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Abstract: In this paper, the thermal behavior and decomposition kinetics of
trinitrohexahydrotriazine (RDX) and its polymer bonded explosive (PBX)
containing a hydroxyl-terminated polybutadiene (HTPB) based polyurethane
binder in the ratio 80% RDX/ 20% HTPB were investigated using various
experimental techniques and analytical methods. The HTPB polyurethane matrix
contains other additives and was cured using hexamethylene diisocyanate (HMDI).
Thermogravimetric analysis (TGA), Differential Scanning Calorimetry (DSC),
Vacuum Stability Test (VST) and Ignition Delay Techniques were applied both
isothermally and non-isothermally. The kinetic parameters were determined
using both the isoconversional (model free) and the model-fitting methods. For
comparison, Advanced Kinetics and Technology Solution (AKTS) software was
also used. It was found that the addition of an HTPB-based polyurethane matrix to
pure RDX decreased its decomposition temperature. It was also found that RDX/
HTPB has a lower activation energy than pure RDX. The polyurethane matrix had
a significant effect on the decomposition mechanism of RDX resulting in different
reaction models. It was concluded that the activation energies obtained using the
Ozawa, Flynn, and Wall (OFW) and Kissinger-Akahira-Sunose (KAS) methods
were very close to the results obtained via the AKTS software lying in the range
218.3-220.2 kJ'mol™!. The VST technique yielded kinetic parameters close to
those obtained using TG/DTG. On the other hand, the Ignition Delay Technique
yielded different and inconsistent kinetic parameters.
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1 Introduction

The traditional cyclic nitramine explosives such as trinitrohexahydrotriazine
(RDX) and tetranitrooctahydrotetrazocine (HMX) have been widely used in
propellants due to their high energy output and availability [1-5]. However, they
are sensitive to impact and friction and their flame temperatures are relatively high.
Many studies have been performed to overcome these problems without affecting
the performance via mixing these nitramine explosives with some selected
polymeric binders [6-14]. Polymeric binders can also improve the mechanical
and chemical properties of explosives. Several polymers have been used in solid
propellants during the last decades [15-17]. However, these polymers are mostly
inert, and consequently cause significant reduction in performance.

Hydroxyl terminated polybutadiene (HTPB) is one of the most commonly
used polymeric binders for both composite solid rocket propellants (CSRP) and
polymer bonded explosives (PBXs). HTPB acts as a matrix that binds together
the fuel, oxidizer and other additives in many composite solid rocket propellants
(CSRPs). HTPB has a similar role in binding together the explosive powders
in many PBXs. It has also many other applications as binder, adhesive, sealant
and potting compound. The high loading capability, easy processibility, and
excellent physical and mechanical properties make HTPB-based propellants
superior to those based on polyester binders [18].

The thermal behavior of energetic materials is a necessary area of research
and development from the safety point of view and also for the evaluation of
the performance parameters. Due to multi-step reactions in the different phases
and zones, analysis of the collected results is highly complex. The problem
becomes much more complicated for PBXs, due to the addition of binder
and other chemicals to the energetic compound. Even very small amounts of
binder may have a significant effect and may control the mechanism of thermal
decomposition of PBXs [19-27].

The kinetic parameters of energetic materials can be evaluated and correlated
to their performance. Both conventional and isoconversional methods may
be used for fitting and for describing the mechanism [28-30]. In this study,
the thermal behavior of pure RDX and RDX/HTPB was investigated using
Thermogravimetric Analysis (TGA), Differential Scanning Calorimetry (DSC),
Vacuum Stability Test (VST), and Ignition Delay Techniques. The kinetic
parameters were calculated by isoconversional and model fitting methods. The
results of each technique were compared with each other. AKTS software was
used to calculate the kinetic parameters. The results of the calculations were
then compared with the experimental methods.
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2 Experimental

2.1 Material

1,3,5-trinitro-1,3,5-triazine (RDX) was obtained from Heliopolis Company,
Egypt. The following chemicals were used in the preparation of binder
samples: HTPB (R-45M of ARCO Co.) as prepolymer with hydroxyl content
of 0.84 meq-g!, hexamethylene diisocyanate (HMDI, of Shandong Yucheng
Yiao Technology Co., Ltd. China) as a curing agent with an NCO equivalence
value of 11.83 meq-g ', tris-1-(2-methyl aziridinyl) phosphine oxide (MAPO, of
Hangzhou Yuhao Chemical Technology Co., Ltd. China) as bonding agent and
dioctyl adipate (DOA, of Island Pyrochemical Industries, China) as plasticizer.

2.2 Preparation of the polyurethane binder and the PBX samples
Polyurethane binder sample was prepared in a 4 L vertical sigma mixer. The
speed of the mixer was varied between 20 rpm and 40 rpm for different durations.
The mixing temperature was maintained at 40 +2 °C. Hot water was circulated
through the mixer jacket to maintain this temperature. HTPB, MAPO and DOA
were added and mixed for 20 min followed by vacuum mixing for another 20 min
to drive out the entrapped air. Then the explosive material (RDX) was added
in three portions at 40 °C over a period of 30 min. The curing agent, HMDI,
was then added at 55 °C and the ingredients were mixed for another 30 min.
The binder system was then cast and cured at 60 =2 °C for seven days under
vacuum [31]. The cured HTPB binder system was prepared with an NCO/OH
ratio of 0.83. MAPO made up 0.5 wt.% and DOA 20 wt.% of the total weight
of the binder sample. The prepared PBX (RDX/HTPB) contained 80 wt.% RDX
and 20 wt.% HTPB binder.

2.3 Experimental techniques

As mentioned before, the thermal decomposition kinetics and the heat flow
properties of the prepared samples were measured using TGA (Q500 V20.10
Build 36 instrument), DSC (Q2000, 2000-1334 instrument), VST (STABIL, OZM
research, Czech Republic; the original apparatus is described in Ref. [32]), and
Ignition Delay Technique.

The experimental procedures were as follows:

TG/DTG: 4.52-6.46 mg samples were examined at heating rates of 2, 4,
and 8 K-min ! using a data collection rate of 40 points K and 16 K-min ' using
a data collection rate of 60 points per K! in the temperature range 25-600 °C
under a dynamic nitrogen flow rate of 30 mL-min™".

DSC: samples of approximately 3.2 mg were placed in an aluminum pan
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with a pin-hole cover, and heated at a constant heating rate of 5 K-min™' under
a 0.1 MPa dynamic nitrogen atmosphere from 25 °C to 350 °C.

VST: the thermal decomposition kinetics were obtained isothermally at 140,
145, 150, and 155 °C; the samples’ mass were 20.0 mg and they were kept in
completely evacuated sealed test tubes for 7-10 days.

Ignition delay: samples of approximately 0.1 g were placed in test tubes
which were inserted into a heating block maintained at temperatures ranging
from 250 °C to 320 °C (10 K steps) to detect the time needed for ignition.

3 Theoretical

3.1 Kinetic analysis

Solid-phase reactions are usually complex and may include several interfering
processes. The kinetic analysis of such reactions is interesting. The kinetic
parameters, including activation energy (£,), the pre-exponential factor (4) and
the kinetic model (f{a)) of each individual process, are needed for complete
kinetic description of the overall reaction. A large number of analytical methods
are available for the evaluation of the kinetic parameters of distinct solid-phase
reactions. However, the number of procedures for the analysis of complex
processes is much more limited. Methods for the analysis of distinct processes
include isoconversional (model-free) and model-fitting methods. Kinetic
parameters can be determined using isoconversional or model-fitting methods
either isothermally or nonisothermally [33, 34].

[Summary of the studied methods]

- 1

[Isothermal J [ Nonisothermal ]

| _ |
Kissinger

g

Figure 1. Diagram showing the relationships of the kinetic methods studied.
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3.1.1 Model fitting method
The kinetics of thermally stimulated reactions in solids is usually described using
the following equation:

dov/dt = k(T)-fla) (1)

where a is the extent of conversion, ¢ is time (s), 7 is absolute temperature (K),
k(T) is the temperature dependent rate constant and f{a) is a function called the
reaction model. The temperature dependency of the rate constant is assumed to
obey the Arrhenius expression:

k(T) = Aexp(~E/RT) )

where 4 is the pre-exponential (Arrhenius) factor, £ is the activation energy (J)
and R is the universal gas constant (J-K™'-mol™). Equation 1 is often used in its
integral form, which for isothermal conditions becomes:

g(@) = [[f (@] da = k(T)t 3)

where g(a) is the integrated form of the reaction model. Substituting a particular
reaction model into Equation 3 allows the corresponding rate constant to be
evaluated from the slope of the plot of g(a) vs. ¢. The rate constants were evaluated
at several temperatures for each reaction model selected, and the Arrhenius
parameters were evaluated using the Arrhenius equation in its logarithmic form:

Ink(T) = Ind — E/RT 4)

3.1.2 Isoconversional method

In the isoconversional method, it is assumed that the reaction model in Equation 1
is independent of temperature. Under isothermal conditions, we may combine
Equations 3 and 4 to obtain:

—Int,;= In[4/g(a)] — EJ/RT; (5)
where E, is evaluated from the slope for the plot of —Int,; vs. ;.

3.2 Calculation of activation energy
The value of the activation energy £, of the main exothermic decomposition
reaction of PBXs can be easily evaluated by applying Kissinger’s method
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(see Equation 6) [35, 36]:

Ea _ dlIn(B/TH) ©)
R~ d(1/Tp)
where f is the heating rate (K's™') and 7, is the peak temperature of the DTG
or DSC curve at that rate. The activation energy is calculated from the slope
of the straight line obtained by plotting In(5/7,?) against 1/7,. According to the
recommendations of the International Confederation for Thermal Analysis and
Calorimetry (ICTAC) and the Kinetics Committee [35], a rough temperature
integral approximation may result in inaccurate values of £,. The following
more accurate equation that has been frequently called the Kissinger-Akahira-
Sunose (KAS) equation [37] gives, according to Starink [38], a more accurate
estimate of £,:

i Eq
In (T'fgz) = const — 1.00085 (7)

a,i a

Ozawa, Flynn and Wall independently developed the following
isoconversional calculation method (OFW) for nonisothermal data through taking
the logarithm of the nonisothermal rate law to give the following equation [39]:

_Ea
E, © ¢RT E,
log g(a) = logﬂ—R+log fEa (E )2 RT )
RT (=&
RT

By substituting Doyle’s approximation [40-42]:

© oRT E, E,

l d—% ~ —2.315 — 0.4567 —

ngﬁ E,\* RT RT )
o (7h)

The OFW equation is therefore,

AE,
g(@)R

Eq
logp = log —2.315—0.4575 (10)

Compared to the OFW method, the modified KAS method yields a significant
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improvement in the accuracy of the £, values. Note that the purpose of theoretical
kinetic analysis is the interpretation of the experimentally determined kinetic
triplets. It has been stated that each of the components of a kinetic triplet is
associated with some fundamental theoretical concept, where E, is associated
with the energy barrier and 4 with the frequency of vibrations of the activated
complex [43], and f{a) or g(a) with the reaction mechanism [20, 44].

4 Results and Discussion

4.1 TG/DTG studies

TG/DTG curves of RDX and RDX/HTPB at four heating rates 2, 4, 8, and
16 K-min™' were recorded (see Figure 2). Figure 2 shows that the thermal
decomposition of RDX/HTPB is faster than that of pure RDX. The peak DTG
temperature was lower for RDX/HTPB than for RDX. To make a quantitative

comparison, the characteristic parameters of these TG/DTG curves are
summarized in Table 1.
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Figure 2. TG curves of RDX, RDX/HTPB and HTPB binder system for heating
rates of 2, 4, 8 and 16.0 K-min ™.
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Table 1.  The kinetic parameters from non-isothermal TG/DTG data for RDX

and HTPB/RDX
Material B TG curves DTG peaks

[°C-min']| T,, [°C]| T; [°C] |Mass loss [%]]| T, [°C] | Tee [°C]

2.0 172.48 | 202.23 98.06 214.74 | 233.34

RDX 4.0 173.16 | 207.3 99.00 216.77 | 240.77
8.0 176.20 | 211.36 99.07 227.25 | 248.21

16.0 185.67 | 220.15 98.83 230.80 | 252.61

2.0 155.24 | 194.46 98.47 200.21 | 221.8

4.0 158.62 | 201.56 99.17 205.34 | 231.98

RDX/HTPB 8.0 162.34 | 208.32 99.21 217.45 | 238.74
16.0 177.55 | 217.11 99.19 221.60 | 247.20

Notes: To: decomposition onset temperature; 7o.: onset temperature of the end decomposition;
T: the initial temperature for thermal decomposition; 7}: the peak temperature of mass loss rate;
Mass loss: from initial temperature to the end temperature of DTG peak.

According to Table 1, it is obvious that the decomposition of PBX took
place at a lower temperature than pure RDX. The difference in decomposition
temperature is clearly visible for low heating rates but was less pronounced at
high heating rates. The corresponding o—7 curves were obtained from mass
remaining vs. temperature data (see Figure 3). The early decomposition of
RDX/HTPB may be due to the effect of exothermic decomposition of HTPB
and the attraction of gaseous products from the early thermal decomposition of
RDX in the polymer matrix both of which could lead to secondary reactions in
the gas phase. It is also clear from Figure 2 that the HTPB binder system has
a two stage decomposition. The onset decomposition temperature for first stage
decomposition as seen from the TG curve was found to be higher than 270 °C
at the different heating rates studied [34].
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Figure 3. The o-7 curves of RDX and RDX/HTPB for heating rates of 2, 4,
8 and 16.0 K-min'.
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Therefore, it is also possible that during the decomposition of HTPB, the
evolved species interact chemically with the RDX decomposition products.
Thus the mechanism of decomposition of HTPB/RDX may differ from that of
the pure RDX.

12 9 ri1

18 221.6C - 0.8
F 0.6

F 0.4

4 { —RDX (16 K/min)

| —RDX/HTPB (16 K/min) / 0.2

Deriv. Weight (%/C)
Deriv. Weight (%/C)

+ 0

r T T -02
50 130 150 230 280
Temperature (C)

Figure 4. DTG curves for RDX and RDX/HTPB for 16.0 K-min " heating rate.

DTG curves for pure RDX and those for the HTPB/RDX samples are given
in Figure 4. These show the effect of the non-energetic binder on the thermal
decomposition behavior of the pure energetic materials. The binder decreases
the decomposition temperature of the pure RDX and also decreases the activation
energy of the overall reaction.

4.1.1 Kinetic parameters obtained by the Kissinger method
The activation energy E, obtained by the conventional Kissinger method is
usually comparable to the activation energy at half conversion obtained by the
isoconversional method [45]. The kinetics of the thermal decomposition of
HTPB-bonded PBX at different temperatures was studied by the non-isothermal
TG (the mass loss was recorded with respect to temperature). The kinetic
parameters were calculated according to the conventional Kissinger method.
For the four heating rates 2, 4, 8, and 16 K-min ™", In(f/7%) was plotted vs. 1/T
as shown in Figure 5 to determine the activation energy from its slope according to
the Kissinger equation. The main disadvantages of this method is that it is unable
to demonstrate the steps of the reaction or give individual activation energies
for each conversion fraction (o). The overall activation energy of RDX for the
whole reaction was found to be 211.7 kJ-mol ™' as compared to 167.4 kJ-mol™
for RDX/HTPB. This may indicate the earlier decomposition of RDX/HTPB
relative to the pure RDX.
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Figure 4. Relationship between In(f/T?) and 1/T to determine the activation
energy of RDX and RDX/HTPB by the Kissinger method.

4.1.2 Kinetic parameters obtained by the Ozawa, Flynn, and Wall
(OFW) method

Ozawa, Flynn and Wall independently developed an isoconversional calculation
method for nonisothermal data. A plot of logf versus 1/T for each a yields E,
from the slope for that o regardless of the model employed. Figure 6 presents
the effect of HTPB binder system on the activation energy of decomposition
of pure RDX. The heat evolved from the exothermic initial decomposition of
RDX supported by the initial decomposition of HTPB binder system may result
in a secondary reaction and consequently decrease the total activation energy
leading to early decomposition in the overall process. The activation energy for
pure RDX using the non-isothermal OFW method was found to be 218.3 kJ-mol™
and 157.8 kJ-mol ! for the RDX/HTPB. This result is once again an indication
of the effect of the binder system on the decomposition mechanism of the RDX.

260 -
240 1 RDX « ¥ o
%\220 - *
Z 200 - + 0
—
5180 1 ¢ =
‘;160 -
m‘ 140 - o RDX/HTPB
120 | =
100

0 01 02 03 04 0506 0,708 09 1
Conversion / a

Figure 6. Activation energy £, for every conversion step using isoconversional
OFW method.
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4.1.3 Kissinger-Akahira-Sunose (KAS) method

The modified Kissinger-Akahira-Sunose (KAS) isoconversional method was
used to investigate the dependence of the activation energy on the degree of
conversion. The activation energies for conversion rates of 0.1-0.9 are presented
in Figure 7. The activation energies for conversion rates from 10% up to 90% were
determined. However, the mean values were calculated only for the (0.3-0.7)a
interval as it is commonly suggested there is increased inaccuracy outside this
range due to the DTG peak tails [22-24]. According to the investigations on the
thermal decomposition kinetics of RDX-based PBXs, the activation energy of
PBXs with non-energetic binders is lower than that of the pure explosive filler.
The activation energy for pure RDX using the modified KAS method was found
to be 220.2 kJ-mol ™! and 158.7 kJ-mol™! for the RDX/HTPB. These values are
very close to the values obtained by the OFW method, but slightly further away
from those obtained using the conventional Kissinger method. In the case of
the conventional Kissinger method, the mean value was calculated for all the
intervals and the decrease in the accuracy of estimation for the kinetic values
couldn’t be estimated for a selected interval.

260 -
240 RD\'. = L] [ ]
=220 - m
= 200 - L
=18 - =
= 160 -
[
M o140 *
2l o ° RDX/HTPB
100

0 01 02 03 04 0.5 0.6 0.7 0.8 09 1
Conversion / o
Figure 7. Activation energy E, for every conversion step using isoconversional
modified KAS method.

Table 2.  Comparison of the values of activation energy using TG/DTG
techniques and three different calculation methods

. Activation Energy, E, [kJ-mol ']
Calculation Method RDX RDX/HTPB
Kissinger 211.7 167.4
OFW (0.=0.3-0.7) 218.3 157.8
KAS (a=0.3-0.7) 220.2 158.7
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4.2 DSC studies

TG/DTG results were supplemented by DSC studies which were performed
at a heating rate of 5 K-min™'. The prepared samples were encapsulated in an
aluminum pan and measurements were performed under similar conditions for
both pure RDX and RDX/HTPB. The curves that were obtained are shown in
Figure 8. The curves show an endothermic peak followed by an exothermic one
for both RDX and RDX/HTPB. For the pure RDX, the initial sharp endothermic
peak at 205 °C is due to melting of the RDX. According to Szala et al. [46],
the melting point of RDX is in the temperature range 203-206 °C. A similar
peak was also found at 198 °C for RDX/HTPB, which confirms that both RDX
and RDX/HTPB decompose in the liquid state. The RDX exothermic peak is
well formed, showing signs of kinetically controlled decomposition processes.
However, for the RDX/HTPB mixture, the sharp exothermic peak corresponding
to rapid heat evolution is due to a fast combustion process.

15
o 12 4 208.9 —
g 94 . 2232
; G =—RDX (S Knin)
= /
2 3 {—RDX/HTPB (5Kmin) /|
= e —
=4

| 198.4
L
T 15

120 140 160 180 200 220 240 260
Temperature / C
Figure 8. DSC curves for RDX and RDX/HTPB for a 5.0 K:min™' heating
rate.

4.3 Vacuum Stability Test (VST) studies

The Vacuum Stability Test (VST) is widely used to assess the stability and
compatibility of many chemicals. The modernized STABIL 16-Ex apparatus
[47] is manufactured by OZM Research. Their original apparatus is described in
Ref. [33]. The temperatures for the isothermal measurements were chosen to be
140, 145, 150, and 155 °C. Three 20 mg mass samples of pure RDX and RDX/
HTPB were studied at each temperature. The pressures of the gases that were
produced from the decomposition of the samples were continuously measured
during the whole reaction.
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The conversion fraction at any time (o) is given by:

Pt—Pgy

Oy = ——
Pmax—Po (1 1)
where P, is the maximum pressure at the end of reaction, P, is the pressure at
any time, and P, is the initial pressure.

The conversion fraction (o) was plotted versus time (¢) using Equation 11
(see Figure 9). It is clear that the conversion increased exponentially and the
decomposition rate increased rapidly with raising the temperature. It is obvious
from Figure 9 that the decomposition rate and conversion fraction of the RDX-
based PBX both occur faster than for pure RDX especially at high temperatures
(150 °C and 155 °C). The conversion was complete after nearly 33 h in the
case of RDX/HTPB. However conversion took around 83 h in the case of pure
RDX. Consequently it is clear that the binder increases the rate of thermal
decomposition of pure RDX.
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Figure 9. Conversion fractions (o) vs. time for pure RDX and RDX/HTPB.

4.3.1 Conventional isothermal model-fitting method

Fourteen of the conversional isothermal models given in Table 3 were selected
for fitting to the conversion fraction obtained from the STABIL data. The model
giving the best statistical fit was chosen as the model of choice from which the
activation energy, £,, and pre-exponential factor, 4, were calculated. This process
involves two fits: the first to determine the rate constant (k) of the model that
best fits the data, the second to determine specific kinetic parameters such as the
activation energy and pre-exponential factor using the Arrhenius equation [48].
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Table 3.  Various mechanisms-based kinetic models generally used to describe
thermal decomposition of solids [48]
Model flo) g(a)
Power law (P2) 2 a2 a2
Power law (P3) 3 a®? o
Power law (P4) 4 B all’®

Avarami-Erofe’ev (A2)
Avarami-Erofe’ev (A3)
Avarami-Erofe’ev (A4)

2(1-a)[~In(1—a)]"?
3(1—a)[~In(1-a)]*?
4(1-a)[~In(1—a)]**

[—In(1—0)]"?
[—In(1-0)]"?
[~In(1-a)]"*

Contracting area (R2) 2(1-a)'? [1-(1-a)"?]
Contracting volume (R3) 3(1—a)*? [1-(1-0)"?]
1-D diffusion (D1) 12a o?
2-D diffusion (D2) [“In(1-a)]! [(1—a)In(1—a)]+a
3-D diffusion-Jander eqn. (D3)| 3(1—a)¥*/2(1—(1—a)'?) [1-(1—a)3]?
First-order (F1) (1-a) —In(1-a)
Second-order (F2) (1—a)? (1—a) -1
Third-order (F3) (1—-a)? 0.5((1-a)2-1)

By plotting g(a) vs. time for each temperature according to Equation 3, it
was found that the best model that fits the data for pure RDX was the contracting
volume (R3) model, while the 3-D diffusion-Jander equation (D3) was the best
model for RDX/HTPB. It means that the binder system has an obvious effect
on changing the decomposition reaction mechanism of pure RDX. By obtaining
the values of the rate constant £ at different temperatures from the straight line
slopes of plots of Equation 3, the activation energies, E,, and pre-exponential
factors, A, were determined using the Arrhenius equation in its logarithmic form
(see Equation 4).

The activation energies, E,, were 205.4 kJ-mol™! and 160.6 kJ-mol™" for
pure RDX and RDX/HTPB, respectively. These values are in the same range
of'the calculated values obtained by using the TG/DTG technique applying non-
isothermal isoconversional methods. It means that the vacuum stability test is
a good technique for determining the activation energy of explosives. On the
other side the value of log(4) was 21.2 s™! for pure RDX and 16 s™' for RDX/
HTPB.

4.3.2 Standard isothermal isoconversional method
By plotting —In(#) versus 1/7 according to Equation 5 for each a, the activation
energies at each a were obtained and these are presented in Figure 10.
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Figure 10. Activation energy, E,, at each conversion step using standard
isothermal isoconversional method.

The activation energy was found to be 206.5 kJ-mol™! for pure RDX
and 157.1 kJ-mol™' for RDX/HTPB. A comparison of the results of both the
isoconversional and model fitting methods showed that there is an insignificant
difference between the results. The activation energy obtained by the
isoconversional method is very close to that obtained by model fitting in case
of the vacuum stability test device.

4.4 Ignition delay (#q) studies

Calculations of #4 at various temperatures for RDX and RDX/HTPB were
performed. The results are shown in Table 4. The values were fitted according
to the following equation [49]:

Eq

tia = A exprr (12)

where E, is the activation energy, R is the universal gas constant, T is the
temperature, and A4 is the pre-exponential factor. A plot of In(#4) versus 1/7 (see
Figure 11) was used to determine the activation energy from the slope.

Table 4.  Ignition delay time (#4) and activation energy (£,) for RDX and its
PBX

ta [s] at temperatures [°C] E,
250|260 | 270 | 280 | 290 | 300 | 310 | 320 |[kJ-mol™']
RDX 32120 12| 9 6 5 3 2 95.7 0.9943

RDX/
HTPB 20 | 11 | 8 5 4 3 2 | - 89.9 0.994

Sample
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Figure 11. In(#q) vs. 1/T for RDX and RDX/HTPB.

The values of #4 for RDX at various temperatures were higher than those
for the RDX/HTPB (see Table 5). The difference is clear at lower temperatures,
the difference slowly disappearing at high temperatures. The value of £, for
pure RDX is higher than that of RDX/HTPB. It is clear that the values obtained
for activation energies for both RDX and RDX/HTPB were not consistent with
those obtained by the other techniques. This might be due to the inaccuracy of
the device used, the simplicity of the equation used or the dependence on human
observation. For these reasons, the ignition delay method can only be used for
qualitative evaluation of the thermal stability of the tested samples.

4.5 Advanced Kinetics and Technology Solution (AKTS) software
AKTS is a global solution for kinetic analysis and determination of the thermal
stability of materials. A thermo-kinetics software package is used to facilitate
kinetic analysis of DSC, DTA, and TGA data in the study of the thermal behaviour
of materials for the purpose of research, development and quality assurance.
The software provides a means to infer additional characteristics and thermal
properties of examined substances based on conventional thermo-analytical
measurements. The procedure begins with the determination of the kinetic
parameters for a given substance. These parameters are then used to predict
reaction progress for various temperature ranges. Using the AKTS Thermo-
kinetics Software, the rate and the progress of the reactions can be predicted for
a variety of temperature profiles such as: isothermal, non-isothermal, stepwise,
modulated temperature or periodic temperature variations, rapid temperature
increase (temperature shock) and real atmospheric temperature profiles (up to
7000 climates) [50].

The activation energies, £,, for RDX and RDX/HTPB were calculated using
the AKTS Thermo-kinetics software using the American Society for Testing and
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Materials (ASTM E698) method. The results were very close to those obtained
using the OFW and KAS methods and the TG/DTG technique. The activation
energy for pure RDX was 219.1 kJ-mol ™" and 158.2 kJ-mol™' for RDX/HTPB
(see Figure 12).
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357X
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Figure 12. Activation energy (£,) for RDX and RDX/HTPB using the AKTS
software and the ASTM E698 method.

Table 5.  Activation energy (£,) for RDX and RDX/HTPB obtained using
various techniques and methods
Activation Energy, E, [kJ-mol!]
TG/DTG VST Ignition | AKTS
Samples delay | software
Kissinoer o =0.3-0.7 |model| Isocon- | Arrhenius| ASTM
£ TOFW [ KAS fitting | versional eqn. E698
RDX 211.7 1218.3]220.2|205.4| 206.5 95.7 219.1
RDX/
HTPB 167.4 [157.8|158.7|160.6 | 157.1 89.9 158.2

From Table 5, it is clear that the activation energy for decomposition of RDX/
HTPB is lower than that of pure RDX which indicates the effect of the polymeric
matrix on decreasing the initiation energy barrier of RDX. This may be attributed
to the effect of the polar plasticizer (DOA) incorporated in the polyurethane
matrix which acts as a solvent for RDX [13]. It has been shown by Maksimov
[51] that some RDX solvents are able to accelerate its decomposition. It has
also been shown that these additives interfere with intermolecular interactions
in RDX crystals by removing the stabilization effect of the crystal lattice [52].

The range of values of the activation energy, £,, obtained using the OFW,
KAS, and ASTM E698 methods was 218-220 kJ-mol™" for pure RDX and
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157-159 kI'mol™!' for RDX/HTPB. The narrowness of these ranges (about
a 1% difference) proves the compatibility of these methods with each other. It
was reported in Ref. [53] that the activation energy of RDX is 197.1 kJ-mol ™.
Singh et al. [54] stated that the mean activation energy of pure RDX is nearly
200 kJ-mol'and that of RDX bonded by 15 wt.% HTPB is 143 kJ-mol™'. They
also stated that the decomposition mechanism of RDX is not simple and so cannot
be described by a global value of activation energy. By comparing the results
for RDX presented in references [53, 55] (197.1 kJ-mol™" and 200 kJ-mol™,
respectively) with results of non-isothermal TGA measurements presented in this
paper, it can be seen that the maximum difference between the activation energy
obtained using various methods is around 10%. Our results obtained isothermally
by VST are higher than those in studies published by other researchers by about
3% in case of pure RDX and by about 10% for its PBX. The main reasons for
the minor difference between our results and the references might be the different
sources for the RDX, the purity of the RDX, the effect of the particle size used
and differences in the composition of the polymeric binders. Singh et al. [54]
used the polymeric matrix contained IPDI as a curing agent while we used
HMDI and DOA as plasticizer. Our results prove the efficacy of using VST as
a technique to determine the decomposition kinetics isothermally.

5 Conclusions

The thermal behavior and decomposition kinetics of RDX and RDX/HTPB
(RDX 80% HTPB-based binder 20%) composition were investigated by
nonisothermal TG/DTG, isothermal VST and ignition delay techniques. The
TG/DTG technique along with all the calculation methods employed resulted
in kinetic parameters that were sufficiently close to those found in the published
literature. The activation energies obtained by AKTS software using the ASTM
E698 method were very close to those obtained by the OFW and KAS methods
lying in the ranges 218-220 kJ-mol™! for pure RDX and 157-159 kJ-mol! for
RDX/HTPB. Thermolysis of RDX/HTPB occurs at a lower temperature and at
a faster rate compared with pure RDX. Results of DSC measurements confirm
the negative effect of the polymeric matrix in decreasing the exothermic peak
temperature of the pure RDX. The VST technique displayed kinetic parameters
in the same range as those found in the literature and those obtained from the TG/
DTG technique for both RDX and RDX/HTPB. The ignition delay technique
employed was less accurate for obtaining kinetic parameters than the TGA and
VST techniques. So it should only be used for qualitative stability assessments.
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