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Abstract: The thermal damage in octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine 
(HMX) based plastic-bonded explosive (PBX) was investigated using in situ small-
angle neutron and X-ray scattering techniques.  The microstructural evolution was 
quantitatively characterized by the model fitting parameters of total interfacial 
surface area (Sv) and void volume distribution.  The Sv of HMX-PBX decreased 
markedly above 100  °C, indicating the movement of binder into the voids.  
After subsequent cooling to room temperature, the scattering intensity increased 
significantly with increasing storage time, and a new population of voids with 
average diameter of 20  nm was observed, accompanied by the gradual phase 
transition of HMX from δ- to β-phase.  The experimental results implied that 
serious damage within the HMX-PBX was developed during storage after heating. 
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1	 Introduction

Octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX) based plastic bonded 
explosives (PBXs) have extensive industrial and military applications.  When 
HMX-PBXs are subjected to unexpected heat, thermal effects can result in phase 
transitions, thermal expansion and decomposition, which are associated with the 
generation of pores and cracks.  The resulting damaged HMX-PBXs will be more 
sensitive to shock or impact initiation because of the increase of potential “hot 
spots” induced by defects and the more sensitive δ-phase HMX [1-4].  Therefore, 
characterizing and understanding thermal effects are important for predicting the 
performance of HMX-PBXs in accident scenarios.

HMX has a monoclinic β-phase and converts to a hexagonal δ-phase when 
heated to 160-180 °C [5].  The phase transition leads to obvious changes in 
crystal morphology and density, which are likely to create new populations of 
defects.  The technique of small-angle X-ray/neutron scattering (SAXS/SANS) is 
ideally suited for investigating nano-scale defects in explosives and can provide 
quantitative information of void-size distribution and specific surface area [6-8].  
Using SAXS, Mang et al. [9] showed that large pores and cracks developed in 
HMX at 180 °C, associated with the β→δ phase transition.  Peterson et al. [10] 
found that a population of smaller voids with a mean radius of 11 nm developed 
at 176 °C in thermally-treated PBX 9501 (95% HMX, 2.5% Estane, and 2.5% 
nitroplasticizer).  In our previous research, the SAXS technique was used to study 
the effects of HMX crystal particle size on the thermal damage of HMX-PBX as 
well as the evolution of voids in hexanitrohexaazaisowurtzitane (CL-20) during 
phase transition and decomposition [11, 12]. 

It has been reported that δ-phase HMX can partially revert back to the 
β-phase at room temperature (RT) over a period of several days [5].  Moreover, 
the phase transition behaviour of pure HMX is quite different to that of HMX 
incorporated into PBXs.  For example, Saw and Tarver [13] reported that, in the 
presence of the PBX 9501 binder, the δ-phase of HMX readily converts back 
to the β-phase during cooling, but no reverse phase transition is observed in the 
absence of the polymer binder.  It can be expected that the reverse phase transition 
behaviour of HMX could also influence the microstructure of an HMX-PBX.  
Thus, a remaining question is how the β→δ and δ→β phase transitions affect the 
new voids and other defects.  It is of importance from both the basic and applied 
viewpoints to determine the microstructural evolution of HMX-PBX induced 
by heating and subsequent cooling and storage.

In a recent work, Willey et al. [14] studied the microstructural evolution of 
HMX-PBXs during heating by means of in situ ultra SAXS.  They found that 
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the microstructure of the samples dramatically changed with the β→δ phase 
transition, and the void volume increased when the samples were cooled to RT.  
However, up to now, there is little information related to the after-heating storage 
behaviours of HMX-based PBXs.  In the study reported here, an HMX-PBX 
sample was thermally treated to induce the β→δ HMX phase transition.  The 
microstructural evolution during the heating and after-heating storage process 
was also investigated by the in situ SANS and SAXS techniques.  Our findings 
therefore provide additional information for understanding the thermal effects 
on HMX-PBXs. 

2	 Materials and Methods

HMX-PBX disks 10 mm in diameter and 1 mm in thickness were prepared by 
compression molding at RT.  The samples had an average density of 1.72 g/cm3 
and consisted of 95% HMX (with a mean particle size of 40 μm) and 5% fluorine 
rubber (F2314, Zhonghao Chenguang Research Institute of Chemical Industry, 
China) only (no other additives).  SAXS measurements were conducted at 
BL16B1 of the Shanghai Synchrotron Radiation Facility [15] with X-ray photons 
energy of 10 keV (corresponding to a wavelength of 0.124 nm) to monitor the 
microstructural evolution of the HMX-PBX during heating.  The detector was 
placed at a  distance of 2075  mm from the sample, covering a  q-interval of 
0.1-2 nm−1.  A Linkam stage (THMS600) was used to heat the sample and control 
the temperature.  The HMX-PBX was first heated to 140 °C at a heating rate of 
4 K/min, and then heated to 200 °C at a heating rate of 1 K/min.  The sample 
was then kept at 200 °C for 60 min to ensure a complete β→δ phase transition.  
After storage at RT for 30 days, the HMX-PBX was investigated again using 
SAXS to check the microstructural evolution.

The SANS experiments were performed on the small-angle neutron 
scattering diffractometer at the Institute of Nuclear Physics and Chemistry, China 
Academy of Engineering Physics.  A multiblade mechanical velocity selector was 
used to make a monochromatic beam with a mean wavelength of 0.48 nm and 
0.11 FWHM.  A 3He gas filled multiwire detector with a 64 × 64 cm2 sensitive 
area was placed at a distance of 7.1 m from the sample, to cover the q-range of 
0.06-0.6 nm−1.  The sample was heated to 185 °C at 5 K/min, the temperature 
was then held constant at 185 °C for 60 min to induce complete β→δ phase 
transition, and finally cooled to RT in 30 min.  The SANS measurements were 
carried out at 17 min intervals during the subsequent after-heating storage at RT.  
The recorded 2D patterns were converted into one-dimensional profiles using the 
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MySAS package [16].  The data reduction corrects the raw measured data for the 
contributions of the empty cell and background, thickness, and transmission.  The 
absolute intensities of the SAXS and SANS data were calculated using a 1 mm 
thick water sample and direct beam methods, respectively. 

Scattering is caused by fluctuations in the electron density or scattering 
length density ρ(r) and reflects the microstructure of the materials.  The scattering 
intensity I(q) is measured as a function of scattering vector q = 4π·sinθ/λ, where 
λ is the wavelength of the incident radiation, and θ is half of the scattering angle.  
Porous or fine granulated materials which have smooth surfaces or interfaces 
exhibit characteristic scattering curves with a q−4 decay behaviour (i.e., I(q) is 
proportional to q−4

 in logarithmic coordinates).  Porod’s law was employed to 
analyze the data, which can be expressed as [17]:
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4
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where Δρ = ρs−ρmatrix is the contrast between the matrix (ρmatrix) and the scattering 
particles (ρs) (which are assumed here to be empty voids), and Ib is a constant 
which accounts for the background.  S/V is the interfacial surface area per unit 
volume (Sv).  Furthermore, I(q), for a polydisperse system of non-interacting 
particles dispersed in a uniform medium, can be expressed as [18]:
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where D is the diameter of the particle, F2(q, D) is the form factor, V(D) is the 
volume of the particle, N is the total number of minority phase particles per unit 
volume, and P(D) is the probability of having a minority phase particle of size 
D.  The neutron scattering length density (ρ) can be calculated by [19]:
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where bci
 is the bound coherent scattering length of the ith out of n atoms in 

a  molecule with molecular volume Vm.  The scattering length densities of 
β-phase HMX, δ-phase HMX, and F2314 are 4.50×1010 cm−2, 4.22×1010 cm−2, 
and 3.95×1010  cm−2, respectively.  The scattering length density of voids in 
HMX-PBX is equal to 0 cm−2.  Hence, the studied multi-phase system can be 
simplified as a two-phase system composed of voids with different sizes dispersed 
in a homogeneous matrix.  The volume fraction of these voids, calculated using 
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the “Irena” package (which uses a maximum entropy algorithm) can be expressed 
as [18]: 

0

( ) ( )totalV NP D V D dD
∞

= ∫ � (4)

The crystal structures of the thermally treated HMX-PBX were further 
investigated using a D8 ADVANCE X-ray diffractometer (XRD) equipped with 
Cu Ka radiation.  The same batch of HMX-PBX was heated in an aging chamber 
at 185 °C for 60 min, and then immediately transferred to the XRD instruments. 

3	 Results and Discussion

The SAXS data of HMX-PBX upon heating at RT, 100, 180, and 200  °C 
are shown in Figure 1.  All of the scattering curves have a similar shape and 
the scattering intensity decreases with temperature, which implies a  loss of 
scatterers within the sample.  The slope of the scattering curves was found to 
be approximately equal to 4, so Porod’s law was applied to determine the Sv of 
HMX-PBX.  The Sv and the temperature as a function of the heating time are 
shown in Figure 2.  The Sv decreases slightly until 100 °C, and then, decreases 
dramatically by 60% at 200 °C.

Figure 1.	 SAXS curves of HMX-PBX heated at RT, 100  °C, 180  °C, and 
200 °C.
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Figure 2.	 Interfacial surface area (normalized to the original state) of 
HMX-PBX and temperature as a function of heating time. 

The scattering intensity of the thermally treated HMX-PBX increases 
obviously after storage at RT for 30 days (Figure 3).  A  shoulder appearing 
at a q range of 0.1-0.4 nm−1 is observed, which indicates a new population of 
defects developing at RT.  To further study the detailed evolution of these defects, 
SANS measurements were carried out during the after-heating storage process 
and the results are presented in Figure 4.  The scattering intensity can be seen to 
increase gradually with the storage time, and the shoulder becomes increasingly 
pronounced with storage times up to 85 min.  Herein, we assume the new defects 
are spherical voids and apply the maximum entropy method as an approximate 
model to fit the SANS data. 

Figure 3.	 SAXS results of the thermally treated HMX-PBX stored at RT for 
0 and 30 days.
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Figure 4.	 SANS curves of the HMX-PBX during the after heating storage 
at RT.

The void volume distributions analyzed using the maximum entropy method 
are shown in Figure 5.  A distinct increase of voids with sizes between 15 and 
35 nm occurred during storage.  The volume fraction showed a steep increase 
until 170 min, and then increased slowly from 170 min to 680 min, as shown 
in Figure 6.  The void volume fraction (from 1 nm to 110 nm) of the sample 
increased to 0.2003% at 680 min when the SANS measurements ended. 

Figure 5.	 Void volume distribution of thermally treated HMX-PBX during 
the storage. 

The XRD patterns (Figure 7) acquired for the raw sample and immediately 
after heating at 185 °C can be indexed to β- and δ-phase HMX, respectively.  The 
δ- and β-phases of HMX coexisted within the sample kept at RT for 1-3 hours.  
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The degree of transition from the δ- to the β-phase (as indicated by the increased 
intensity of the β phase peak at 20.6°) exhibited a significant increase 30 days 
later.  These results demonstrate the β→δ phase transition during after-heating 
storage, in agreement with previous studies [5, 13].

Figure 6.	 Normalized volume fraction of thermal treated HMX-PBX as 
a function of storage time at room temperature (30 °C).

Figure 7.	 XRD patterns of the HMX-PBX measured before and after heating.

Most of the initial voids in the HMX-PBX studied came from the synthesis 
and manufacture processes.  The Sv can reflect the microstructural changes of 
HMX-PBX during the heating process.  Upon thermal loading, the initial voids 
could be filled by the binder because of the decrease in the binder viscosity 
[20, 21].  The melt temperature of the F2314 binder is about 97 °C [22], so the 
dramatic decrease of the Sv at temperatures higher than 100 °C is mainly attributed 
to the filling of the initial voids by the F2314 binder.



924 G. Yan, et al.

Copyright © 2016 Institute of Industrial Organic Chemistry, Poland

The densities of the β- and δ-phases of HMX are 1.897 g/cm3 and 1.76 g/cm3, 
respectively.  The conversion of β- to δ-phase HMX during the heating process 
is accompanied by a  change in crystal morphology and about a 7% volume 
expansion, which may result in new cracks and voids.  In this study, the expected 
increase of the interfacial surface area induced by the β→δ phase transition is not 
observed, a difference to Willey’s results [14].  The difference may be attributed to 
the discrepancy in the initial structure and chemical composition of the samples.  
The HMX-PBXs used in this study have a lower density of 1.72 g/cm3 than that 
of LX 10 (1.82 g/cm3) and PBX 9501 (1.87 g/cm3).  The initial porosity in our 
samples is 5% higher, so the filling of the initial voids by the F2314 binder will 
be more predominant.  Therefore, the increase of cracks and voids induced by 
β→δ phase transition upon heating appears to be suppressed and compensated 
for the filling effects of the binder. 

During the after-heating storage, the rate of δ→β phase transition 
(accompanied by a decrease in volume) becomes quite slow at room temperature, 
resulting in tensile stresses in the HMX-PBX.  If the stress exceeds the fracture 
limits, cracks and voids will initiate at local stress concentration zones (such as 
dislocations, grains, and interfaces between HMX crystal and binders) thereby 
acting as a stress relaxation mechanism.  These defects may propagate due to 
the tensile stresses induced by the gradual transition of HMX from the δ- to the 
β-phase.  So there is a marked increase of the voids during after-heating storage 
as shown in the experimental results. 

In the SAXS experiments, the defect evolution in thermally treated 
HMX-PBX was interpreted in terms of the β→δ phase transition of HMX [10, 
11, 14].  In this study, our findings show that significant damage of the thermally 
treated (above the HMX phase transition temperature) HMX-PBX develops 
during the after-heating storage process.  This damage is time dependent and 
accompanied by the much slower δ→β phase transition of HMX. 

4	 Conclusions

In situ SANS and SAXS measurements were carried out to characterize the 
thermal damage in HMX-based PBXs.  The Sv of HMX-PBXs significantly 
decreased above 100 °C, suggesting that the initial voids in the HMX-PBXs 
were infilled by the melting binder.  After subsequent cooling and storage at RT, 
a new population of voids with sizes between 15 nm and 35 nm was developed 
in the HMX-PBX during the δ→β phase transition of HMX.  Our findings show 
for the first time that significant damage of the HMX-PBX thermally treated 
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above the phase transition temperature occurs during the after-heating storage 
process.  The results are useful for understanding and predicting the performance 
of thermally damaged HMX-PBX in accident scenarios.
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