first
order reactions:

Viton A! Decomposition Products ð8Þ

Kel-F! Decomposition Products ð9Þ

Estane!1 Products ð0� 42%Þ;
Estane!2 Products ð42� 100%Þ ð10Þ

Although only the room-temperature thermal conductiv-
ities and heat capacities of the three binders were reported
[11], their variations with temperature, required for time to
thermal explosion modeling, are indirectly known from experi-
mental measurements on HMX- and TATB-based PBXs [14]
compared to those for pure HMX and TATB [15].

Estane, Viton A, and Kel-F are more thermally stable than
HMX, and Viton A and Kel-F are more thermally stable than
TATB. In previous modeling efforts [2–5], independent kinetic
data for binder decomposition was not available, so chemical
kinetic parameters for reactions (8)–(10) were inferred from
the effects of binder concentration on experimental ODTX
times to explosion assuming independent decomposition
sequences. These inferred binder decomposition rates must now
be replaced by the experimentally measured decomposition
rates. As shown in the Results section, the measured binder
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decomposition rates cannot explain the times to explosion of
HMX and TATB PBXs if the binder is assumed to decompose
independently of the explosive.

The most likely explanation of the effects of these endother-
mic binders on the times to explosion of HMX- and TATB-
based PBXs is that the intermediate explosive decomposition
products react with the surrounding binder in endothermic pro-
cesses that decompose binder bonds and decrease the concen-
trations of the intermediate products. Thus, more of the
explosive must react until the binder is sufficiently decomposed
to allow the concentrations of the intermediate products to
increase to the levels required for the exothermic bimolecular
reactions given by Eq. (4) to accelerate to thermal explosion.
Estane contains carbon-hydrogen and carbon-oxygen groups;
Kel-F contains carbon-hydrogen, carbon-chlorine, and carbon-
fluorine bonds; and Viton A contains carbon-hydrogen and
carbon-fluorine bonds that can be attacked by explosive decom-
position products. Since the initial explosive decomposition
reactions occur in the condensed phase and are endothermic,
the resulting condensed phase intermediate products are unli-
kely to rapidly react with the surrounding binder. However,
as gaseous reaction products begin to form in exothermic reac-
tions, they are sufficiently mobile and excited to decompose
neighboring polymeric binders. For HMX, intermediate gaseous
products such as CH2O, N2O, HNO2, and HCN are formed in
slightly exothermic reactions and are mobile and reactive
enough to cause bond breaking in adjacent polymers. It is
known that formaldehyde reacts vigorously with Viton even
under ambient conditions [16], but no chemical kinetic rate
data are yet available. For TATB, the initial gaseous product
is water [17], but eventually the TATB decomposition sequence
produces intermediate species such as HCN, CO, CO2, HNCO,
and NO, which can react with polymer bonds [18].

As more becomes known about explosive and polymer
decomposition mechanisms, more detailed models can be con-
structed, but, in this article, the cross-reaction between HMX
and binder is assumed to be that of the intermediate gaseous
products produced in Eq. (3) with the binder components:
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HMX Gaseous Intermediatesþ Binder! Fragments ð11Þ

This reaction is assumed to be first order in each reactant
and endothermic with an overall heat of reaction less than
the heat of formation of the binder. The carbon-chain backbone
of the binder is unlikely to be attacked. The rest of the binder is
probably not completely decomposed before the concentration
of intermediate gaseous products becomes large enough that
the very exothermic second-order reactions represented by
Eq. (4) proceed rapidly. For TATB, the final gaseous products
generated in reactions represented by Eq. (7) are assumed to
react with the binder:

TATB Final Gaseous Productsþ Binder! Fragments ð12Þ

As in Eq. (11), Eq. (12) is taken to be first order in each
component. The activation energies for Eqs. (11) and (12) are
taken to be equal to those of normal Estane, Kel-F, and Viton
A decomposition, while the heats of reaction and frequency fac-
tors are varied to account for differing initial mass fractions of
binder and initial temperature effects. The kinetic parameters
for the HMX and TATB cross-reactions are listed in Table 3.

ODTX Results for HMX and TATB with Endothermic
Binders

Newly measured and previously reported ODTX times to
explosion for pure HMX, pure TATB, an HMX=TATB mix-
ture, and the PBXs listed in Table 4 are presented in this sec-
tion as the database for these two explosives and three binders.
Other research explosive (RX) formulations have been tested,
but they contain additional components whose effects on times
to explosion are as yet uncertain.

Various explosive formulations employ fine and=or coarse
particles of HMX and TATB. Fine explosive particles have
greater surface areas than coarse particles. This additional sur-
face area allows gaseous products to be generated faster upon
heating at the surfaces of the explosive particles, which results
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in shorter times to thermal explosion. The ODTX experimental
times to explosion and corresponding calculations based on the
thermal and kinetic parameters listed in Table 1 for coarse and
fine HMX were previously published [4]. Figure 1 shows the
measured and calculated ODTX times to explosion versus
inverse temperature for coarse TATB (30–60mm particles)
and ultrafine TATB (5–10mm particles). The calculations are
based on the TATB thermal and kinetic parameters in Table 2.
As for HMX, the frequency factors for ultrafine TATB in the
final two reactions, Eqs. (6) and (7), were increased slightly
to account for greater surface area. HMX thermally explodes
at all initial ODTX temperatures. However, below about
270�C, TATB does not. It slowly decomposes until the internal

Figure 1. Experimental and calculated times to explosion for
coarse and ultrafine TATB.

14 C. M. Tarver and J. G. Koerner

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
4
2
 
1
6
 
J
a
n
u
a
r
y
 
2
0
1
1



gas pressure exceeds the ODTX sealing pressure of 0.15GPa,
and the aluminum anvils separate without being damaged.
These pressure bursts are modeled by assuming that 0.15GPa
pressure is attained when the final product concentration in
Eq. (7) exceeds 5% of the total mass. As shown in Figure 1,
good agreement with the TATB lower temperature ODTX data
is obtained using this assumption for both coarse and fine
TATB.

Figure 2 shows the experimental and calculated ODTX
times to explosion for a 50% TATB, 50% HMX mixture. Large
TATB particles and small HMX particles were used, so the
coarse TATB and fine HMX reaction rates were used in the
calculations, which agree well with the data. Calculated times

Figure 2. Experimental and calculated times to explosion for
HMX=TATB.
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to explosion using coarse HMX and coarse TATB parameters
are also shown in Figure 2. HMX=TATB mixtures actually
thermally explode at shorter times than pure HMX [2]. TATB
has a higher thermally conductivity than HMX, so heat is con-
ducted into the mixture faster than it is in pure HMX. Then the
HMX in the mixture reacts sooner than it would have by itself.
HMX=TATB mixtures with 40–50% HMX thermally explode
at all ODTX temperatures.

The effects of endothermic binders on the ODTX times to
explosion for HMX, TATB, and HMX=TATB PBXs are shown
in Figures 3–5, respectively. Although there is scatter among the
ODTX data points taken over the past 30 years, nearly all of the
PBX times to explosion are longer than those measured for pure
HMX, pure TATB, or HMX=TATB mixtures. Figure 3 contains

Figure 3. Experimental times to explosion for HMX=Viton A
PBXs.

16 C. M. Tarver and J. G. Koerner

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
4
2
 
1
6
 
J
a
n
u
a
r
y
 
2
0
1
1



the ODTX data for three HMX=Viton A PBXs, LX-10-1 (5.5%
Viton A), LX-07 (10% Viton A), and LX-04 (15% Viton A). Of
the 72 data points for LX-10, LX-07, and LX-04 in Figure 3, only
10, which are all LX-10-1 experiments, have shorter explosion
times than coarse HMX, and none have shorter times than fine
HMX. These PBXs contain both coarse and fine HMX, and a
pure HMX mixture of coarse and fine particle mixtures would
produce an explosion time curve between those for all fine and
all coarse particles. Only one temperature has been studied for
the HMX=Estane explosive LX-14 (4.5% Estane), and
HMX=Kel-F PBXs have not been studied. Figure 4 shows the
ODTX data for two TATB=Kel-F PBXs, LX-17 (7.5% Kel-F)
and PBX 9502 (5% Kel-F), and one TATB=Viton A PBX RX-
03-AT (4.5%Viton A). Only two of the 32 explosion times for
LX-17, PBX 9502, and RX-03-AT shown in Figure 4 are less

Figure 4. Experimental times to explosion for TATB PBXs.
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than any of the corresponding 103 explosion times shown for
pure TATB. Viton A has a greater effect on TATB explosion
times than the same mass percentage of Kel-F. Figure 5 shows
the ODTX data for two HMX=TATB=Viton A PBXs, RX-26-
AY (6.2% Viton A) and RX-26-CG (9.6% Viton A), and one
HMX=TATB=Estane PBX RX-26-AF (4.1% Estane). Five of
the 30 explosion times for these HMX=TATB PBXs are less than
those of pure HMX=TATB at the same temperatures, as shown
in Figure 5. Estane appears to have a larger effect on explosion
time than Viton A per unit mass percentage for HMX=TATB
PBXs. ODTX data on LX-14 at various temperatures are
required for a second comparison of the relative effects of Estane
and Viton A on times to explosion of PBXs.

Figure 5. Experimental times to explosion for HMX=TATB
PBXs.

18 C. M. Tarver and J. G. Koerner

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
4
2
 
1
6
 
J
a
n
u
a
r
y
 
2
0
1
1



Comparisons of Experimental and Calculated Times
to Explosion

The comparisons between calculated and experimental times to
explosion are presented in this section. The ODTX times to
explosion are compared to LX-04 calculations assuming that
Viton A decomposes independently from HMX according to
the measured kinetic rates listed in Table 3. The entire heat
of formation of Viton A, 1778 cal=g, is used to maximize the
endothermic effect of independent binder decomposition.
Figure 6 shows the resulting ODTX curves. The calculated
times to explosion are shorter than those measured for LX-04,
because very little of the Viton A reacts. At most 20% of the
Viton A present in LX-04 is predicted to react at the lowest

Figure 6. Experimental and calculated times to explosion for
LX-04 with and without the HMX ProductsþBinder cross-
reaction.
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temperature, longest time to explosion. Thus cross-reactions
between the explosive decomposition products and the binder
are required to cause the observed longer times to explosion
for PBXs compared to the pure explosives.

The cross-reaction parameters are listed in Table 3.
Included in Figure 6 is the calculated LX-04 ODTX curve with
the cross-reaction between Viton A and the HMX intermediate
gaseous products. The calculated times assuming a cross-reac-
tion with a reasonable heat of reaction (500 cal=g) agree closely
with the measured LX-04 times to explosion in Figure 6. The
calculated and experimental ODTX times to explosion curves
for the series of three HMX=Viton A PBXs are plotted in
Figure 7. Good overall agreement is obtained. The one data
point for LX-14 is 914 s to thermal explosion at 498.85K, and
the calculated time is 876.15 s using the coarse HMX rates from

Figure 7. Experimental and calculated times to explosion for
HMX=Viton A PBXs.
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Table 1 and the cross-reaction rate parameters for HMX pro-
ductsþEstane listed in Table 3.

For HMX=Viton A PBXs, several other time to explosion
experiments have been conducted and calculated. Table 5 lists
the experimental and calculated times to explosion with and
without cross-reactions, along with percentage errors between
the experimental and the calculated times. The tests include
two ramped temperature ODTX experiments on LX-04, six
scaled thermal explosion (STEX) tests [19] on LX-04, and
two STEX tests on LX-10-1. The overall agreement between
the experimental and calculated times to explosion for LX-04
is much improved when a cross-reaction is included, especially
for the very long times of the six STEX experiments. Since LX-
10-1 contains less Viton A binder than LX-04, the differences in
the calculated times with and without a cross-reaction are not

Figure 8. Experimental and calculated times to explosion for
TATB PBXs.
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as large as for LX-04. The calculated time for the slow LX-10
STEX experiment assuming a cross-reaction to increase Viton A
decomposition agrees better with experiment than the time cal-
culated without a cross-reaction.

For TATB-based explosives containing Kel-F and Viton A
binders, the experimental and calculated ODTX curves are
shown in Figure 8. The agreement between experiment and cal-
culation for RX-03-AT, which contains 4.5% Viton A, is good.
The agreement for the two TATB Kel-F PBXs, LX-17 and
PBX 9502, is not quite as good. The LX-17 calculations predict
low explosion times at the intermediate temperatures and cor-
rect times at the lowest temperatures, while the PBX 9502 cal-
culations are correct at high and intermediate temperatures but
high at the three lowest temperatures. This discrepancy is most
likely due to the lack of knowledge concerning the rates of

Figure 9. Experimental and calculated times to explosion for
HMX=TATB PBXs.
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formation of reactive, gaseous intermediate products during
TATB decomposition.

For HMX=TATB PBXs, the comparisons are shown in
Figure 9. The calculations for the two Viton A binder PBXs,
RX-26-AY and RX-26-CG, agree well with the ODTX experi-
mental times. The RX-26-AF calculated times agree well over
most of the temperature range but are longer than experiment
at the two lowest temperatures. The effect of the Estane binder
in RX-26-AF is not as well understood as that of the Viton A
binder. An ODTX series on LX-14 needs to be conducted to
study the effects of Estane on HMX decomposition. Since
HMX is the reactive explosive component in HMX=TATB
PBXs, this study will also be useful for modeling HMX=
TATB=Estane PBXs like RX-26-AF.

Conclusions

The ODTX and other experimental times to thermal explosion
for HMX- and TATB-based PBXs are increased by the addition
of the endothermic polymeric binders Estane, Viton A, and
Kel-F. Decomposition reaction rates fit to the results of recent
chemical decomposition experiments show that these polymers
are more stable than HMX and TATB. Modeling PBX thermal
decomposition using these binder kinetics and the global chemi-
cal decomposition mechanisms for HMX and TATB as indepen-
dent processes cannot account for the increased times to
explosion. Thus, to account for these increased times, the bin-
ders must interact with the evolving explosive decomposition
products as they form. It seems likely that the binders react
with the early gaseous decomposition products, because these
gaseous products are more mobile and energetic than condensed
phase decomposition fragments. Once sufficient quantities of
the final stable gaseous products form in highly exothermic
bimolecular reactions, bimolecular chain reactions between
vibrationally excited products [20] rapidly lead to thermal
explosion. The binder’s carbon-hydrogen, carbon-oxygen,
carbon-chlorine, and=or carbon-fluorine bonds are attacked
by the intermediate gases, CH2O, N2O, HCN, and HNO2 for
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HMX and perhaps NO, HCN, HCNO, CO2, and CO for TATB.
The intermediate products are destroyed and must be regener-
ated. Once the neighboring binder layers are sufficiently
decomposed to allow the concentrations of intermediate gases
to increase the levels at which very exothermic chain reactions
produce the final stable products CO2, CO, N2, and H2O. The
resulting rapid increases in the number of moles of gas, tem-
perature, and pressure cause thermal explosion.

The thermal decomposition models for PBXs containing
HMX, TATB, HMX=TATB, mixtures and three binders,
Estane, Viton A, and Kel-F, are extended to include one
cross-reaction between the postulated intermediate decompo-
sition products of HMX or TATB and the binders. The acti-
vation energies for these cross-reactions are assumed to be
equal to those fit to experimental binder decomposition data.
The cross-reaction frequency factors are assumed to be higher
than those fit to the measured binder decomposition rates to
reflect the greater internal energy and mobility of the gaseous
explosive decomposition products. The heats of reaction
required for these cross-reactions to accurately calculate
ODTX time versus inverse temperature curves and other
experimental times to explosion are approximately 1=3 to
1=2 of the heats of formation of the binders. This implies that
the binders are not decomposed down to their completely
stripped carbon backbones before the thermal explosion
process occurs.

Obviously, the chemical mechanisms involved in thermal
explosion of solid explosives are much more complex than the
three-step TATB model and the four-step HMX model used here
[12]. This is also true for the steps in the degradation of the poly-
meric binders covering the decomposing explosive particles. The
decomposition of HMX is more completely understood than that
of TATB, but both require much more experimental study. Each
intermediate gaseous product from explosive decomposition
reacts with different bonds in the binder at different rates. An
experimental program to measure the reaction rates of various
explosive decomposition products with binders at high tempera-
tures and pressures has been started [21].
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The opposite binder effect, shorter times to explosion in
PBXs containing exothermic binders that are less thermally
stable than HMX, has been observed in some HMX-based
PBXs, such as PBX 9404 (nitrocellulose binder) and PBX
9501 (BDNPA=F binder) [4]. For PBX 9404, the experimental
chemical kinetic reaction rate data of Chen and Brill [22]
obtained using a T-jump apparatus was used directly to model
the independent decompositions of nitrocellulose and HMX
under ODTX thermal explosion experimental conditions. Since
the reaction products of nitrocellulose are similar to those of
HMX [12], cross-reactions between the binder product gases
and the heated, unreacted HMX particles are likely and will
be studied. Such chemical kinetic reaction rate studies are
required to begin to quantify the myriad processes involved
in thermal decomposition of condensed phase explosives. The
results of these experimental studies will be used to develop
of more complex models of pure explosives and PBXs. With
these advanced models, more complete simulations can be
made of thermal explosion, impact ignition, shock initiation,
and detonation processes.
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