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Abstract: The thermal behaviour of energetic materials is very important for
their safe production, storage, handling and even demilitarization. In this work,
the thermal behaviour and decomposition kinetics of conventional C4 plastic
explosive has been studied experimentally by a non-isothermal thermogravimetric
(TG)/differential thermal analysis (DTA) technique at different heating rates (2, 4, 6
and 8 °C-min™"). The kinetic triplet of activation energy, frequency factor and model
of thermal decomposition of this compound has been evaluated via model-fitting
and model-free methods. The results show a single thermal decomposition process
for C4, with the model of integral function (g(a)) of [(1—a)'—1]* and differential
function (fa)) of [(1-a)**(30—3)/2(1—a)*-2], indicating a 3-dimensional diffusion
mechanism. In addition, E, values of 207.1 £ 17.3, and 241 kJ-mol"!, by using
the isoconversional model-free modified Kissinger-Akahira-Sunose (KAS) and
the Kissinger method, respectively, were obtained for the conversion interval
of 0.3-0.7. The C4 matrix shows a significant effect on the activation energy
distribution of pure RDX.
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1 Introduction

The rates of the processes influencing changes in the properties of highly energetic
materials during storage depends on: (i) external factors such as geometry, storage
temperature, thermal insulation, and (ii) intrinsic properties of the materials
such as kinetic parameters of the decomposition processes, their specific heats,
and thermal conductivities [1, 2]. The kinetics and mechanisms of thermal
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decomposition of explosives have considerable importance because they relate
to the stability of these materials and may also be involved in the combustion
processes [3, 4]. A polymer-bonded explosive, or PBX, is an explosive material
in which the explosive powder is bound together in a matrix using small
quantities (typically 5-10% by weight) of a synthetic polymer (“plastic”). The
importance of PBX materials such as C4 is reflected in the extensive research
and characterization of these materials [5-10].

The temperature dependence of the decomposition rate obtained in the test
procedures for the prediction of safe storage and service life of highly energetic
materials is conventionally used in the form of the Arrhenius equation [11].
Three kinetic parameters, the activation energy (E,), the pre-exponential factor in
the Arrhenius equation (4) and the function of the reaction progress f{a), which
depend on the decomposition mechanism, are required for the prediction of the
thermal stability of the materials under various applied temperature conditions.
In the commonly applied computational procedures, before the calculation of
the E and 4 values, the function f{a) is often arbitrarily chosen assuming a first
or zeroth order reaction. This type of assumption arbitrarily influences the
determination of the kinetic parameters and significantly lowers the accuracy
of the simulation of the thermal stability [12, 13].

Thermal analysis is a useful technique for the characterization of explosives.
Differential scanning calorimetry (DSC) and differential thermal analysis
(DTA) give information concerning thermal stability, melting, evaporation,
decomposition etc. [14, 15]. In fact, any reaction or transformation involving
absorption or release of heat can be detected with these techniques. These thermal
analysis techniques have the advantage of using a small amount of sample, and
rapidly often yield sufficient information for the accurate determination of the
kinetic parameters of the reactions [14, 15].

In the present work, the kinetic triplet of the thermal decomposition of
C4 explosive has been derived and computed by non-isothermal model-fitting
and model-free methods. The Kissinger-Akahira-Sunose (KAS) method
demonstrated that the differential scanning calorimetry (DSC) technique, based
on the linear relation between peak temperature and heating rate, can be used to
determine the thermo-kinetic parameters of a thermal decomposition (activation
energy, rate constant) [16-18].
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2 Experimental

A simultaneous thermal analysis (STA503, BAHR model) was used to record
thermogravimetry (TG)/differential thermal analysis (DTA) curves of C4
explosive, containing RDX (cyclonite, 91%); dioctyladipate (DOA) plasticizer
(5.3%), polyisobutylene (PIB) binder (2.1%) and motor oil (1.6%), which was
synthesized in the research laboratory of Maleke-ashtar University of Technology.
The TG/DTA data were collected for the temperature range 25-325 °C. The
samples of the explosive, in alumina crucibles, weighed 8-10 mg. The TG/DTA
data were obtained at heating rates of 2, 4, 6 and 8 °C-min’!, under a static argon
atmosphere.

3 Results and Discussion

The TG and DTA curves of C4 explosive at four heating rates (2, 4, 6 and
8 °C-min™) are shown in Figures 1 and 2, respectively. A single mass reduction is
seen in Figure 1, indicating that C4 explosive is decomposed in a single step. The
temperature sat the start of decomposition were 219.0, 225.3,229.5 and 230.8 °C
at heating rates of 2, 4, 6 and 8 °C-min’!, respectively (Figure 1). A mass loss of
around 90-95% was observed at all heating rates. Two endothermic peaks and one
exothermic peak were observed in the DTA thermograms (see inset of Figure 2).
The endothermic peaks can be attributed to heat changes that might come from its
components, such as dioctyladipate (DOA) plasticizer or polyisobutylene (PIB)
binder or some impurities in C4 and the melting transition of RDX explosive.
It has been shown that RDX-C4 has only a single decomposition process [5-8].
The values of T, (the peak temperature of the DTA curve) and 7, (the initial
temperature at which the DTA curve deviates from the baseline of the peak) for
the exothermic peaks were shifted to higher temperatures with increasing heating
rate. The T,, and T, values of the decomposition peak were observed at 220.3;
199.1, 226.5; 201.4, 231.5; 203.4 and 234.5; 205.3 °C at heating rates of 2, 4,
6 and 8 °C-min’!, respectively. Furthermore, the area under the decomposition
peak increased with increasing heating rate, being 46.0, 84.9, 123.38 and
169.8 uV-s'mg! at heating rates of 2, 4, 6 and 8 °C-min’!, respectively. The
corresponding exothermic decomposition process of C4 explosive was observed
to be at a lower temperature than that of the pure cyclic nitramine (RDX). The
thermal ignition temperature of RDX and C4 are reported as 221 and 211 °C,
respectively [19].
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Figure 1. TG curves of C-4 explosive at four heating rates (2, 4, 6 and

8 °C/min).
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Figure 2. DTA curves of C-4 explosive at four heating rate (2, 4, 6 and
8 °C/min). The inset figure shows the TG/DTA curves at a heating
rate of 2 °C/min.
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Figure 3. The conversion (A) and its rate curves (B) of C-4 decomposition at

heating rates of 2, 4, 6, and 8 °C/min.

Here, the multiple heating rate method was employed to obtain the kinetic
triplet of the apparent activation energy (£,), the pre-exponential constant (4)
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and the mechanism of the exothermic first-stage decomposition. The most
probable kinetic model functions from a single non-isothermal DTA curve of
integral (g(a)) and differential (f{a)) functions were employed to predict the
kinetic triplet (Equations 1 and 2).

In fE“T)j_l (4] B)- (1)
dor| dT
1
e E=am @
RT”

In Equations 1 and 2, do/dT = (1/H,p)(dH/dt), dH/dT is the exothermic
heat flow at time t, H, is the total heat effect (corresponding to the global area
under the DTA curve), H, is the reaction heat at a certain time (corresponding
to the partial area under the DTA curve), T is the temperature (K) at time t, « is
the conversion degree (a = H/H,), T, is the initial temperature at which the DTA
curve deviates from the baseline and R is the gas constant [20-22].

The conversion-heating rate curves of C4 decomposition are presented in
Figure 3, and were obtained from the experimental DTA curves. Sigmoidal
models represent processes whose initial and final stages demonstrate accelerating
and decelerating behaviour respectively, so that the process rate reaches its
maximum at some intermediate value of the extent of conversion. These curves
were obtained according to the definition of the conversion and smoothed by the
Gaussian smoothing method to remove experimental noise [23, 24].

Thirty of kinetic model functions (Table 1) in integral and differential forms
are used to predict the kinetic triplet [25, 26]. The values of E, (Activation
energy), logd4 (preexponential constant), Q (standard mean square) and R? (linear
correlation coefficient) were obtained by the linear least-squares and iterative
methods. The values of Q and R? show that the functions of the integral function
of [(1-a)*—1]? and of the differential function of [(1—a)**(3a—3)/2(1—a)"*-2]
represent the most probable models for the decomposition of C4 explosive at
different heating rates. The results of the selected kinetic model functions are
given in Table 2. As seen, the E, and A values obtained are 218-277 kJ-mol!
and 10'-10%° 5!, respectively. Values of E, of 197.7 + 19.1 kJ/mol and of log4
of 18.65 + 3.58 s! were reported by Yan and co-workers for C4 explosive [3,
10]. Values of E, and log4 have been reported for B-HMX and for f-HMX-C4
(227.1 kJ'-mol! and 19.70 s'; 1023.0 £107.9 kJ-mol! and 98.36 +12.61 s,
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respectively) [3, 10]. The model-fitting method with various kinetic model
functions is used to predict the mechanism of solid-phase reactions. The predicted
function of g(«) is related to 3-dimensional diffusion and shows 3-dimensional
diffusion for the decomposition mechanism of C-4 explosive [27]. The function
of fla) is the differential form of the g(a) function.

Table 1.  Thirty types of mechanism functions g(a) and f{a) used in the present
analysis
No. | Symbol | Mechanism function name g(a) Aa)
1 Fis One-third order 1- (1—a)?? 32)(1-a)'?
2 Fiu Three-quarters order 1- (1) 2(1—a)**
3 Fsp One and a half order (1—a)'"?—1 2(1-a)*?
4 F, Second order [1/(1-a)] - 1 (1-a)?
5 F; Third order 0.5[(1-a)2—1] (1-a)
6 Psi» Mampel power law o3? (2/3) o'
7 Pin Mampel power law a'? 20"
8 Pis Mampel power law a'’ 3023
9 Py Mampel power law o' 4 g3
10 E, Exponential law Ino o
11 | A, F, Avrami-Erofeev equation —In(1-a) (1-a)
12 Asp Avrami-Erofeev equation [~In(1-a)]*? 3/2)(1-o)[~In(1-a)]"?
13 A, Avrami-Erofeev equation [~In(1-a)]"? 2(1=a)[~In(1-a)]"?
14 A Avrami-Erofeev equation [~In(1-a)]'"? 3(1-a)[~In(1-a)]*?
15 Ay Avrami-Erofeev equation [~In(1-a)]" 4(1-a)[~In(1-a)]?*
16 | Ry, Fo, P, Power law o (1-a)°
17 | Ry, Fin Power law [1-(1-a)'"?] 2(1-a)'?
18 | Rs3, Fas Power law [1-(1-a)"] 3(1-a)*?
19 D, Parabola low o? 120
20 D, Valensi equation [(1=a) In(1-a)] + & [~In(1-a)]™
21 Ds Jander equation [1-(1-a)"]? (3/2)(1-a)*3 [1-(1-a)"*]"!
2| D G‘“Sthelagu' Brounstein | 1-@afd)y-(1-ap® | G2)[(1-a) -1}
S R e B e [ el
24 Dy anti-Jander equation [(1+a)*-1]? 3/2)(1+a)*? [(1+a)-1]"!
25 D, antl-Glnsetcllﬁla;gt;(])Bgounstem 1+Q20/3)~(1+a)? (32)/[(1+a) 31T
N I (e Ty
27 D1 2-dimensional diffusion [1—(1-a)"2]? (1-=a)"[1-(1-a)"?]"!
28 D2 2-dimensional diffusion [1-(1-a)2]2 @ (1-a)"[1- (1—a)?]2
29| D3 3-dimensional diffusion [—(1—)"F | (3/2)(1=a)*[1—(1—a)'?]"
30 D4 3-dimensional diffusion [1-(1-a)?]2 (6)(1—a)**[1—(1~-a)"*]"2
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Table 2.  The data for the probable kinetic model functions at different heating

rates
Heatin

Function rate ¢ [kJ flaol'l] 1[.; gfil Q value | R?value

[°C/min]
2 277.1 202 | 00162 | -0.9898
Integral (g(a)) 4 268.9 197 | 0.0328 | -0.9825
(=g -1} 6 2533 177 | 00077 | -0.9937
8 2453 170 | 00148 | -0.9904
, , 2 2314 150 ]0.000635] -0.9950
Differential (fla)) 4 221.0 146 | 0.0069 | -0.9885
(-6 (Ga-3y2(1-a)5—2] |6 236.5 159 | 0.000815 | -0.9975
8 218.8 142 |0.000516 | -0.9959

According to the recommendations of the International Confederation for
Thermal Analysis and Calorimetry (ICTAC) [13], one of the proper so-called
isoconversional model-free modified Kissinger-Akahira-Sunose (KAS) methods
(Equation 3) could be used to obtain the kinetic triplets.

In B, = Const —1.0008 Eq
T RT

3)

1.92

a,i a

In this calculation of the mean activation energy, it is common practice to
consider only values of E, obtained for the interval o = 0.3-0.7 when calculating
the average value, due to the large influence of experimental conditions on
the data quality of the process “tails”. During the initial and final stages of the
process, the errors arising from inaccurate baseline subtraction or involvement
of thermal gradients increase exponentially as the ratio between the measured
signal and its background decreases. Figure 4 presents the activation energy of
C4 decomposition calculated by the KAS method at different conversion values
(), with an average value of 207.1 & 17.3 kJ-mol"!. The activation energy for
pure liquid and solid RDX are reported to be in the ranges of 197-199 and 213-
218 kJ-mol !, respectively [3, 5-8, 10, 19, 28].
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Figure 4. The activation energy of C-4 decomposition calculated by the
Kissinger-Akahira-Sunose (KAS) method at different conver-
sion values.

The non-isothermal, model-free method of Kissinger (Equation 4) was
also used to determine the £, value of the exothermic, first-stage decomposition
reaction of C4 explosive [30]. The E,and log4 values were obtained from the
slope and intercept of the curve of d(In/T,2) versus (1000/7,,). The values of
E, and log4 obtained were 241.8 kJ-mol™! and 19.3 s’!, respectively, with an R?
value 0f 0.9976 for the curve. The activation energy and pre-exponential constant
obtained from the model-free method of Kissinger are within the range of the
values obtained by the model-fitting method. Thus, the predicted functions by the
model-fitting method could be the most probable functions for C4 decomposition.

In(B/T,2) = In(AR/E,) — EJ(RT,) (4)

The peak temperature (7,,), corresponding to f—0, was obtained from
Equation 5. The T, is the peak temperature at different heating rates of f; and
b, c and d are coefficients [31, 32]. The 7,,obtained was 213.3 °C by a multiple
linear regression method. Finally, the critical temperature for thermal explosion
(T,) was calculated to be 214.9 °C (Equation 6), close to the reference critical
temperatures of C4 and RDX (213 and 214 °C, respectively). E, is the value of
E, obtained by the non-isothermal model-free method.

Ty=To+bpi+cfi+dp, i=1-4 (5)
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E, —JEj —4E,RT,,
T, = R (6)

4 Conclusions

In this paper, the thermal decomposition kinetics of C4 explosive was interpreted
by using model-fitting and model-free methods. The integral function of
[(1—a)3~1]?related to a 3-dimensional diffusion mechanism, can be used to
predict the mechanism of C4 decomposition using DTA data simulation. The
Kissinger-Akahira-Sunose (KAS) method offers a significant improvement in
the accuracy of the £, values and was used to determine the average value of £,
207.1 £17.3 kJ-mol! in the range & = 0.3-0.7. The calculated critical temperature
of thermal explosion (7}) of C4, 214.9 °C, was obtained according the data of
the Kissinger method as a model-free method.
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