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a b s t r a c t

PBXN-9, an HMX-formulation, is thermally damaged and thermally decomposed in order to determine
the morphological changes and decomposition kinetics that occur in the material after mild to moderate
heating. The material and its constituents were decomposed using standard thermal analysis techniques
(DSC and TGA) and the decomposition kinetics are reported using different kinetic models. Pressed parts
and prill were thermally damaged, i.e. heated to temperatures that resulted in material changes but
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eywords:
hermal damage
hermal decomposition
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did not result in significant decomposition or explosion, and analyzed. In general, the thermally dam-
aged samples showed a significant increase in porosity and decrease in density and a small amount of
weight loss. These PBXN-9 samples appear to sustain more thermal damage than similar HMX–Viton A
formulations and the most likely reasons are the decomposition/evaporation of a volatile plasticizer and
a polymorphic transition of the HMX from � to � phase.
MX
BXN-9

. Introduction

A thorough understanding of the response of energetic mate-
ials to heat is of broad interest to the explosives and propellants
ommunities. The development of safe handling and storage meth-
ds requires a detailed understanding of how a material changes
hen exposed to heat. Mild heating of an explosive may pro-
uce morphological and/or compositional changes that may alter
he microstructure and increase material surface area due to the
ntroduction of voids and pores. These changes can affect the mate-
ial properties such as sensitivity, safety, and performance; hence
andling and reusing a damaged explosive requires careful con-
ideration. A prior knowledge of how the material behaves when
eated would allow workers to make more informed decisions
bout how to deal with a thermally damaged material. In addi-
ion, a basic understanding of thermally induced changes assists
n the interpretation of more complex experiments such as defla-
ration, shock and/or impact initiation experiments, and thermal
xplosions. Finally, quantitative characterization of materials after
ild heating and development of decomposition kinetic models
rovides the data necessary to develop and/or parameterize com-
utational models used to predict phenomenon such as thermal
xplosion, shock or impact initiation, sample deflagration, etc.

∗ Corresponding author. Tel.: +1 925 424 5194; fax: +1 925 424 3281.
E-mail address: glascoe2@llnl.gov (E.A. Glascoe).

040-6031/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2010.12.021
© 2011 Elsevier B.V. All rights reserved.

The kinetics and mechanisms of thermal decomposition of ener-
getic materials are particularly important to the study of thermal
explosions (e.g. cook-off). A material might explode if it is exposed
to a stimulus sufficient to initiate significant material decomposi-
tion, typically the stimulus is heat. In most slow cook-off scenarios,
the first step is molecular-level decomposition via a mechanism
that begins with one or more endothermic and/or exothermic reac-
tions. The decomposition is accelerated by autocatalytic chemical
reactions and the energy released due to exothermic reactions.
Eventually the material begins to deflagrate (i.e. burn) and con-
sumption of the material accelerates. Some materials shift from
deflagration to detonation (DDT), yet even materials that do not
undergo DDT can react quite violently, as has been observed in
one-dimensional-time-to-explosion (ODTX) and scaled-thermal-
explosion (STEX) experiments [1,2].

The energetic material HMX (octahydro-1,3,5,7-tetranitro-
1,3,5,7-tetrazocine) is a common molecule used in a variety of
different explosives; consequently, there is a considerable volume
of literature investigating the response of HMX based materials to
heat [3–8]. At approximately 160 ◦C, HMX experiences a polymor-
phic transition, from the �- to the �-polymorph [8]. Because the
�-polymorph is approximately 7% larger in volume the explosive
charge may experience irreversible volume expansion and a signif-

icant increase in sample porosity due to irreversible rearrangement
of the crystal-binder packing [9]. These changes in morphology can
change the performance of the explosive charge. Previous stud-
ies demonstrate that both gas permeabilities and burn rates of the
damaged LX-04 samples (85% HMX, 15% Viton A) increased by sev-

dx.doi.org/10.1016/j.tca.2010.12.021
http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:glascoe2@llnl.gov
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Table 1
Weight percent distribution of samples.

Sample Name Wt% Hytemp
4454

Wt% DOA
(dioctyl adipate)

Wt% HMX

PBXN-9 1.9 5.3 92.8

Binder and plasticizer 26.4 73.6
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ral orders of magnitude [7,10]. Urtiew et al. reported that heated
X-04 was more sensitive to shock initiation at high temperatures
11]. Hsu et al. reported that both detonation velocity and detona-
ion energy density of thermally damaged LX-04 were significantly
ower than those of pristine high-density LX-04 [12].

The material PBXN-9 consists of the energetic material HMX,
he plasticizer dioctyl adipate (DOA), and a polyacrylate elas-
omer binder (HYTEMP 4454). HMX based materials have been
tudied extensively, however, many of the studies have focused
n materials with inert binders (i.e. Viton A, hereafter referred
o simply as Viton) [7,10]. In contrast to these previous studies,
BXN-9 has a low boiling point plasticizer. The volatility of the
lasticizer causes the material to undergo significant morpholog-

cal changes upon heating to temperatures that do not affect the
MX.

Here we report on the kinetics of PBXN-9 decomposition, based
n conventional thermal analysis techniques and kinetic analy-
is methods. We also explore the morphological changes in the
aterial (e.g. porosity, gas permeability and extent of cracking)

fter heating to moderate temperatures (T ≤ 180 ◦C). These PBXN-
results are compared to similar HMX based materials in order

o gain a more complete and fundamental understanding of the
esponse of HMX based materials to thermal insults.

. Experimental

.1. Sample

PBXN-9 was used as received, in powder/prill form, from BAE
ystems (Lot number BAE06F08-064). The formulation described
n Table 1 was based on the certificate of analysis for this spe-
ific lot number. Samples of Hytemp 4454 from Zeon were used
s received for the neat binder studies. Samples of Hytemp + DOA
i.e. the binder + plasticizer) were prepared via minor modifications
f the PBXN-9 formulation procedure (NSWC TR 86-334). Briefly,
.950 g Hytemp 4454 was combined with 2.6515 g DOA and 8.40 g
f ethyl acetate. This mixture was stirred for 17 h allowing for
ntegration of the DOA into the swollen Hytemp. After 17 h the solu-
ion appeared viscous and uniform with no visible solid chunks of
ytemp present. The solution was poured into a small dish and

he ethyl acetate was removed via slow evaporation at ambient
emperature and 60 ◦C.

.2. Thermal decomposition experiments

In order to better understand the decomposition processes
n PBXN-9, a thermal decomposition study of the explosive and
ts constituent materials was undertaken. Thermal decomposition
xperiments were performed on four different samples: PBXN-
prill/powder, neat binder (hereafter referred to as ‘Hytemp’),
eat plasticizer (i.e. dioctyl adipate, or DOA), and the mixture of
inder and plasticizer (hereafter referred to as ‘Hytemp + DOA’).
ample formulations are described in Table 1. Differential scan-
ing calorimetry (DSC) experiments were carried out on a
A-instruments 2920 or a TA-instruments Q2000. Simultane-
ca Acta 515 (2011) 58–66 59

ous differential thermal and gravimetric measurements (hereafter
referred to as simply thermogravimetric or TGA experiments)
were carried out on a TA-instruments 2960 or a TA-instruments
Q600.

Three different pan types were used for the thermal decomposi-
tion experiments. In the DSC experiments the aluminum pans were
either hermetically sealed or contained a pinhole in the top, in the
TGA experiments the pans were open (i.e. lid free, alumina pan)
and allow for free exchange of the sample gases with the environ-
ment, either nitrogen or air. The hermetically sealed pans prevent
exchange of gases between the environment and the pan, hence the
sample may experience some increase in pressure as it decomposes
and generates product gases. Because these pans were sealed in air
(i.e. on the bench-top) there is trapped oxygen inside the hermet-
ically sealed pan. The pinhole pans are sealed but contain a small
hole, ca. 35 �m, in the top which allows the pan to slowly exchange
gases with the environment and maintain a constant pressure with
its surroundings.

Thermogravimetric experiments were performed in two dif-
ferent environments: ultrazero air, which is a mixture of gases
meant to simulate normal air, and gaseous nitrogen. Unless other-
wise specified, all experiments performed and discussed here used
ultrazero air.

Multiple heating rates were used for analyzing the kinetics of
decomposition. In the case of neat Hytemp, samples were run at 3,
5, 10, and 20 ◦C/min in duplicate for all samples and triplicate for
the 3 ◦C/min. Neat DOA was run at 5, 10, 20 and 40 ◦C/min in dupli-
cate for all samples except the 5 ◦C/min which was only run once
due to constrains on laboratory equipment availability at the time.
The mixture of Hytemp + DOA was only run at 10 and 20 ◦C/min,
both in duplicate; this limited number of heating rates was chosen
as the kinetic analysis was intended as a simple and quick means
of exploring whether the Hytemp affects the DOA kinetics. Finally,
PBXN-9 was run at 0.25, 0.5, and 2 ◦C/min, all in duplicate. These
much slower heating rates for PBXN-9 were chosen because the
rapid decomposition of HMX makes faster heating rate data (e.g.
4 ◦C/min or higher) difficult to interpret and too fast to extract
meaningful kinetic parameters.

2.3. Morphology analysis methods after thermal damage

The thermal damage of PBXN-9 was induced by heating pressed
and prill samples in an unconfined/isobaric environment using
techniques described in the literature [13]. The oven and samples
were ramped to 180 ◦C at a rate of 3 ◦C/min, and held for 3 h. The
samples were then cooled to room temperatures (average cooling
rate of 1 ◦C/min) and characterized. Pristine and thermally dam-
aged samples were examined using an optical microscope (Carl
Zeiss Axioskope 40 pol/40A pol Polarizing microscope) and a scan-
ning electron microscope (SEM) (LEO 438 VP Scanning Electron
Microscope). Sample densities were measured using a gas pyc-
nometer (AccuPyc 1330; nitrogen gas); details of the procedure are
published [7]. The gas permeability measurements were collected
using a gas diffusion permeameter (Porous Materials, Inc.; nitro-
gen gas). The permeameter is capable of measuring at ambient or
elevated temperatures; hence, samples were measured at multiple
temperatures, in situ, and compared to ambient temperature mea-
surements of pristine PBXN-9 samples that were pressed to known
densities.

2.4. Kinetic models
Multiple kinetic models were used to fit the thermogravimetric
data; they include the isoconversional analysis method, the nth-
order Arrhenius model, and the extended-Prout–Tompkins model.
Briefly, in all three methods the rate equation for fraction reacted
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 PBXN-9 (pin-hole pan)
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loss with ∼6% loss between 150 and 230 C and the remaining
between 230 and 290 ◦C. Slow heating rate data for PBXN-9 demon-
strate that this major weight loss step produces two exothermic
peaks, as shown in Fig. 5 The TGA results for neat-Hytemp indi-
cate a two-step weight loss that begins at ∼300 ◦C. Heat flow
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egins with:

d˛

dt
= kf (˛) = Ae−E/RT f (˛) (1)

here ˛ is the fraction reacted (0–1), t is the time, k is the Arrhenius
ate constant, A is the pre-exponential factor, E is the activation
nergy, R is the gas constant, T is the temperature, and f(˛) is the
eaction model. In the Friedman isoconversional method [14], Eq.
1) is rearranged to the following:

n
(

d˛

dt˛

)
= −E˛

RT˛
= ln[A˛f (˛)] (2)

y plotting ln(d˛/dt) vs. 1/T˛ (i.e. the temperature at each fraction
oint, ˛), and fitting the data to a straight line, the values for E˛

nd ln{A˛f(˛)} can be calculated. These values are dependent on
he extent of the reaction. Typically the first and last 10% of the
eaction are erroneous due to small signal-to-noise ratios of the
ata.

In the nth order Arrhenius analysis f(˛) is replaced with the term
1−˛)n resulting in Eq. (3):

d˛

dt
= kf (˛) = Ae−E/RT (1 − ˛)n (3)

he extended-Prout–Tompkins (e-PT) model is a nucleation and
rowth, global-kinetic-model [15,16]; the e-PT model is shown in
q. (4):

d˛

dt
= (Ae−E/RT )(1 − ˛)n(1 − q(1 − ˛))m (4)

here ˛ is the fraction reacted, E is the activation energy, R is the
as constant, T is the temperature, A is the pre-exponential factor,
nd n, m, and q are unitless variables associated with the reaction
rder, autocatalysis and nucleation, respectively. The e-PT model is
ppropriate for modeling the kinetics of autocatalytic decomposi-
ion and is used to model many energetic material decompositions
17,18]. In most cases, the material decomposition involves multi-
le stages necessitating a parallel reaction model with a weighting
actor for each stage. Eq. (5) is applicable to both the nth order

odel (Eq. (3)) and the e-PT model (Eq. (4)):

d˛

dt
=

∑max

i=1
wikifi(˛) (5)

here w corresponds to the weight factor and subscript i is used
or indexing purposes.

The isoconversional analysis was performed using the AKTS
hermokinetics software [19]. Fits and predictions using the nth
rder Arrhenius model and the e-PT model were performed using
he program Kinetics05 [20]. In all the model fitting analysis (i.e. nth
rder and e-PT model fitting), the best model and parameters were
ssessed via the sum of the squares of the weighted normalized
esiduals.

. Results and discussion

.1. Thermal decomposition experiments

The differential scanning calorimetry (DSC) results of PBXN-9,
hown in Fig. 1, display an endothermic peak (i.e. endotherm) at
88 ◦C, a small exothermic peak (i.e. exotherm) between 210 and
40 ◦C, and a large exotherm at 280 ◦C. The endotherm corresponds
o the � → � polymorphic transition of HMX and the large exotherm
t 280 ◦C correspond to the decomposition of HMX; slower scan

ata reveals that this peak is actually comprised of two peaks as
ill be discussed later in the context of the TGA data. Fig. 1 also

hows the DSC curve for LX-07, an HMX–Viton formulation. In the
X-07 curve, the endotherm at ca. 200 ◦C is assigned to the � → �
olymorphic transition of HMX and the large exotherm at 283 ◦C is
Temp (°C)exo up

Fig. 1. DSC results for PBXN-9 and LX-07 in two different pan types.

assigned to the HMX decomposition. In comparing the LX-07 and
PBXN-9, the temperature shift in the polymorphic transition may
be due to differences in heat transfer rates or binder properties [21];
however, it may simply result from the variability in the data due
to the relatively high heating rate of 10 ◦C/min. The inset in Fig. 1
displays an enlargement of the three curves in which the small
exothermic peak for PBXN-9 is easier to observe; the LX-07 curve
shows no exotherm in this region. The small exothermic peak is also
absent in the DSC results for LX-04 (an HMX–Viton formulation, not
shown) and neat HMX (not shown).

DSC results for the binder (Hytemp) and the binder + plasticizer
(Hytemp + DOA) are shown in Fig. 2. Three identical experiments on
neat Hytemp indicate that the binder does not begin to decompose
until ∼350 ◦C. Three identical experiments with Hytemp + DOA
show a small exotherm at ca. 240–255 ◦C. In all of these experi-
ments, the samples were prepared and sealed on the bench-top;
hence, despite the hermetic seal the gaseous environment prior
to decomposition is not inert. Most likely, both the Hytemp and
DOA undergo some oxidative degradation; although it is unknown
if the reaction is completely oxidative or if there is some non-
oxidative degradation. Based on these results, the small exotherm
in the Hytemp +DOA mixture and the small exotherm in the PBXN-9
experiments are both attributed to DOA degradation.

Thermogravimetric analysis (TGA) results of PBXN-9 and its con-
stituents are shown in Fig. 3. PBXN-9 displays two-step weight

◦

500400300200
Temp (C)

baseline manually shifted

exo up

Fig. 2. DSC results for Hytemp and Hytemp + DOA.
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Fig. 4. TGA and DTA results for Hytemp + DOA in air and N2 atmosphere.

easurements, however, indicate that the degradation of Hytemp
nvolves at least three prominent stages (see Appendix Fig. A1).
eat DOA has a single weight-loss step between 170 and 280 ◦C.
he Hytemp + DOA mixture displays a three-step weight loss that
egins at ∼170 ◦C. Based on the onset temperatures and the weight

oss percentages, the most logical conclusion is that the DOA either
vaporates and/or degrades (oxidatively or non-oxidatively) result-
ng in the ∼6% weight loss in PBXN-9 and the ∼75% weight loss in
he Hytemp + DOA mixture.

The role of the gaseous environment was studied briefly in these
aterial degradations. Fig. 4 shows the results of simultaneous

GA and DTA (differential thermal analysis) of Hytemp + DOA in
oth an air and a nitrogen environment; Fig. 5 shows the results
f PBXN-9 degradation in air and nitrogen. Hytemp and DOA react
xothermically in air and endothermically in nitrogen; these results
re not surprising since the oxygen in the air can produce oxida-
ive degradation of the materials. In the case of PBXN-9, there

re more subtle changes in both the weight loss and heat flow.
he results indicate that the final stage of decomposition, which
s assigned to HMX decomposition, is slightly retarded in an air
nvironment in comparison with nitrogen. These results are inter-
sting because HMX already contains oxygen; hence the change

able 2
inetic parameters for PBXN-9 and its constituent from TGA. All the e-PT fits used the val

Sample A (1/s) E (kJ/mol) n

Hytemp 4454 3.05E+06 100 0.97
3.17E+13 198 0.76
1.22E+10 183 1.75

DOA 9.92E+05 86 0.39

DOA + Hytem 4.29E+05 84 0.39
6.62E+07 126 0.69
4.12E+12 218 2.07

PBXN-9 3.48E+08 96 0.80
2.18E+11 141 0.13
1.00E+17 195 1.16
Temp (°C)exo up

Fig. 5. Weight loss and heat flow results for PBXN-9 in air and N2 atmosphere.

in gaseous environment was not expected to impact the mate-
rial decomposition. Further studies are necessary to understand
the reason for this phenomenon; however, these results clearly
demonstrate the importance of the gaseous environment in uti-
lizing kinetic parameters and results from this study. All kinetic
analyses of these materials were performed using data collected
in ultra-zero air. The nitrogen gas experiments will not be dis-
cussed henceforth in the main text, however, the appendix includes
a kinetic analysis of PBXN-9 in an N2 atmosphere (Appendix Figs.
A3 and A4 and Tables A1 and A2).

3.2. Thermal decomposition kinetics

3.2.1. Hytemp and DOA kinetics
The kinetics of the binder and plasticizer decomposition were

determined by fitting the TGA curves to different kinetic mod-
els. All attempts to fit the DOA and Hytemp data to the extended
Prout–Tompkins (e-PT) returned a negative value for ‘m’, which is
not logical for these decomposition reactions. The ‘m’ value in the
e-PT model is generally correlated with the degree of autocataly-
sis; a larger number indicates that during the decomposition, the
population of reactive decomposition intermediates increases and
accelerates further decomposition. Logically, a negative ‘m’ would
imply the opposite of autocatalysis (i.e. reactive intermediates sup-
pressing further reactions) which is not a common phenomenon in

chemical reactions unless a chemical equilibrium is established.
Instead an nth order Arrhenius model was used for all the DOA
and Hytemp degradation kinetics because it is a relatively simple
model-based analysis method that has been used frequently in the
decomposition kinetics of organic polymers [22,23].

ue of q = 0.999.

m Weight factor Kinetic model

na 0.11 nth order
na 0.78
na 0.11

na 1.0 nth order

na 0.74 nth order
na 0.23
na 0.03

0(fixed) 0.05(fixed) e-PT
0.68 0.30(fixed)

0.87 0.65(fixed)
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and our more complex mixtures of Hytemp + DOA and PBXN-9 [25].
The mixture of Hytemp + DOA was analyzed using TGA and the

isoconversional results are shown in Fig. 6(c) and a comparison of
the raw data to the isoconversional predictions is shown in Fig. 9(a)

1.0 (a)
Reaction progress ( )

ig. 6. Decomposition kinetics from the isoconversional analysis of TGA data for (a)
ytemp 4454, (b) DOA, (c) Hytemp + DOA and (d) PBXN-9.

The decomposition of Hytemp appears to involve two-stages
ccording to Fig. 3, however, inspection of the heat flow of Hytemp
learly indicates that there are three reaction stages (see Appendix
ig. A1). In the 10 ◦C/min TGA experiments, the first stage occurs
etween ca. 280 and 340 ◦C, the second stage begins at ca. 340 ◦C,
nd the final stage begins at ca. 420 ◦C. Results of the nth order fit
f Hytemp to a three-stage model are listed in Table 2; predictions
sing the nth order kinetic parameters show a good match with
aw data, see Fig. 7(b).

The isoconversional analysis of the Hytemp data is shown in
ig. 6(a). In the first 10% of the reaction, the isoconversional analy-
is indicates that the activation energy rises from 100 kJ/mol up to
75 kJ/mol; this starting energy matches the first-stage nth order
nalysis result of 100 kJ/mol. Between 10 and 80% (i.e. ˛ = 0.1–0.8)
he activation energy appears to be fairly consistent; the average
alue is 184 kJ/mol (see Table 3). This barrier is similar to the lat-
er two barriers determined using the nth order fit (i.e. 198 and
83 kJ/mol, see Table 2). Typically the first and last 10% of the reac-
ion can be erroneous due to a small signal-to-noise ratios of the
ata. However, in the isoconversional analysis of Hytemp, the acti-

ation energies in the last 20% appear to span an unreasonably
ide range of values. Inspection of the raw data and isoconver-

ional predictions of the reaction progress, see Fig. 7(a), indicate
hat the isoconversional method does a very poor job fitting the

able 3
verage values from isoconversional analysis of PBXN-9 and its constituents from
GA. Complete results are shown in Fig. 6.

Sample E (kJ/mol) Range of averaging

Hytemp 4454 184 0.1–0.8

DOA 84 0.1–0.9

Hytemp + DOA 75 0.15–0.5

PBXN-9 75 0.0–0.04
144 0.1–0.3
283 0.5–1.0
Temp (°C)

Fig. 7. Comparison of (a) isoconversional and (b) nth-order predictions with raw
data for the decomposition of Hytemp.

final stage of decomposition; thus these values above ca. 80% are
not valid. Although it is difficult to see in Fig. 7, above 86% the
decomposition curves at different heating rates cross over each
other (see Fig. A2 in Appendix for a close-up of this region), indi-
cating a change of mechanism as the heating rate changes, which
explains the poor isoconversional fits above 80%. Previous work
has demonstrated that slower heating rates in polymer decompo-
sition promotes coke formation [24] and results in curve crossing
at different heating rates; it seems plausible that a similar process
is occurring in Hytemp resulting in the curve crossing observed in
the final stage of the reaction.

Based on the thermal analysis experiments and kinetic analysis,
DOA appears to evaporate and/or decompose in a single stage with
a relatively small activation energy. Table 2 lists the DOA decom-
position kinetics using the nth order model. The isoconversional
analysis of the DOA decomposition data is shown in Fig. 6(b). The
average activation energy between 10 and 90% is 84 kJ/mol (see
Table 3), which is remarkably consistent with the 86 kJ/mol acti-
vation energy calculated in the nth order analysis. Comparison of
nth order predictions with raw data shows excellent agreement, as
do the predictions using the isoconversional analysis, see Fig. 8. The
kinetics of DOA evaporation from poly(vinly chloride) (i.e. PVC) was
studied previously and the activation energies and Arrhenius pre-
exponential factors are similar to our measurements for neat-DOA
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ig. 9. Comparison of (a) isoconversional and (b) nth-order predictions with raw
ata for the decomposition of the mixture Hytemp + DOA.

here is a precipitous drop in activation energy with a local mini-
um at ˛ = 75; the mixture was prepared with 73.6% DOA, hence

his drop most likely represents the demarcation between DOA and
ytemp reactions. In the region below ˛ = 75, the activation energy
ppears flat with a value of 75 kJ/mol for most of the reaction (see
able 3); there are, however, two small excursions to ca. 95 kJ/mol
t ˛ = 10 and ˛ = 60. Similarly, the isoconversional analysis of neat-
OA in Fig. 6(b) shows a spike in the activation energy in the last
% of the reaction; this sudden rise in activation energy could be
ue to more complex reactions in the final stages of DOA degrada-
ion. The mixture’s activation energy above ˛ = 75 is attributed to

ostly Hytemp chemistry; it is rather variable, however, this is not
urprising as there is only a small amount of Hytemp in the sample
nd the chemistry is most likely complicated by any nonvolatile
esidue left after the DOA decomposes.

A fit of the Hytemp + DOA to the nth order model was performed
sing a three-stage model and the results are listed in Table 2; com-
arisons of the raw data with nth order predictions are shown in
ig. 9. A four-stage model would have been more rigorous, since
ytemp alone has three stages of decomposition; however, the

oftware Kinetics-05 only allows for three-parallel reactions and
bove three reactions, the number of fitting variables becomes
xcessive. In our three-stage nth order fit, the first stage of decom-
osition has an activation energy of 84 kJ/mol and a weight factor
f 74; the weight factor is consistent with the 74% DOA in the mix-
ure and the activation energy is nearly identical to the activation
nergy for neat-DOA. The remaining reactions in the nth order fit to
he mixture are assigned to Hytemp; the kinetic parameters are not
nreasonable but they do differ from the neat-Hytemp values. The
ost likely explanation is that the reactions are more complex in

he presence of any residual material left after the DOA reactions are
omplete. In general, the evaporation/degradation kinetics of the
OA in the mixture are similar to the neat-DOA kinetics, indicating

hat the DOA reactions are relatively unaffected by the presence of
ytemp.

.2.2. PBXN-9 kinetics
The decomposition of PBXN-9 appears to have three distinct

tages; the first occurs at ca. 150 ◦C degrees and is assigned to DOA
vaporation and/or degradation. The second and third stages are
istinguishable when looking at the heat flow (the two steps are
ndistinguishable in the weight loss curve in Fig. 3; see Fig. 5 for
he heat flow of PBXN-9). These two stages most likely entail two
tages of HMX decomposition as doublet peaks have been observed
reviously in our DSC measurements of neat HMX (not shown). The
ytemp decomposition is either indistinguishable in these exper-
Fig. 10. Comparison of (a) isoconversional and (b) extended-Prout–Tompkins
(three-stage model) predictions with raw data for the decomposition of the PBXN-9.

iments (due to its small weight percent in the formulation it may
be difficult to observe in the experiments) or is part of the HMX
decomposition (caustic transient species produced via the complex
mechanisms of HMX may be able to attack the organic binder). The
kinetics of PBXN-9 were analyzed using the isoconversional anal-
ysis method and one can see three distinct regions in Fig. 6(d);
Fig. 10(a) shows the comparisons of the raw data to the isoconver-
sional predictions.

The kinetics of PBXN-9 decomposition were modeled using the
extended-Prout–Tomkins model, which is appropriate for the auto-
catalytic decomposition reactions of HMX [17,18]; see Table 2 for
the optimized kinetic parameters. These parameters were found by
inputting estimated values based on the isoconversional analysis
and then allowing the program Kinetics05 to search for the combi-
nation of values that best fits the data. Fig. 10 shows comparisons of
the e-PT predictions to raw data. One should note that the first stage
of decomposition, i.e. the stage that is mainly attributed to DOA
evaporation/degradation was fit using a fixed value of m = 0 which
reduces the e-PT model to the simpler nth order model, hence, these
e-PT fits are actually a combination of nth order for the first stage
and e-PT for the latter stages.

In the three-stage e-PT fit to the PBXN-9 data, the barriers are
generally consistent with the results from the constituent mate-
rials and the PBXN-9 isoconversional analysis. The first stage of
decomposition (i.e. the first 4–6%) has a barrier of 96 kJ/mol, this
stage has already been assigned to the evaporation/degradation
of DOA, which was 86 kJ/mol when tested alone. The second and
third stages are attributed to mostly HMX decomposition, the bar-
riers range from 141 to 195 kJ/mol. Previously Brill et al. compiled
the kinetic parameters from a variety of different thermal analy-
sis studies of HMX decomposition and reported activation energies
that ranged from 54 to 280 kJ/mol [17]. Brill reported that the acti-
vation energy varied due to the kinetic compensation effect of
the Arrhenius pre-exponential factor (i.e. A) [17]; although, it is
not unreasonable that some of the variability may also be due to
competing reaction mechanisms that are promoted or suppressed
under different experimental conditions. Plotted in Fig. 11 are the
kinetic parameters A vs. Ea complied by Brill on neat HMX and cal-
culated here for PBXN-9. In comparison with the A/Ea pairs in Brill
et al’s analysis, our A/Ea pairs are a bit low and do not fall on the
standard A vs. Ea line. A recent study of HMX decomposition at var-
ious pressures indicates that even under very different pressures

and temperatures, the A/Ea pairs still fall on the standard line [3].
The offset observed in Fig. 11 is most likely a result of the Hytemp
binder and any DOA residue present in PBXN-9; Brill’s analysis was
of HMX decomposition without binder.
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ig. 11. HMX thermal decomposition kinetic compensation plot. Brill et al. data
rom Table 1 in Ref. [17].

In summary, our thermal decomposition analysis demonstrates
hat upon heating PBXN-9, the plasticizer (i.e. DOA) will react
nd/or evaporate prior to HMX decomposition. Consequently, the
hermal damage induced in PBXN-9 upon heating above 160 ◦C

ay result from both the increase in porosity due to the � → �
olymorphic transition and the loss of material due to the evapora-
ion/degradation of DOA. One important difference between these
hermal analysis experiments and thermal damage experiments,
hich will be discussed in the following section, is the sample

hape. In this thermal analysis, we used PBXN-9 prill/beads rather
han pressed parts. The surface to volume ratio is expected to affect
he extent of decomposition/evaporation of DOA, consequently a
arge pressed part may experience less DOA loss, especially in the
nterior.
.3. Thermally induced damage

In general, the thermally damaged PBXN-9 pressed part samples
xpanded, lost weight, changed color, and formed cracks, resulting

Fig. 12. Microscopic pictures of pressed part: (a) b

Fig. 13. SEM pictures of PBXN-9 prill: (a) before and (b) after
Fig. 14. Thermogravimetric results of binder + plasticizer (Hytemp + DOA) under
thermal conditions similar to those used in the thermal damage experiments (i.e.
3 h at 180 ◦C).

in lower density, greater porosity and gas permeability. All these
changes are attributed to the thermal exposure. Optical and scan-
ning electron microscope (SEM) images of the samples before and
after thermal exposure are shown in Figs. 12 and 13, respectively.
Both post-exposure images show formation of cracks which are
10’s to 100’s of micrometers long. Pre- and post-exposure measure-
ments of the sample weight, volume, and porosity were performed
according to published procedures [7] and are reported in Table 4
Methods for calculating the fraction of open and closed pores are
described in the literature [26].

Previous measurements of HMX–Viton formulations show no
significant weight loss after exposure to similar heating conditions.

According to our decomposition kinetics, HMX should be relatively
stable at 180 ◦C, however, the plasticizer, DOA, is quite volatile
hence the sample weight loss in the thermally damaged PBXN-9
is attributed to mostly evaporation/degradation of the plasticizer.
A thermogravimetric experiment on the binder + plasticizer (i.e.

efore and (b) after heating for 3 h at 180 ◦C.

heating for 3 h at 180 ◦C. The magnification was 1500.
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Table 4
PBXN-9 sample weight, bulk volume, and porosity before and after heating for 3 h at 180 ◦C.

Sample Weight (g) Bulk volume (cm3) Total porosit (%) Fraction of closed pores Fraction of open pores

Pristine 1.8989 1.090 2.4% 0.4% 2.0%

Damaged 1.8486 1.227 15.5% 1.6% 13.9%

% Change −0.05(–2.6%) 0.137 (12.6%) +13.1% +1.2% +11.9%

Table 5
Gas permeability in PBXN-9 measured at room temperature.

Sample
description

Temperature of
measurement (◦C)

Density (in % TMD) Gas permeability
(m2)

Comments

Pristine 22 97.7% <10−20 Below the detection limit

Pristine 22 95.3% 1.7 × 10−16

Pristine 22 92.0% 3.7 × 10−15

Pristine 22 89.3% 2.6 × 10−14

Damaged
PBXN-9a

22 <89.3% (estimated) 6.5 × 10−13 Sample heated for 3 h at 180 ◦C and
measured at room temperature

Hot PBXN-9 150 93.8% (estimated) 8.3 × 10−16 See Fig. 15 for thermal exposure
history

Hot PBXN-9 180 89.4% (estimated) 2.1 × 10−14 See Fig. 15 for thermal exposure
history
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a The damaged sample was from a 97.7% TMD pristine part.

ytemp + DOA) was performed using a heating profile similar to
he thermal-damage experiments (i.e. 3 h at 180 ◦C). The results are
hown in Fig. 14; nearly 50% weight loss of the sample is observed
nd is attributed to decomposition/evaporation of DOA.

Using the kinetic data provided in Table 2 (e-PT three stage
odel) and a temperature profile of 3 h at 180 ◦C, we predict that

here should be ca. 5% weight loss. The results presented in Table 4,
owever, only indicate 2.6% weight loss. Table 4 reports the changes

n pressed parts whereas molding powder (i.e. prill) was used for
etermining the kinetics presented in Table 2. Most likely, the plas-
icizer gets trapped in the pressed parts and the weight loss is
estricted in comparison with a powder/prill sample.

The increase in volume and corresponding decrease in bulk
ensity are mainly attributed to the � → � transition introduces

rreversible damage to the pressed parts. Previous measurements of
MX–Viton formulations show similar, but less dramatic, response

o elevated temperatures; for example, the density of LX-04
ecreased by 7% and LX-10 decreased by 12.5%, whereas PBXN-9
ulk density decreased by 13.5% [7]. These density changes corre-

ate well with the weight percent of HMX: LX-04 contains 85% HMX,
X-10 has 94.5%, and PBXN-9 contains 92.8%. The large increase in
orosity and decrease in bulk density in PBXN-9 reported in Table 2

s attributed to both the damage induced by the � → � polymorph
ransition and the loss of material due to evaporation/degradation
f DOA.

Gas permeability measurements of pristine PBXN-9 samples
f various densities were performed in order to quantitatively
orrelate gas permeability with sample density; these values are
eported in Table 5. Due to concern about the structural integrity
f a pristine part pressed to a density less than ca. 89% TMD, lower
ensity samples were not prepared or measured. As expected, the
as permeability increases as the part density decreases. When a
7.7% TMD part was thermally damaged (180 ◦C for 3 h), cooled to
oom temperature and analyzed in the permeameter, the gas per-

eability was considerably lower than the lowest density pristine

art (see Table 5). The density of this thermally damaged part was
herefore estimated to be less than 89.3% TMD.

The gas permeability of a hot-PBXN-9 part was measured in situ
t two different temperatures. In this experiment, a pristine part
Fig. 15. Gas permeability and bulk density at various temperatures for the radially
confined PBXN-9 specimen. Densities are calculated based on results of low-density
pristine samples reported in Table 5.

was potted to the holder, measured at ambient temperature, heated
to a pre-determined temperature at a specified ramp rate, ther-
mally soaked, and measured. Fig. 15 shows the results of the in situ
measurements made on PBXN-9. By this approach, it is possible to
estimate material density (real-time) during heating by using the
density-permeability correlation in Table 5. The increase in perme-
ability and decrease in density at 150 ◦C is attributed to evaporation
of the DOA plasticizer as well as some thermal expansion of the
part. The large increase in permeability at 180 ◦C is attributed to the
combined effects of DOA loss, thermal expansion, and the poros-
ity introduced due to the �–� transition. Previous measurements
on LX-04, LX-07, and LX-10 show similar gas permeability changes
after thermal damage, however PBXN-9 experiences the most dra-
matic increase in permeability [7]. These results are consistent with
the porosity and density results discussed above.

4. Conclusion

Based on this work, PBXN-9 appears to be more sensitive

to elevated temperatures relative to similar HMX-formulations.
Our thermal decomposition studies clearly show the evapora-
tion/decomposition of the plasticizer (i.e. DOA) prior to HMX
decomposition. The volatility of the plasticizer results in signifi-
cant changes in pressed part morphology and structure even after
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ild heating. The binder and plasticizer, however, do not affect
he kinetics of HMX decomposition significantly and our PBXN-9
ecomposition kinetics are similar to those measured and pub-

ished previously [17]. When parts were heated above the HMX
–� polymorphic transition temperature, which is approximately
60 ◦C, samples experienced significant changes in morphology.
ost notably, large cracks formed and the sample lost weight and

ncreased significantly in porosity. These changes were observed
reviously in other HMX-formulations [7] but thermal damage of
BXN-9 produces more porosity and results in higher weight loss
han other materials studied.

Results of this work serve as the foundation for understand-
ng and modeling the results of more complex experiments that
nvolve heating. In particular, these results are important in inter-
reting thermal explosion experiments. The cracks, voids, and the

ncrease in porosity observed in this work could occur prior to a
hermal explosion, which would result in faster material deflagra-
ion due to the increase in surface area available to the flame. The
vaporation of DOA prior to HMX decomposition could create sig-
ificant pressure changes in a sealed vessel causing vessel fatigue
nd failure earlier in the thermal explosion. Future studies will look
t these more complex studies of PBXN-9 deflagration rates and
BXN-9 thermal explosion.
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