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Particle Size Effects on Thermal
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This work refers to a study of the thermal decomposition
of octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX)
by differential scanning calorimetry (DSC) under non-
isothermal conditions, with heating rates from 5 to
20�C min�1. The influence of the particle size in the ther-
mal decomposition of HMX was verified. The activation
energy for the decomposition of each sample was calcu-
lated using the peak temperature shift methods, proposed
by Kissinger and Ozawa. A significant variation in the
results was observed according to the range of the particle
size used. The results showed that, as the particle size of
HMX increased, the thermal decomposition temperature
of HMX and the decompositional activation energies
ranges enhanced. At the same time, at a constant heating
rate, the decomposition temperatures of the smaller parti-
cles were lower than those of larger ones. The critical
temperature for thermal explosion of each sample was cal-
culated. Also, the values of DS#, DH#, and DG# of reac-
tion for each particle size were computed.
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Introduction

HMX(octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine) is a high
explosive used in many plastic-bonded explosives (PBX), dou-
ble base propellants, and propellant composites because of its
high calorific potential, high density, and smokeless combus-
tion products [1,2]. The thermal decomposition of HMX has
been the subject of extensive studies for many years and its
complexity, dependence on the experimental conditions, physi-
cal state, temperature, pressure, etc., are well known [3,4]. A
knowledge of its decomposition kinetics enables the previous
information required to evaluate critical conditions leading to
thermal explosion [5] as well as studies of compatibility with
additives [6].

Techniques of thermal analysis such as DTA, TG, and DSC
have been largely used in the study of explosive decomposition
kinetics in isothermal and nonisothermal conditions [5–8]. Due
to the variety of techniques and methods used to calculate these
parameters for HMX, there is a wide range of activation energy
values found in literature varying from 229 to 429 kJmol�1 [9].

The aim of this work was to derive the kinetic parameters of
the decomposition computed using nonisothermal differential
scanning calorimetry and applying them to equations based
on the variable heating rate methods, as described by Kissinger
[10] and Ozawa [11]. The effect of particle size on its thermal
decomposition was also studied.

Experimental

This work was performed with a DuPont DSC model 910 at the
heating rates of 5, 10, 15, and 20�C min�1 from 50�C up to the
end of the decomposition. DSC measurements were conducted
by placing 0.5–2.5mg of pure HMX in an aluminum pan with
a perforated cover under nitrogen atmosphere (40 mLmin�1).
Two runs with each sample were made for each heating rate.

The investigations of the decomposition kinetics were done
with six standard classes of HMX [12]. The various HMX par-
ticle sizes were prepared by recrystallizing saturated solutions
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(in pure analysis ethanol) of HMX at several thermal programs
of cooling. The samples were separated into six fractions (aver-
age particle size of 40, 50, 90, 125, 160, and 350 mm) by sieving.
The particle size ranges of HMX samples were separated by the
screening machine. Particle sizes and purity of the HMX were
checked with a Topocon Electron Microscope model SR-50
and a HPLC Instrument. Figure 1 shows photomicrographs
for two samples of HMX particles.

Results and Discussion

HMX exists in four solid-phase polymorphs, labeled a -, b-, c-,
and d-HMX [13,14], each of which can reportedly be prepared
by a specific cooling rate of a reaction solution [15]. The b phase
of HMX has the highest density and is stable at room tempera-
ture; it is the form in which HMX is normally produced and
used. However, when heated to temperatures above 162�C,
the b phase converts to the d phase HMX [13,16–19]. This con-
version of the b phase (monoclinic lattice structure) to the d
phase (hexagonal lattice structure) involves a major disruption
of the cohesive forces in the HMX crystal lattice and a ring con-
formation change from b (chair) to d (chair-chair) [20,21]. The
electrostatic forces created within the HMX lattice produce a

Figure 1. Scanning electron micrographs of crystals selected
from samples 1 and 6 that were subsequently subjected to
partial decomposition in the DSC.
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potential energy barrier to overcome in the transformation
from the b! d phase [17].

Figure 2 shows DSC curves for sample 4 (90 mm) of HMX at
5, 10, 15, and 20�C min�1 heating rates. The curves were pre-
sented in the range 260–300�C for better visualization. The
DSC curve of HMX shows three peaks. At first, there is a weak
endothermic peak observe at about 185–200�C that is due to the
morphology transformation (b! d). The exact transition tem-
perature for each particle size obviously depends on the rate of
heating (180�C at 5�C=min and 190�C at 20�C=min heating rate
for sample 4). Usually the crystal phase transformations are
reversible and therefore it is tempting to say that the irreversi-
bility in HMX is due to the different conformational structure
of HMX molecules in the respective crystal structures [22].
After a transformation step, a sharp endothermic peak at

Figure 2. The effect of heating rate on the thermal decomposi-
tion of HMX (sample weight 2.0mg; nitrogen atmosphere and
HMX particle size 90 mm).
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274–281�Cappears in the DSC curve of HMX that corresponds
to the onset of melting. This peak immediately is followed by a
strong exothermic peak, which is due to the self-decomposition
of HMX [23,24]. HMX decomposition is exothermic.

Figure 3 shows the influence of the heating rate on the
peak temperature for sample 4. The behavior of all samples
was similar and the onest temperature and maximum heat
output temperature rises with increasing heating rate. This
phenomenon was observed because decomposition of HMX
begins slowly, accelerates in rate during the process, and
tapers off until the sample is completely consumed [25,26].
On the other hand, at the constant heating rate, as shown
in Fig. 4 the decomposition occurred at lower temperatures
by decreasing particle size of HMX samples. Also, Fig. 5
shows this result at heating rate of 20�C=min. This observa-
tion may be due to two reasons: (1) The reduced particle size

Figure 3. The effect of heating rate of DSC on the peak
temperature, Tm, of HMX (90mm particle size).
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of the HMX sample enhances its surface area, which causes an
increase in the sample’s heat absorption ability and hence
lower decomposition temperature [27]. (2) The formation of
localized hotspots is an important step in the ignition of
energetic materials [28]. When the particles in an explosive
are small and jagged, less thermal energy is needed to pro-
duce hot spots. This is because energy is localized at the
stress points. Also, dislocations, cracks, and other discontinu-
ities in the crystal structure provide sites favorable to the for-
mation of hot spots. These sites may come about from
structural dislocations running between grain boundaries or
other discontinuities. These form as a crystal grows and
acquires more molecules, which do not fit properly in to the
normal pattern. The faults do not heal with continued over-
growth [29,30].

Figure 4. DSC curves of HMX samples with different particle
sizes (sample weight 2.0mg; nitrogen atmosphere and heating
rate 20�C=min).
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Kinetic Parameters

The temperatures of exothermic peak for HMX at different
heating rates are shown in Table 1. The kinetic parameters of
decomposition for HMX were determined via DSC using Kis-
singer’s method [31–35]. Kissinger’s method has been used in
the literature to determine the activation energy of solid-state
reactions from plots of the logarithm of the heating rate versus
the inverse of the temperature at the maximum reaction rate in
constant heating rate experiments [10]. The activation energy
can be determined by Kissinger’s method without a precise
knowledge of the reaction mechanism, using the following
equation:

Ln
ðuÞ
T2
¼ Ln

AR

T

� �
� Ea

RTP
ð1Þ

Figure 5. The effect of particle size on the peak temperature,
Tm, of the HMX in DSC at a constant heating rate (20�C=min).
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where / is the heating rate and TP is the peak temperature of a
DSC scan at that rate. In the experiments, TPs at various rates
were collected, and values of ln (u=T2

P) were plotted against
values of 1=TP. A straight line through the data points was
obtained by linear regression. The activation energy, Ea,
was determined from the slope, and the frequency factor, A,
was determined from the intercept. The results are tabulated
in Table 1.

Another method that could be used for determination the
activation energy without knowledge of reaction order is Ozawa
method [36–40]. The activation energy of this reaction was esti-
mated using Ozawa method from a linear fitting of / versus
1=Tp in the following equation [32]:

logbþ 0:456E
�
RT ¼ C ð2Þ

The activation energy was calculated from the slope. The calcu-
lated results of activation energy are shown in Table 1.

A comparison of the activation energies obtained from the
Kissinger and Ozawa methods indicates that both methods
agree with each other quite well in estimating the reaction acti-
vation energies and frequency factors. As shown in Figures 6
and 7, the activation energy and frequency factor calculated
from the Kissinger method for each of HMX samples are
slightly lower than that calculated from the Ozawa method.

Figures 6 and 7 show the influence of particle size on the
results of activation energy and frequency factor calculated
by the Ozawa and Kissinger methods. It was observed that
the activation energy and frequency factor obtained by the
two methods decrease as the particle size of HMX decrease.
This is because energy is localized at the stress points and the
population of these points increased by formation of smaller
particles [30].

Estimation of Critical Temperature for Thermal
Explosion

The critical ignition temperature (Tb) is an important para-
meter required to ensure safe storage and process operations
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involving explosives, propellants, and pyrotechnics. It is
defined as the lowest temperature to which a specific charge
may be heated without undergoing thermal runaway [41,42].
Tb may be calculated from combustion theory and appropriate
thermokinetic parameters, namely the activation energy (E),
the pre-exponential factor (A), and the heating rate (u).

The values (Tp0) of the peak temperatures (Tp) for each
sample corresponding to u! 0 obtained by Eq. (3) taken from
Yang et al. [43] are shown in Table 2.

Tpi ¼ TP0 þ bui þ cu2
i þ du3

i ; i ¼ 1; . . . ; 5 ð3Þ

where b, c, and d are coefficients.

Figure 6. Plot of activation energy vs. particle size for the
various HMX samples as calculated by the Kissinger and
Ozawa methods.
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Figure 7. Changes of log A values vs. particle size of HMX
samples obtained by the Ozawa and Kissinger methods.

Table 2
Calculated critical temperature of thermal explosion (Tb) for

different samples of HMX obtained from Eq. (4)

Tb(K)

Sample no. Ti(K) Kissinger Ozawa

1 551.3 557.45 557.31
2 546.6 554.32 554.11
4 544.5 553.42 553.13
5 539.8 549.85 549.48
6 538.1 548.99 548.56
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The critical temperature of thermal explosion (Tb) for each
sample of HMX obtained from Eq. (4) are taken from Yang
et al. [43] and Zhang et al. [44].

Tb ¼
Eo �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2

o � 4EoRTp0

p
2R

ð4Þ

where R is the gas constant (8.314 Jmol�1 K�1). E0 is the value
of E obtained by the Ozawa and Kissinger methods. Table 2
shows thermal explosion temperatures for different samples
obtained from activation energies calculated by different
methods.

Thermodynamic Parameters

The entropy of activation (DS#), enthalpy of activation (DH#),
and free energy of activation (DG#) corresponding to
T ¼ Tp0;E ¼ Ea and A ¼ Ak obtained by Eqs. (5), (6), and
(7) [45–47] for each sample are shown in Table 3.

A ¼ kBT

h
eDS#=R ð5Þ

Table 3
Thermodynamic parameters for different samples of HMX:

entropy of activation (DS#), enthalpy of activation (DH#), and
free energy of activation (DG#) corresponding to

T ¼ Tp0;E ¼ Ea; and A ¼ Ak obtained by Eqs. (5), (6), and (7)

Sample
no. TiðKÞ

DS (J=mol) DH (kJ=mol) DG (kJ=mol)

Kissinger Ozawa Kissinger Ozawa Kissinger Ozawa

1 551.3 470.16 478.01 470.15 429.29 210.95 160.80
2 550.0 385.95 402.60 373.05 382.33 160.77 160.9
3 546.6 309.42 326.06 330.67 339.31 161.54 161.72
4 544.5 227.52 244.18 285.44 294.68 161.60 161.72
5 539.8 163.46 180.12 250.17 259.33 161.90 162.10
6 538.1 126.73 147.02 229.86 239.05 161.66 159.84
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A exp� Ea

RT

� �
¼ kBT

h
exp

DS#

R

� �
exp �DH#

RT

� �
ð6Þ

DG# ¼ DH# � TDS# ð7Þ

where kB is the Boltzmann constant and h is Planck’s constant.

Conclusion

The effect of DSC heating rate on the thermal decomposition of
HMX at different particle sizes was studied. It was observed
that the heating rate is an important factor in the thermal
decomposition of HMX. The results show that as the heating
rate increases, the decomposition peak shifts to a higher tem-
perature. However, at a constant heating rate, this temperature
was decreased as the particle size was reduced. The activation
energy and the pre-exponential factor were obtained by the
Kissinger and Ozawa methods for all samples. The present
study shows that the values of activation energy and pre-
exponential factor determined by the Kissinger and Ozawa
methods decrease by reducing the particle size of HMX
samples. By comparing the activation energy obtained by dif-
ferent methods, it was found that calculated values for various
samples by Kissinger’s method are lower than those calculated
by Ozawa’s method.

The critical temperature of thermal explosion of the com-
pound at various particle sizes was calculated. On the other
hand, the values of DS#, DH#, and DG#of the reaction at Tp0

were computed for all samples.
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