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bstract

Three kinds of octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX) samples with spherical (�-phase), needle (�-phase) and polyhedral (�-
hase) shapes were fabricated by wet milling, solvent/non-solvent and riddling methods, respectively. By changing the technical conditions, HMX
owders with different particle sizes were obtained for each kind of sample. All as-prepared samples were characterized by laser granularity
easurement, scanning electron microscopy (SEM) and X-ray diffractometry (XRD). Taking advantage of mechanical sensitivity tests, slow

ook-off tests and differential scanning calorimetry (DSC) analysis, the mechanical sensitivity and thermal stability of HMX samples were found
o depend on particle size and morphology. Results indicated that particle size played a significant role in the safety of HMX, and that morphology

egulated the experimental results, i.e., for each kind of HMX samples, the mechanical sensitivity and thermal stability of HMX changed if the
article size differed. However, the trends of these changes exhibit much variance if the microstructure of the HMX particles is altered. Consequently,
he difference in safety for these kinds of samples has to do with their specific morphology.

2008 Elsevier B.V. All rights reserved.
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. Introduction

The wide application of octahydro-1,3,5,7-tetranitro-1,3,5,7-
etrazocine (HMX) has prompted vigorous efforts to understand
nd improve its safety. Among the factors affecting the safety
f explosives (such as physical and chemical structures, charge
iameter and density, etc.), microstructure and size of explosive
articles play significant roles [1–4].

It is not strange to study the effects of particle size on
echanical sensitivity of explosives, but the reported results are

ontroversial. Liu found that the friction sensitivity of explo-
ives decreased almost linearly as the particle size was reduced
rom 154 to 10 �m [5]. However, Yang investigated the fric-

ion sensitivity of RDX particles sized 8.95, 12.78, 54.89 and
40 �m, and the results showed no self-consistent trend [6].
ne report has even shown an inverse relationship between fric-
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ion sensitivity and particle size of HMX [7]. Fortunately, the
eports about impact sensitivity tests were more consistent, i.e.,
he impact sensitivity of explosive always fell as the particles
ize decreased. Zhang compared the impact sensitivity of HMX
ith different particle sizes and found that the explosive prob-

bility decreased significantly if the particles size is less than
�m, which is attributed to the slighter crystal deficiency inside

he smaller explosive particles [8,9]. Simpson et al. also found
hat explosives with smaller particle size are more difficult to
gnite, but that combustion following ignition has an increased
ikelihood of resulting in detonation [10,11].

The effect of morphology on the safety and stability of
xplosive particles is also important. However, few researchers
ddressed this factor, which may be the cause of the discrep-
ncy noted above. For example, if we study the relationship
etween mechanical sensitivity and particle size, we should

elect HMX particles with similar microstructure. Otherwise,
he results would fluctuate greatly because the potential factor,
.e., the effect of morphology is neglected. Herein, we used three

ethods to fabricate three kinds of HMX samples with differing

mailto:songxiaolan00@126.com
dx.doi.org/10.1016/j.jhazmat.2008.02.009
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ig. 1. SEM images of HMX samples: (a) raw HMX powders, d50 = 85.9 �m;

50 = 2.98 �m; (d) prepared by riddling, d50 = 3.26 �m.

orphologies. For each kind of HMX samples, the effect of par-
icle size on their safety is studied. Furthermore, as a highlight
f this study, the influence of microstructure of HMX particles
n its safety is discussed in detail.

. Experimental

.1. Materials and fabrication

Raw HMX powders (d50 = 85.9 �m, d90 = 258.2 �m) were
urchased from the Yinguang chemical plant of China. Using
et riddling, wet milling and solvent/non-solvent methods, three
inds of HMX samples were made from raw HMX. By control-
ing technical parameters, HMX particles with different average
article sizes (d50) were obtained within each of the three kinds
f samples (shown in Table 1).

.2. Samples test

Sample morphologies were examined using a LEO field-
mission scanning electron microscope (SEM). Particle size
nd size distribution of samples were measured using a Mas-
er Sizer Instrument. An HGZ-1 impact instrument was used

o test the impact sensitivity of HMX samples. Each sample
35 mg) was tested 25 times to obtain a H50. (The H50 value
epresents the height from which dropping a 5 kg weight will
esult in an explosive event in 50% of the trials.) With four

H
p
c
s

epared by milling, d50 = 0.6 �m; (c) prepared by solvent/non-solvent method,

eplicate tests, an average value of H50 was calculated. A WM-
friction instrument (80 ± 1◦, 3.0 MPa) was employed to test

he friction sensitivity of samples. Each sample (20 mg) was
ested 25 times and an explosive probability P (%) was obtained.
n average value of P was estimated with four replicate tests.

n the slow cook-off test, the heating rate of each sample (3 g,
harge Ø 10) was 3 ◦C min−1. The self-accelerated heating of
xplosive charges was logged to estimate the thermal sensitivity
f HMX samples. Differential scanning calorimetry (DSC) of
amples was performed on a TA Model Q600 differential scan-
ing calorimeter under a floating N2 atmosphere (10 mL min−1).
he heating rates for each sample were 5, 10 and 20 ◦C min−1.
hase changes were detected using a Bruker Advance D8 X-
ay diffractometer (XRD), using Cu K� radiation at 40 kV and
0 mA.

. Results

.1. Sample characterization

Fig. 1 provides SEM images of raw HMX powders and part
f as-prepared samples. The differences in morphology among
he four kinds of samples shown above are obvious. The raw

MX (Fig. 1(a)) has prismatic type microstructure with smooth
article surfaces. SEM image of Fig. 1(b) shows that HMX parti-
les prepared after several hours of wet milling yield the nearly
pherical crystal morphology. In Fig. 1(c), groups of needle-
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Table 1
Fabrication of samples with different morphology and particle size

Methods Medium Technical parameters d50 (�m)

Wet riddling Alcohol (95 wt.%) Size of sieves 3.26, 21, 63, 82, 125 and 230

Wet milling Alcohol (95 wt.%), ZrO2 balls
(0.8–2.5 mm)

Milling time, flow velocity of
medium

0.6, 4.5, 10.9, 21 and 56

Solvent/non-solvent Dimethyl sulfoxide (solvent),
aqueous solution of emulsifier
(non-solvent)

Table 2
Analysis results of XRD in Fig. 2

Samples in Fig. 2 Morphology d50 (�m) Phases Xs (nm)

a Prism 85.9 � 62.5
b Spherical 0.6 � 43.4
c
d
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Polyhedron 3.26 � 28.6
Needle 2.98 � 19.3

haped particles representing loose agglomerates are visible,
hereas the HMX particles prepared by wet riddling present

ome unregulated polyhedral microstructure with very coarse
urfaces in Fig. 1(d).

Samples imaged in Fig. 1 were selected, and their phases
ere analyzed by X-ray diffractometry. MID jade5.0 software
as employed to fit their diffractive peaks and calculate the aver-

ge crystallite size (Xs) of samples. XRD patterns and analysis
esults are shown in Fig. 2 and listed in Table 2, respectively.

In Fig. 2, the XRD patterns of HMX samples shows clearly
hat the raw HMX and the samples prepared by wet riddling and

illing exist as the same crystal phase—beta (�). Relating to
heir fabricated methods in point, this result is not surprising.
owever, unlike the patterns of a–c, the crystallinity of HMX

ample prepared by solvent/non-solvent method is verified in

ig. 2(d), which displays the pattern of d as �-HMX. It is evi-
ent that adoption of different prepared methods not only can
hange the surface morphology of HMX particles but also may
ransform their crystal phase.

ig. 2. XRD patterns of HMX samples: (a) raw HMX powders, d50 = 85.9 �m;
b) by milling, d50 = 0.6 �m; (c) by riddling, d50 = 3.26 �m; (d) by solvent/non-
olvent method, d50 = 2.98 �m.
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Stirring rate, temperature
difference between solvent and
non-solvent

2.98, 4.8, 10.2 and 16.1

.2. Mechanical sensitivity analyses

Small-scale mechanical sensitivity tests were performed on
ll HMX samples prepared in this report, and the results of these
ests are shown in Fig. 3. Each plot in Fig. 3 shows two curves
orresponding to changes in impact and friction sensitivity as
function of particle size. For spherical �-HMX samples, the
50 increases as the particle size decreases—especially within

he scale of 0.6–21 �m. The trend indicates that small, spherical
-HMX particles are less sensitive to impact force. In the fric-

ion test, however, the result reverses and the friction sensitivity
ncreases gradually as particle size decreases. For needle-like �-
MX samples, the impact and friction sensitivities both linearly

ncrease with increasing particle size from 2.98 to 16.1 �m. For
olyhedral �-HMX samples, the plots of impact and friction
ensitivity versus particle size show no obvious trend, i.e., the
esting data do not increase or decrease regularly as a function
f particle size.

On the other hand, the average value of H50 for needle-like
-HMX samples (H̄50 = 17.1 cm) is much lower than that for
pherical (H̄50 = 54.1 cm) and polyhedral (H̄50 = 45.5 cm)
amples. This implies that needle-like �-HMX particles are quite
ensitive to impact stimuli. Meanwhile, the average value of
xplosive probability (P̄) of polyhedron �-HMX samples equals
2%, which is lower than that of spherical (P̄ = 80%) and needle
P̄ = 82%) samples.

.3. Thermal stability analyses

.3.1. Thermal sensitivity tests
Fig. 4 reveals the thermal sensitivity of three kinds of HMX

amples as a function of particle size. It shows the influences of
article size and morphology on the self-accelerated heating of
MX. Plots a and b illustrate that the T break of spherical and
olyhedron �-HMX samples both tend to decrease as the parti-
le size become larger, which implies that the smaller particles
ave higher thermal stability. While needle �-HMX samples take
tself on the opposite side, i.e., the smaller particles are easier to
xplode in the course of heating.

Compared to the experimental results for the three kinds of
MX samples, we find that the effect of morphology on the
hermal sensitivity of HMX is obscure in that very little differ-
nce in average T break values is seen for the different particle
izes. The average (T break) values of 273.0, 268.7, and 265.5 ◦C
ere measured for spherical, polyhedral and needle-like sam-
les, respectively.
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ig. 3. Impact and friction sensitivities of HMX samples as a function of part
epresent one standard deviation of the average value obtained from four peerin

.3.2. Thermal decomposition tests

Fig. 5 shows the DSC curves for HMX samples with different

orphologies. These curves were acquired in N2 atmosphere at
eating rates of 5, 10 and 20 ◦C min−1. In each case, the tem-
erature of the exothermic peak and the decomposition heat

ig. 4. Self-accelerated heating of HMX samples as a function of particle size:
a) by milling; (b) by riddling; (c) by solvent/non-solvent.
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ize: (a) by milling; (b) by solvent/non-solvent; (c) by riddling. The error bars
s.

determined by the area of the primary peak in DSC curve)
ecrease with decreasing heating rate. However, the results for
he different kinds of samples do not generally shift to the same
xtent at any given heating rate.

The Starink method is used in the kinetic evaluation when
tudying the effects of particle size and microstructure on appar-
nt activation energies for thermal decomposition of HMX. It
s an order of magnitude more accurate than others and follows
he following equation [12,13]:

n

(
Tp

s

φ

)
= A

Ea

RTp
+ C (1)

here Tp is the temperature of exothermic peak in DSC curve,
; Φ is the heating rate, K min−1; Ea is the activation energy,
mol−1; s is a constant, and A is a constant which depends
f the choice of s. In the case of the Kissinger method s = 2
nd A = 1, the Ozawa method uses s = 0 and A = 1.0518, and the
tarink method uses s = 1.8 and A = 1.0070–1.2 × 10−8 Ea. The
ast method is employed to determine Ea of samples. Because the
alues of R2 for the insets in Fig. 5 exhibit some difference with
ach other, the final apparent activation energy of each sample
s expressed as an average value of Ea calculated from Starink’s
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Fig. 5. DSC traces for HMX samples: (a) raw HMX powders, d50 = 85.9 �m; (b) by milling, d50 = 0.6 �m; (c) by solvent/non-solvent method, d50 = 2.98 �m; (d) by
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iddling, d50 = 3.26 �m. Each inset is a Starink’ plot for the thermal decomposi
n(T 1.8

p Φ−1) to 1000 × T−1
p .

ormula with DSC data collected at every two heating rates

¯ a = Ea(5−10 K min−1) + Ea(5−20 K min−1) + Ea(10−20 K min−1)

3
(2)

here Ēa is the final apparent activation energy of thermal
ecomposition for a sample, Ea(5−10 K min−1), Ea(5−20 K min−1)
nd Ea(10−20 K min−1) are the activation energies calculated from
xpression (1) by Starink’s method.

Fig. 6 shows the plots of Ēa versus particle size for the three
MX morphologies. In Fig. 6, for each kind of samples, the

hange of Ēa does not appear to change significantly with par-
icle size. However, comparing different sample morphologies,
he average value (calculated using the data at different d50)
f Ēa for spherical particles ( ¯̄Ea = 263.45 kJ mol−1) is higher
han that for polyhedral ( ¯̄Ea = 243.7 kJ mol−1) and needle-like
¯̄Ea = 239.19 kJ mol−1) particles. This result implies that the
eedles decompose easily, and that the thermal stability of the

pherical �-HMX particles takes on optimal above all, which
re similar to the experimental results in Fig. 4.

Noticeably, in Fig. 6, the point for raw �-HMX is quite iso-
ated from the values for polyhedral samples. Ostensibly, the

w
p

eak of the DSC curves. Symbol R2 is used to identify the linear coefficient of

aw �-HMX should yield results similar to the sieved samples,
ince they are kin. Essentially, a large difference exists between
heir particle size distributions.

Fig. 7 displays particle size distribution diagrams of raw �-
MX powders and �-HMX samples prepared by riddling. The

ize distribution of raw particles in Fig. 7(a), spanning from
.1 nm to 1000 �m, is quite broad. While the sieved samples
iffer, each diagram presents a regular, narrow and dominant
urve in Fig. 7(b–d). In our previous studies for RDX, we found
hat although two kinds of RDX powders have almost the same
50, the activation energy of the sample with broad size distri-
ution (0.1–90 �m, d50 = 5.6 �m, Ea = 135 kJ mol−1) is higher
han that of a sample with narrow size distribution (0.3–15 �m,
50 = 4.9 �m, Ea = 119 kJ mol−1). Therefore, we conclude that
he over-broad size distribution of raw �-HMX results in the
ighest activation energy, which is exhibited in Fig. 6.

. Discussion
In combining the experimental results and theories together,
e suppose that the unique microstructure of each kind of HMX
articles relates to the “hot spot” growth mechanism [14]. In fric-
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Fig. 6. Ea for HMX vs. particle size. The error bars re
ion sensitivity tests, the friction among HMX particles is the
ain factor forming “hot spots”, which then cause detonation.
or spherical �-HMX samples, the contact area upon particles
urfaces and bulk density are apparently higher than those of

n
T
p
i

Fig. 7. Size distribution diagr
nt the standard deviation for the average value of Ea.
eedle particles when they undergo the same frictional action.
herefore, under the same condition, the spherical powders may
roduce more heat (especially the smaller particles), which will
ncrease the likelihood of forming a “hot spot”. In fact, the nee-

ams of HMX samples.
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le �-HMX particles of larger size also present higher friction
ensitivity. It may owe to the much crystal deficiencies inside
heir particles. Therefore, larger needle particles can be crushed,
reaking into fragments due to external force (by contrast, the
arger spherical �-HMX particles are not easy fragmented in
his way). Those spiculate fragments chafe against one another,
ausing high heat release and explosion.

In the impact sensitivity tests, the friction among explo-
ive particles becomes a subordinate factor, and the influence
f crystal deficiencies inside HMX particles dominates. When
xplosive particles undergo exoteric impact action, “hot spots”
row preferentially with the weak interface of crystals via
ntervening, spalling, rolling and smashing. This mechanism is
ppropriate when explaining why needle-like samples exhibit
igher impact sensitivity because of their high crystallite asym-
etry. However, spherical �-HMX particles not only have

niform texture and few crystal deficiencies, but also contact
ightly by means of their smooth and curved surfaces. Further-

ore, there are plenty of tiny air holes among the spherical
articles, which can cushion a blow from the impact action.
ccordingly, spherical �-HMX samples present the lowest

mpact sensitivity.
In terms of thermal stabilities, the thermal conductivity of

he explosive plays a significant role. In general, as the parti-
le size of the explosive decreases, the specific surface area and
he amount of atoms located at the particle surface increase,
hich mean that the outer electronic orbital extends and the

toms’ vibrating space expands. These changes result in an
mprovement in thermal conductivity among explosive parti-
les [11,15,16]. As a result of higher thermal conductivity, the
eat released by thermal decomposition can be dissipated in
ime to prevent explosive decomposition, and further decompo-
ition is limited. Accordingly, smaller particles should present
igher thermal stabilities. However, in our experiments, needle-
haped �-HMX particles are an exception, i.e., the smaller needle
articles are easier to explode in the cook-off test and exhibit
ower activation energy in thermal analysis. This phenomenon
s mostly attributed to their unique morphology. In fact, for
eedle-shaped particles, the average particle size (d50) measured
y laser granularity measurement cannot represent their actual
imensions. Abstractly, for a needle-shaped particle, the size at
he “top-end” may be of submicron and even nanometer scales
lthough the d50 of whole powders equal to 2.98 �m. Mean-
hile, as the d50 of needle particles decreases, the tiny “top-end”
ould be more and smaller, which present high reactivity and
ecompose firstly with a mass of heats releasing in heating pro-
edure. If the heat generated is greater than the heat which is
adiated, the temperature of the explosive system climbs con-
inuously, which further accelerates thermal decomposition of
he explosive. Perhaps due to such a self-catalytic reaction, the
eedle-like samples exhibit the lowest values of T̄break and ¯̄Ea.

Another factor affecting explosive safety is the different crys-
al phases among the three kinds of samples. In general, HMX

an exist as �, �, � or � four phases, and �-HMX has the highest
tability [17]. With a 5 kg hammer, Ye elicited a H50 of 33 cm
or �-HMX (d50 = 125–500 �m), which is much larger than the

50 (7 cm) of �-HMX (d50 = 10 �m) [17]. This result is consis-
Materials 159 (2008) 222–229

ent with our tests. In addition, the thermal stabilities of HMX
amples are related to their Xs (listed in Table 2), i.e., explo-
ive particles with smaller crystallite may decompose first in the
ourse of heating.

. Conclusion

In Section 1, we not only summarized many reports about
he effect of particle size on the mechanical sensitivity of explo-
ives, but also showed the discrepancies among them. Therein,
e speculated that the different microstructures of explosive par-

icles caused the inconsistency in previous studies’ experimental
esults. In order to confirm our supposition, i.e., to investigate the
nfluence of morphology on mechanical sensitivities and ther-

al stabilities of explosive, three kinds of HMX samples with
pherical, needle-like and polyhedral microstructures have been
abricated by wet milling, solvent/non-solvent and wet riddling
ethods, respectively. Meanwhile, via controlling the size of

ieves, milling time and temperature difference between solvent
nd non-solvent, etc., HMX with different particle size were
btained within each kind of samples. The results of our tests
xpectably indicate that the safety of HMX is affected by particle
ize, but also depends strongly on the microstructure of HMX
articles. As a result, it is possible to obtain two results under
he same experimental conditions if two samples have similar
imension and different morphologies. For spherical �-HMX
amples, the smaller particles have higher friction sensitivity.
owever, for the needle-shaped �-HMX particles, the explosive
robability P (%) falls along with decreasing particle size.

Furthermore, on the whole, the spherical �-HMX samples
ave lower impact sensitivity, higher friction sensitivity and
igher thermal stability. The needle-shaped �-HMX samples
ave higher impact sensitivity, lower friction sensitivity and
ower thermal stability. The mechanical sensitivity and thermal
tability of polyhedral samples are more moderate and the data
isplay no obvious trends as a function of particle size except
hat in slow cook-off tests, their self-accelerated temperature
ently increases as the particle size decreases.
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