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Abstract The thermal decomposition kinetic behavior of

three HMX explosive samples containing 5.0 mass%

(A-HMX) and 0.5 mass% RDX impurity (B-HMX) and

HMX desensitized with 5.0 mass% paraffin wax

(W-HMX) was studied by non-isothermal differential

scanning calorimetric and thermogravimetric techniques at

different temperature scan rates and by isothermal accel-

erated aging method. Using KAS isoconversional method,

the mean activation energies of 229.36, 221.05, and

267.37 kJ mol-1 were obtained for B-HMX, A-HMX, and

W-HMX, respectively, showing the higher thermal stability

of pure and desensitized HMX. Moreover, the reaction

mechanism was found in Avrami–Erofeev A2 model for all

samples. In this study, by using the calculated kinetics

triplets, the chemical lifetime of explosives were predicted

based on 5.0 mass% mass loss and were compared with

isothermal accelerated aging results, under two constant

temperatures. The experimental results in the higher tem-

peratures demonstrated relatively better consistency with

predicted values.

Keywords HMX explosive � RDX and wax � DSC/TG �
Kinetic triplet � Activation energy

Introduction

Octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine, or High

Melting eXplosive (HMX), is one of the highly energetic

material widely used for various applications like high

explosive compositions for mass destructive warheads, as an

energetic additive in the most advanced gun and rocket solid

propellants and also perforation in oil well industries [1, 2].

HMX, also known as Octogen, is a powerful and relatively

insensitive polynitramine high explosive, chemically related

to its similar nitramine explosive homolog of 1,3,5-trinitro-

1,3,5-triazacyclohexane (RDX). One of the common methods

of manufacturing HMX is nitration of hexamine in the pres-

ence of acetic anhydride, paraformaldehyde, and ammonium

nitrate. The crude HMX produced in this process usually

contains 10–20 mass% RDX as an impurity [3]. In line with

the US military standard for HMX [4], this explosive is

produced and used as two types of A, with maximum RDX

content of 7.0 mass%, and B, with maximum RDX content of

2.0 mass%. Recently, it has been specified that other HMX

grades, like reduced sensitivity HMX or insensitive HMX,

containing the least amount of HMX impurity, show low

sensitivity to explosive shocks in melt-casting and plastic-

bonded explosives. One of the main reasons for the above

behavior is to the presence of RDX impurity in HMX, which

can lead to the generation of many defects in the crystal

lattice of HMX [5–7]. Also to desensitize the pure HMX

explosive, various desensitizing agents like polymers and

waxes were added to produce various standard explosive and

propellant formulations [8, 9]. Desensitized waxes are one of

the most effective compounds for absorbing and desensitizing

the initiation of explosive materials by impact, friction, or

static electricity stimuli [9–12].

In different countries around the world, due to explosive

storage or transportation, many unexpected runaway
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accidents can occur [13]. Because of the explosive nature

of these materials, study on aging and kinetic parameters

like the activation energy (Ea), the pre-exponential factor

(A) and the reaction model are necessary. These parameters

are closely dependent on purity and/or some additives, and

they provide various useful information about safety,

thermal stability, and chemical lifetime parameters

[14–17]. In recent years, there are some approaches to

accelerated aging methods which play an essential role in

assessing the lifetime of manufactured products. Aging

evaluation under ambient temperature takes long time.

Therefore, the accelerated aging method is employed

[16, 17].

Thermal analysis methods such as differential scanning

calorimeter (DSC) and thermogravimetry (TG) due to high

sensitivity can provide detailed information on the mech-

anism of ignition reactions, thermokinetics parameters, and

lifetime studies [15, 18–20]. Among several methods for

the analysis of DSC data, the isoconversional method has

been recommended as a trustworthy method for deter-

mining reliable and consistent activation energies of solid-

state reactions [21]. In fact, the isoconversional methods

can determine the actual value of Ea from DSC data

without the knowledge of the kinetic model [22–25].

Vyazovkin et al. [26] in Kinetics Committee of the Inter-

national Confederation for Thermal Analysis and

Calorimetry (ICTAC) presented some recommendations to

improve the accurate methodology for determining kinetic

parameters. These recommendations were applied for

reliable estimation of kinetic parameters such as activation

energy and pre-exponential factor, and determination of the

reaction model for thermal ignition of explosive composi-

tion. Here, the activation energy for the ignition process

can be calculated using KAS (Kissinger, Akahira, Sunose)

method based on DSC data at different heating rates. In

addition, the compensation effect method can be used for

accurate determination of the reaction model and pre-ex-

ponential factor.

Up to now, some researches have reported about thermal

decomposition of HMX [27–29] and HMX-based explo-

sive formulations, including the effect of some contami-

nants such as the catalytic effect of some metals nanometal

powders [30], FeCl2�4H2O, FeCl3�6H2O, acetone, acetic

acid, nitric acid [13], KClO3 [31], plastic-bonded explo-

sives [32], and C4 explosive matrix [33]. There are a wide

range of activation energies and pre-exponential factors for

HMX based on type of method and different mathematical

estimations [27, 34].

In this study, the influence of RDX impurity and paraffin

wax additive on kinetic triplet (Ea, pre-exponential factor

and reaction model) and aging behavior of HMX grade A

with RDX content of 5.0 mass% (A-HMX), HMX grade B

with RDX content of 0.5 mass% (A-HMX), and B-HMX

desensitized by 5.0 mass% paraffin wax (W-HMX) were

examined and compared by non-isothermal thermo-

gravimetry (TG) and differential scanning calorimetry

(DSC). In addition, mass loss of the mentioned samples

were predicted and compared to the results of isothermal

accelerated aging methods. These studies provide useful

thermokinetics data, which are important for the safety and

lifetime studies of HMX-based explosives.

Experimental

Materials and instruments

The HMX grade A with purity of 95.00 mass% (A-HMX),

HMX grade B with purity of 99.50 mass% (B-HMX),

and B-HMX desensitized by 5.0 mass% paraffin wax

(W-HMX) were purchased from Iranian defense industries.

HMX explosive quality was approved according to stan-

dard requirements and tests of HMX for use in explosive

compositions, Mil-DTL-45444C [35]. Moreover, specifi-

cations of paraffin wax utilized for the preparation of

W-HMX were according to Mil-W-20553 D requirements

[36]. For the preparation of W-HMX, HMX particles were

dispersed in hot water, at temperature of 90.0 �C, thereafter

paraffin wax was added gently to solution during stirring.

Finally, the temperature of materials was reduced slowly,

and the product was filtered and dried. The particle size of

samples was in the range of 80-150 lm.

Simultaneous DSC and TG analyses measurements were

performed using a PerkinElmer thermal analyzer, model

STA 6000. The experiments were carried out using almost

0.53 mg of samples in an alumina pan, and at heating rates

of 4, 6, 8, and 10 �C min-1 from 30 �C up to 350 �C,

using dynamic Argon flowing atmosphere at a rate of

20 cm3 min-1. In addition, the isothermal accelerated

aging experiments were carried out by placing almost 2.0 g

of samples in an open alumina pan, at the temperature of

145.0 and 155.0 �C.

Results and discussions

DSC/TG studies

The DSC curves for A-HMX, B-HMX, and W-HMX under

Argon atmosphere and the heating rates of 4, 6, 8, and

10 �C min-1 are illustrated in Fig. 1. To obtain reliable

kinetic evaluation, there is need to exert the multiple

heating rates with a wide dynamic range [37]. The profile

shape has some dependency on heating rate, especially in

heating rate more and less than 2.5 �C min-1 with some

differences in profile shapes [38]. In this research we
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selected sample size and heating rates in the conditions that

self-heating was not observed (0.53 mg in the heating rates

\10 �C min-1). For all of the experiments, DSC sensor

responses were stable; curves of program and sample

temperature versus time did not show any deviation from

linear state on the decomposition temperature range. We

checked the effect of two other sample mass of 3.0 and

6.0 mg in the heating rate of 10.0 �C min-1 for B-HMX.

The sample temperature versus time curve showed clearly

effect of self-heating; in the temperature range of

decomposition, the DSC sensor response was not

stable and significantly changed from linear state. Also,

peak temperature showed positive deviation near to 8.0 �C
for the sample mass of 6.0 mg. This behavior can lead to

significant systematic error in the calculation of kinetic

triplets.

In the DSC curves, a small endothermic peak in the

range of 190–205 �C is due to b-HMX to d-HMX phase

transition, and also an exothermic peak in the midway of

profile is related to decomposition of HMX. In the thermal
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Fig. 1 DSC curves of HMX

containing a 0.5 mass% RDX

(B-HMX), b 5.0 mass% RDX

(A-HMX), and c 5.0 mass%

paraffin wax (W-HMX) at the

different temperature scan rates
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decomposition process of HMX, some gaseous products

such as CH2O, N2O, CO, CO2, NO, H2O, and N2 can be

released [13]. The peaks became wider, taller, and shifted

to higher temperature, as the heating rate increased. To be

sure about the obtained data and die to heat transfer effect

in DSC method, the TG method is also employed and the

results are shown in Fig. 2. It is observed that RDX

impurity decreases the decomposition temperature of HMX

explosive from 288.7 to 254.9 �C.

Kinetic aspects

In kinetic analysis, the rate of a solid-state reaction can be

assumed as a function of temperature and conversion

which is generally described by [39, 40]:

da
dt

¼ k Tð Þf að Þ ð1Þ

where, the first part, k(T) is the rate constant that is typi-

cally shown through the Arrhenius equation:

k Tð Þ ¼ A:e�
Ea
RT ð2Þ

where Ea is activation energy (J mol-1), R is the gas

constant (J mol-1 K-1), A is the frequency or pre-expo-

nential (min-1) factor, and T is absolute temperature in

Kelvin. Furthermore, f(a) is the differential conversion

function or reaction model [41, 42] where a is the degree of

conversion and is calculated in DSC method using the

following equation:

a ¼ AUCT
0

AUC0
1 ð3Þ

where the denominator is the entire area of decomposition

curve from onset temperature to the end point of curve and

the numerator is partial area from onset temperature to the

required temperature of T. Under non-isothermal condi-

tions, Eq. (1) can often be accurately described by [26, 43]:

b
da
dT

¼ A exp
�Ea

RT

� �
f að Þ ð4Þ

where b is heating rate in �C min-1 at constant rate,

b ¼ dT

dt
:

From the other point of view, some integral kinetic

methods are based on the following equation, which is

obtained from Eq. (4) through integration [26]:

g að Þ ¼ A

b
r
T

0

exp
�Ea

RT

� �
dT ð5Þ

where g(a) is the integral form of the reaction model that

leads to a large variety of methods [41, 42].

It is necessary to obtain the kinetic triplet for the pre-

diction of thermal behavior and mathematical calculations

[44]. The conversion temperature curve (a–T) helps to

understand the thermal kinetic behavior during the

decomposition of sample more accurately. Although there

are many different reaction models, they can be catego-

rized into three major types called accelerating, deceler-

ating and sigmoidal curve [26]. Figure 3 illustrates the a–

T curves for A-HMX, B-HMX, and W-HMX under the

heating rates of 4, 6, 8, and 10 �C min-1, and it can be seen

that the sigmoidal model was chosen as a reaction model

associated with Avrami–Erofeev or Prout–Tompkins

models [45, 46].

Model-free or isoconversional method for kinetic

evaluations

The principle of isoconversional methods refers to the fact

that the reaction rate at constant extent of conversion is

only a function of temperature [26]. These methods are

independent model which are called ‘‘model-free’’ meth-

ods, and they allow the estimation of isoconversional val-

ues of the activation energies at progressive degrees of

conversion without determining any special form of reac-

tion model [21]. Isoconversional methods have been highly

recommended to determine the actual value of Ea and are

divided into different methods which include the Kis-

singer–Akahira–Sunose (KAS) method with Eq. (6) and

can be a suitable choice for this work [26, 47]:
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ln
bi

T2
a;i

 !
¼ Const � Ea

RTa
ð6Þ

Thus, for a = constant, the plot of ln (bi/T
2) versus 1/Ta

related to various values of a in different heating rates, is a

straight line where the value of activation energy and pre-

exponential factor can be obtained from slope and inter-

cept, respectively [30]. In the range of 0.1–0.9 of a, the

activation energies at heating rates of 4, 6, 8, 10 �C min-1

were calculated. The plots obtained and activation energies

from KAS equation are illustrated in Figs. 4 and 5,

respectively. As shown, the activation energy of pure HMX

(B-HMX) was 229.358 kJ mol-1, having relatively good

agreement to the results of isothermal DSC studies by

Burnham with Ea = 187.0–216.0 kJ mol-1 [48] and by

Singh with Ea = 197.9–202.8 kJ mol-1 [49]. The effect of

RDX impurity and wax additive are clearly pointed on the

values of activation energies which decreased to 221.053

and increased to 267.397 kJ mol-1 for A-HMX and

W-HMX, respectively. There is about 8.3 kJ mol-1

diminution in the A grade of HMX that can be negligible or

significant according to different point of views depending

on sensitivity of works. But the wax additive augments the

Ea by covering the HMX molecules and desensitizing them

against environmental shocks and heat of about

38.0 kJ mol-1 which is considerable.

Model-fitting method by using compensation effect

method

The kinetic parameters strongly depend on selection of a

proper mechanism function for the process. Therefore,

determination of the most probable mechanism function is

highly essential. The remaining kinetic parameters of

reaction model and pre-exponential factor are determined

by combination of both model-free and model-fitting

methods. This method has some disadvantages, and the

compensation effect has been recommended as an accurate

determination of reaction model and pre-exponential factor

[26]. About 40 reaction models [41, 42] were exploited,

and the values of Ei and Ai were extracted in each heating

rate to determine a and b compensation parameters. The

reaction models were tested via the differential and integral

forms of equation as follows:
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Fig. 3 Alpha–temperature (a–T) curves at different heating rates for thermal ignition of samples; a A-HMX, b B-HMX, and c W-HMX
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ln
da
dT

f að Þ Ea T�T0ð Þ
RT2þ1

¼ � Ea

RT
þ ln

A

B

� �
ð7Þ

and

ln
g að Þ

T � T0

� �
¼ � Ea

RT
þ ln

A

B

� �
ð8Þ

where according to these equations, the plot of

ln d da=dTð Þ=f að Þd Ea T � T0ð Þ=RT2 þ 1ð Þe versus 1/T and

ln ½ g að Þ= T � T0ð Þð � versus 1/T at different heating rates of

bi can be obtained by linear regression. This reaction model

is the most likely mechanism function, which results in the

most linearity in plots with a linear regression coefficient of

R2 close to 1.0.

According to compensation method, there are several Ei

and Ai at same heating rate which represents each reaction

model. The obtained Ei and Ai were substituted in

–10.2
0.00176 0.00178 0.0018 0.00182

α = 0.1

α = 0.2

α = 0.3

α = 0.4

α = 0.5

α = 0.6

α = 0.7

α = 0.8

α = 0.9

–10.4

–10.6

–10.8

–11

–11.2

–11.4

In
(β

i/T
2 )

α = 0.1

α = 0.2

α = 0.3

α = 0.4

α = 0.5

α = 0.6

α = 0.7

α = 0.8

α = 0.9

α = 0.1

α = 0.2

α = 0.3

α = 0.4

α = 0.5

α = 0.6

α = 0.7

α = 0.8

α = 0.9

–10.2
0.00176

–10.4

–10.6

–10.8

–11

–11.2

–11.4

In
(β

i/T
2 )

0.00178 0.0018 0.00182

–10.2
0.0018

–10.4

–10.6

–10.8

–11

–11.2

–11.4

In
(β

i/T
2 )

0.00182 0.00184 0.00186

1/Tα/K–1 1/Tα/K–1

1/Tα/K–1

(a) (b)

(c)
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following equation, and the values of a and b were

determined.

ln Ai ¼ aEi þ b ð9Þ

Therefore, the value of A0 can be achieved by using a, b,

and E0, and the activation energy is obtained from model-

free method, using Eq. (10):

lnA0 ¼ aE0 þ b ð10Þ

The results are presented in Table 1. The experimental

numerical values of f(a) were compared against the theo-

retical dependencies which were obtained from the f(a)

equations to identify the best matching model. This was

applied for all the reaction models, and finally the mech-

anism function of Avrami–Erofeev A2 appeared as the best

pattern due to the minimum differences between experi-

mental and theoretical data (see Fig. 6). Here, using non-

linear regression method, the difference between

theoretical and experimental f(a) was calculated through

the residual sum of square. Therefore, Avrami–Erofeev A2

model can be selected as the most probable model.

Moreover, the results of Table 1 clearly indicate that the

paraffin wax increases the activation energy and pre-ex-

ponential factor in W-HMX, and the RDX impurity redu-

ces these parameters in A-HMX. Here, the reaction model

has not mutated because of impurity or wax additive.

Mass loss predictions and accelerated aging results

Lifetime prediction is one of the important applications of

kinetic. The lifetime of a material is the time after which

the material loses its properties to an extent that it cannot

fulfill efficiently, the function for which it was created [26].

In this work, the 5.0% conversion or mass loss is the

limiting extent of decay beyond which the sample becomes

unusable. Although aging is affected by different factors, it

is mostly caused by temperature. In fact, a combination of

non-isothermal and isothermal experiments is the best

method to properly establish kinetic and mass loss studies.

The results of isothermal experiments are studied just as a

better view to perceive the aging process. In isothermal

method, using low temperatures in range of interest is

impractical and boring and consumes a lot of time, while

the upper temperature gives more accurate and faster

estimation of aging. The life time or mass loss comparison

of samples is determined using the following equation:

ta ¼
gðaÞ

Ae�E=RTo
ð11Þ

where To is the constant temperature at which the samples

were kept in oven. In Eq. (11), the triplet kinetic is required,

and it can be determined from either isothermal or non-

isothermal experiments. The isothermal experiments were

conducted in two temperatures of 145.0 and 155.0 �C, and

reaction conversion was monitored in terms of mass loss.

The isothermal and theoretical prediction plots are shown in

Fig. 7, and the interest data were extracted and are shown in

Table 2. It is evident that there is better agreement in higher

temperature between experiment and calculated graphs.

Wax additive increases the lifetime while impurity reduces

it. There is unfavorable agreement in case of W-HMX in low

temperature due to polymeric lattice which was created using

triplet wax. As an estimation, the aging in ambient temper-

ature of 25.0 �C was found around 9.22 9 1012,

3.74 9 1011, and 3.17 9 1015 days for B-HMX, A-HMX,

and W-HMX, respectively. In non-isothermal kinetic stud-

ies, modelling of decomposition data of materials were

performed in the temperature range near to 270–300 �C (see

Fig. 1), so expanding the predicted results to very lower

temperatures, that usually are important in lifetime studies,

can lead to significant experimental errors. Here, it was

emphasize on the accuracy of predictions in the two selected

temperatures of 145 and 155 �C, with only 10.0 �C differ-

ence in temperature. It is clear that by increasing in the

accelerated aging temperature, the accuracy of predicted

mass loss values are improved.

Table 1 Kinetic triplets of three types of HMX explosive by means of model-fitting method

Ea/kJ mol-1 (DSC) Ea/kJ mol-1 (TG) A/min-1 Mechanism function

A-HMX 221.053 218.377 3.758E?21 A2 [ln (1 - a)]1/2

B-HMX 229.358 224.003 4.345E?20 A2 [ln (1 - a)]1/2

W-HMX 267.37 259.211 5.77E?25 A2 [ln (1 - a)]1/2
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Fig. 6 Plots of theoretical and experimental f (a) against various

conversion at heating rate of 4 �C min-1
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Conclusions

The major aim of this experiment was to compare the effects

of RDX impurity (A-HMX) and desensitizing wax (W-HMX)

on the HMX thermal decomposition kinetics. The results

demonstrated that thermal decomposition reaction models of

HMX and the two mixtures were in line with Avrami–Erofeev

A2model. On the other hand, the decomposition temperatures

and the activation energies in the various degrees of conver-

sions were slightly decreased in the presence of RDX and

were increased with the use of desensitizing paraffin wax. The

accelerated aging experiments and predicted lifetime studies

revealed that pure HMX and the presence of wax lead to

longer period for the decomposition of 5.0 mass% of HMX

explosive. Therefore, it is highly recommended to desensitize

HMX with some wax additives for more safety and longtime

storage capabilities.
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