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Abstract: A new insensitive explosive based on octahydro-1,3,5,7-tetranitro-
1,3,5,7-tetrazocine (HMX) was prepared by spray drying using Estane 5703 as 
a binder.  Scanning electron microscopy was used to characterize the morphology 
and particle size of the HMX/Estane 5703 nanocomposites.  The composites were 
analyzed by X-ray diffractometry and differential scanning calorimetry and their 
impact sensitivity was determined.  For comparison, raw HMX was also tested 
using these three methods.  The nanocomposite morphology was found to be 
microspherical (1 to 8 μm diameter) and composed of many tiny particles, 30 to 
150 nm in size.  The crystal type of the HMX/Estane 5703 nanocomposites was 
unchanged.  The activation energy, self-ignition temperature and average drop 
height of the raw HMX were 515.66 kJ·mol-1, 278.63 °C and 18.4 cm, respectively. 
In comparison, the corresponding values for the HMX/Estane 5703 nanocomposites 
were 488.92 kJ·mol-1, 279.3 °C and 75.4 cm, respectively.
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1	 Introduction

Although high explosives (HEs) have attracted much attention because of their 
higher energy, they cannot be used directly in weapons because of their sensitivity.  
Various binders have therefore been added to HEs to reduce their sensitivity [1-
5].  A number of studies have been conducted on Estane (a polyurethane) as one 
of the favorite binders [6-12].  Plastic bonded explosives (PBXs) coated with 
Estane display many advantages, such as excellent toughness and waterproofness.  
However, the required binder ratio in PBXs is usually 5 to 10% [13-15], which 
reduces the HE energy.  An alternative way to reduce the sensitivity of HEs has been 
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studied, namely, by changing their crystal size and morphology.  Micro- and nano-
meter-sized HEs have been prepared by various techniques [16-18].  These HEs 
retain their energy but are less sensitive.  Spherical and cubic explosive particles 
have been prepared to reduce the HE sensitivity [19-21].  Many researchers have 
shown that nanometer-sized spherical explosive particles, which are coated with 
a small amount of binder, can be prepared in a single-step, spray drying process 
[22-24].  This technology not only reduces the HE sensitivity, but also reduces 
the HE energy loss.  The spray drying process has many advantages, such as 
accurate control of the process conditions and rapid preparation.  For example, 
raw octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX) and HMX/polyvinyl 
acetate have been prepared by a spray drying process [25].  However, insufficient 
research has been conducted into spray drying and additional experimentation 
is required.  In the present work, HMX-based nanocomposites with Estane 5703 
as the binder were prepared by spray drying. Furthermore, the nanocomposite 
properties were characterized and analyzed in detail.

2	 Experimental Part

2.1	 Materials
HMX was produced by Gansu YingGuang Chemical Industry Group Co., Ltd.; 
Estane 5703 was provided from Dongguan XiangLin Plastic Co., Ltd.; acetone 
was purchased from Tianjin TianDa Chemicals Co., Ltd. 

2.2	 Preparation of HMX-based nanocomposites
To begin with, both HMX (3 g) and Estane 5703 (0.0928 g) were dissolved 
together in acetone at 40 °C at a concentration of 3 wt% by sonication.  The 
co-solution was then spray-dried to produce nanoparticles using a Mini Buchi 
290 spray dryer.  The flow rate of the feed solution and the cyclone was set to 
50 mL·min-1 and 36 m3·h-1, respectively.  The temperature of the dry inlet gas 
(N2) was kept at 65 °C.  Finally, the products were collected in an electrically 
grounded, glass collection vessel.

2.3	 Characterization
The morphology and size of the HMX-based nanocomposites were studied using 
a Hitachi S-4800 scanning electron microscope (SEM) (Hitachi Ltd., Japan).  The 
accelerating voltage was 1.0 kV.  A DX-2700 diffractometer (Dandong Haoyuan 
Instrument Co., Ltd., China) was used to compare the crystal types of the raw HMX 
and the HMX/Estane nanocomposites by X-ray diffractometry (XRD).  The testing 
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conditions were: tube voltage 40 kV; tube current 30 mA; stepping angle 0.03° 
and sample interval 0.5 s.  The crystal size of the HMX-based nanocomposites 
was also estimated using the Scherrer equation.  Differential scanning calorimetry 
(DSC) experiments were conducted in an N2 atmosphere using a Setaram DSC131 
instrument (Setaram Instrumentation Co., France) and aluminum crucibles with 
a hole in the cap.  The test conditions were: sample mass 0.7 mg; N2 flow rate 
15 mL·min-1 and sample heating rates 20, 10 and 5 K·min-1.  The impact sensitivity 
of the HMX-based nanocomposites was tested at room temperature using an ERL 
type 12 drop hammer apparatus with a sample mass of 35 ± 1 mg and a drop weight 
of 5 ± 0.002 kg.  Four groups of samples and 25 of the same sample from each 
group were tested.  The results were obtained in terms of the critical drop-height 
of 50% explosion probability (H50) and the standard deviation (S).

3	 Results and Discussion

3.1	 SEM characterization

 

 
Figure 1.	 SEM images of HMX-based nanocomposites at different  

magnifications.
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Figure 1 shows SEM micrographs of the HMX-based nanocomposites.  
Figure 1(a) shows that the sample particle size range from 1 to 8 μm.  The 
samples are microspherical, with rough surfaces and are composed of many tiny 
particles (see Figure 1(b)) that stick together (see Figure 1(c) and (d)).  Most of 
the particles are spherical and clavate and are 30 to 150 nm in size.

3.2	 XRD characterization
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Figure 2.	 X-ray diffraction patterns of raw HMX  (a) and HMX-based 
nanocomposites (b).

As is shown in Figure  2, compared with raw HMX, the HMX-based 
nanocomposites have similar diffraction angles but more unidentifiable diffraction 
peaks because of the addition of Estane 5703.  Moreover, the diffraction peaks of 
the HMX-based nanocomposites are wider and weaker (diffraction peak intensity 
below 1000 a.u.) than those of raw HMX (diffraction peak intensity of ~2000-
16000 a.u.).  This is because the diffraction peaks of the sample weaken and 
disappear as the sample particle size is reduced to the nano-level.  MID Jade 9.0 
software was used to fit the diffraction peaks of the HMX/Estane 5703 sample and 
to calculate the full width at half maximum (FWHM) of its diffraction pattern.  
The average crystallite size of the HMX/Estane 5703 sample was estimated using 
the Scherrer equation (Equation 1) [26].
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D is the particle length in nm;  K is the Scherrer constant, 0.89;  λ is the 
wavelength of the X-ray, 0.154 nm;  B is the full width at half maximum (FWHM) 
of the diffraction pattern in radians;  θ is the diffraction angle in radians.

Three different diffraction angles (2θ) and the FWHM of the major 
characteristic diffraction peaks were collected from 10-45°.  The diffraction 
angles and FWHM were 16.297, 24.428, 33.036° and 0.199, 0.236, 0.272°, 
respectively.  The results show that the HMX crystal sizes were 39.8, 34.0 and 
30.1 nm, which is consistent with the SEM micrographs.

3.3	 Thermal decomposition characteristics
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Figure 3.	 DSC curves of raw HMX (A) and HMX-based nanocomposites (B) 
at heating rates of 20 K∙min-1 (a), 10 K∙min-1 (b), and 5 K∙min-1 (c).

Figure  3 shows the DSC curves of raw HMX and the HMX-based 
nanocomposites at 5, 10 and 20  K∙min-1 heating rates.  In Figure  3(A), 
the exothermic peak temperatures of raw HMX were 285.17, 281.88 and 
278.41  °C at heating rates of 20, 10 and 5 K∙min-1, respectively.  Similarly, 
Figure 3(B) indicates that the exothermic peak temperatures of the HMX-based 
nanocomposites were 284.14, 279.85 and 277.16 °C at heating rates of 20, 10 
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and 5 K·min-1, respectively.  A comparison between these two images shows that 
the exothermic peak temperatures of the HMX-based nanocomposites differ little 
from those of raw HMX.  This proves that HMX and Estane 5703 are compatible.  
The thermal decomposition kinetics parameters of raw HMX and the HMX-based 
nanocomposites can be calculated by the Kissinger method (Equation 2) [27].

pipi

i
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T
−= lnln 2

β
� (2)

βi is the heating rate in K·min-1; Tpi is the temperature, in K, of the 
exothermic peak at heating rate βi; E is the activation energy in J·mol-1; A is the 
pre-exponential factor; R is the gas constant, 8.314 J·mol-1·K-1.
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Figure 4.	 Kissinger plots of raw HMX (a) and HMX-based nanocomposites (b).

As is shown in Figure 4, a  straight line is obtained when the values of 
ln(βi/Tpi

2) are plotted against 1/Tpi.  The activation energy can be calculated 
from the slope (–E/R).  The pre-exponential factor can be calculated from the 
intercept [ln(AR/E)].  The results are presented in Figures 4 (a) and (b), which 
show that the activation energy of the HMX-based nanocomposites is decreased 
only slightly from that of raw HMX. 
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3.4	 Thermal Stability
Thermal stability refers to the high temperature-resistance property of materials 
and their ability to maintain stable properties with heating.  It can be expressed 
using the self-ignition temperature (Tb), which can be estimated from Equations 3 
[28] and 4 [29].

Te = Tpi – bβi – cβ2
i� (3)

R
RETEE

T e
b 2

42 −−
= � (4)

where βi is the heating rate in K·min-1; Te is the peak temperature, in K, when 
βi is zero; Tpi is the peak temperature, in K, of decomposition at βi; b and c are 
constants; Tb is the self-ignition temperature in K; E is the activation energy in 
J∙mol-1; R is the universal gas constant, 8.314 J∙mol-1·K-1.

For raw HMX, Te and Tb were calculated to be 273.72 and 278.63  °C, 
respectively.  In comparison, Te and Tb of the HMX-based nanocomposites were 
calculated to be 274.11 and 279.3 °C, respectively.  The thermal stability of the 
HMX-based nanocomposites is therefore slightly better than that of raw HMX.

3.5	 Impact sensitivity

Table 1.	 Impact sensitivity of raw HMX and HMX-based nanocomposites

Sample
Impact sensitivity H50 [cm]

Experiment Average1 (S) 2 (S) 3 (S) 4 (S)

Raw HMX 17.5 
(0.09)

19.8 
(0.06)

17.8 
(0.05)

18.5 
(0.06) 18.4

HMX/Estane 5703 75.5 
(0.07)

78.7 
(0.07)

71.3 
(0.06)

75.9 
(0.05) 75.4

From Table 1, it can be seen that the drop height of the HMX/Estane 5703 
nanocomposite is much higher than that of raw HMX from four replicate 
experiments.  This occurs because the Estane 5703 can serve as a diverter or 
shock absorber under intense impact.  The HMX/Estane 5703 nanocomposite 
have excellent insensitivity.
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4	 Conclusions

A nanocomposite, which contained HMX and Estane  5703, was prepared 
successfully by spray drying.  The nanocomposites were 1 to 8 μm spheres, 
composed of spherical, 30-150  nm-sized clavate particles.  The crystal type 
of HMX/Estane 5703 and raw HMX was consistent.  The activation energy of 
HMX/Estane 5703 is slightly lower than that of raw HMX, thereby proving that 
the energy of the HMX/Estane 5703 is maintained at a high level.  Meanwhile, 
the thermal stability of HMX/Estane  5703 is better than that of raw HMX 
because of its higher self-ignition temperature.  The impact sensitivity of the 
HMX/Estane 5703 is lower than that of the raw HMX because it has a higher 
drop height.  These combined properties suggest that the HMX/Estane 5703 
nanocomposite is an insensitive and high-energy explosive with great potential.
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