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Phase Transitions and Mechanical Properties of Octahydro-1,3,5,7-
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The phase transitions and mechanical properties of the energetic material octahydro-1,3,5,7-tetranitro-1,3,5,7-
tetrazocine (HMX) in three pure polymorphs crystals, a-, -, and d-phases, have been studied theoretically.
| sothermal —isobaric molecular dynamics (MD) simulations were performed in the temperature range of (5
to 555) K at 0 GPa and the pressure range of (0 to 40) GPa at 298 K. The lattice parameters and volumes
show nonlinear dependence on the temperature and pressure. In the high-temperature regime, there exist
two phase transitions, that is, from - to a-HMX at 360 K and from a- to 6-HMX at 440 K. Under high
pressure, the f-HMX transition to 6-HM X is shown at 27 GPa and 298 K. Within the range of temperature
and pressure studies, it can be deduced that the -HMX at lower temperatures and higher pressures, the
o-HMX at higher pressures, and the 6-HMX at lower temperatures have better malleability.

Introduction

Asweall know, HMX* (octahydro-1,3,5,7-tetranitro-1,3,5,7-
tetrazocine) has been an important and useful energetic material
as a secondary explosive since the 1930s. There exhibits four
different crystal structures of HMX, three pure crystallization
phases, a, 8, and o, and a hydrate phase y.2 At ambient
conditions, the stahilities of these polymorphs are known to be
B >o>y>0.2Thef-HMX phase, with the monoclinic P2,/c
space group, is the most stable form. It has the highest energy
and density and the lowest sensitivity at ambient conditions.*
The S crystalline phase has been investigated to contain two
C4HgNgOg groups, and the symmetry axis is b, thirteen
independent elastic coefficients by X-ray and neutron diffraction.>®
The a-HM X phase has been studied to contain eight C;HgNgOs
groups, with the orthorhombic Fdd2 space group and nine elastic
independent coefficients.®> The 6-HMX phase is formed at the
solid—melt interphase in deflagrating HMX, has a hexagonal
P6,22 structure, c symmetry axis, and five independent elastic
coefficients, and is considered to be stable at extreme conditions.”®
The y-HMX phase has been investigated to contain two
C4HgNgOg*0.5H,0 molecules per unit cell, with the Pn sym-
metry space group.* Cady and Smith observed two phase
transitions; that is, oneisthe - to a-HMX transition at (375 to
377) K, and the other is the solid a- to 0-HMX transformation
at (433 to 437) K.2 Yoo and Cynn® found two phase transitions
by the diamond-anvil cell, using angle-resolved synchrotron
X-ray diffraction and micro-Raman spectroscopy; one is the
conformational change at 12 GPa with no apparent volume
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change, and the other is the phase transformation along with a
4 % volume discontinuity at 27 GPa. Gump and Peiris®® and
Stevens and Eckhardt™ have studied the compression of S-HMX
by synchrotron angle-dispersive X-ray diffraction techniques and
scattering from a variety of acoustic phonons, respectively.
Computational studies were carried out to investigate the
influence on the lattice parameters at different pressures or
temperatures of B-HMX.'>™6 The energetic stabilities and
vibrational properties of HMX were simulated by using first
principles at different conditions.*" 2

Despite the above efforts, the phase transition and mechanical
properties of three pure polymorphs of HMX crystal have not
been explored completely, especialy at high pressures and high
temperatures. These properties are important to understand HM X
crystals. In thiswork, we carried out molecular dynamics (MD)
simulations to study the phase transition and mechanical
properties of pure HMX crystals under different temperatures
and pressures.

Computational Methods

In this paper the MD simulations were performed with the
DISCOVER module of the commercial software Materials
Studio.?? The COMPASS (condensed-phase optimized molec-
ular potentials for atomistic simulation studies) force field* was
used with a cutoff distance of 10.5 A. The MD simulations were
carried out in the norma pressure and temperature (NPT)
ensemble with the Berendsen barostat method®* and Andersen
thermostat method® to control the system pressures and
temperatures. The simulation supercell contains 96 HMX
molecules and 2688 atoms, corresponding to the boxes of 4 x
4x3,3x2x2 and4 x 2 x 2unit célls for the -HMX,
o-HMX, and 6-HMX, respectively. The initial crystal lattice
and atomic position of S-HMX, a-HMX, and 6-HMX were
taken from the experimental results of refs 9, 5, and 8,
respectively. The long-range nonbond Coulombic and van der
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Figure 1. Initial supercell models of HMX in the MD simulation. The left is S-HMX supercell model, the middle is the a-HMX supercell model, and the

right is the 6-HMX supercell model.

Table 1. Lattice Parameters Simulated by the COMPASS Force
Field Compared with Experimental Values of o, £, 0-HMX at 298 K
and 1.0-107°GPa

a b c a f \Y P
A deg A3 g-cm

p-HMX  ref 9 654 11.05 870 90 1243 90 259.7 1.89
thiswork 658 11.12 876 90 1243 90 2649 1.86
90
90

<

o-HMX ref 5 1514 2389 591 90 90 2672 184
thiswork 1531 2417 598 90 90 276.6 178
0-HMX  ref 8 771 771 3255 90 90 120 2794 176
thiswork 7.76 7.76 3276 90 90 120 2847 173

Waals interactions were managed using the atom-based sum-
mation method.?® A fixed time step of 1 fswas used in al MD
simulations. At each temperature and pressure, the system was
first relaxed for 1-10° time steps in the equilibration run,
followed by a production run of 1-10° time steps. The data from
the production run were collected for subsequent analysis.

Results and Discussion

Choice of Force Field and Equilibrium of System. Figure
1 displays the supercell models of the crystalline a-, -, and
0-HMX in theinitial MD simulation. To choose a suitable force
field, we carried out a series of tests for f-HM X, a-HMX, and
0-HMX crystals. The parameters of the COMPASS force field
have been tested and confirmed by comparing with the
experimental values. The nonbond parameters have been further
modified by the thermal physical properties of liquid and solid
molecules obtained from the MD method. In previous studies,
the COMPASS force field was employed in the MD simulations
of many nitramine explosives, such as bicycle-HMX, CL-20,
and TNAD.?3! The results of MD calculated are listed in Table
1. The discrepancy between our results and the experimental
results is small, that is, 0.61 %, 0.63 %, 0.69 %, 2.01 %, and
1.97 % of a, b, ¢, V, and p for f-HMX, 1.12 %, 1.17 %, 1.18
%, 3.54 %, and 3.4 % of a, b, ¢, V, and p for o-HMX, 0.65 %
of a, b, and ¢, 1.92 % of V, and 1.88 % of p for 6-HMX,
respectively. The smulated results of geometry parameters are
in good agreement with the experiment, indicating that the
COMPASS force field is appropriate for smulating the HM X
crystal.

Before the statistic analysis, the system must reach the
equilibrium state. The equilibrium of the system is achieved
when the fluctuations of temperature and the energy are less
than 10 %. Typically, the system should achieve its equilibrium
intheinitial 100 ps, followed by a production run of latter 1-10°
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Figure 2. Lattice parameters of f-HMX at different temperatures, 0 GPa, in
this work and atmospheric pressurein ref 15. B, ain thiswork, O, ain ref 15;
@, b in thiswork; O, b in ref 15; A, c in thiswork; A, c in ref 15.
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Figure 3. Lattice parameters of o-HMX at different temperatures, 0 GPa,
in this paper and atmospheric pressure in ref 15. B, ain thiswork; O, a in
ref 15; @, bin thiswork, O, bin ref 15; A, cin thiswork, A, cin ref 15.

Lattice Parameters/A

time steps. It can be seen that the system temperature has
reached its equilibrium state within (288 to 308) K (298 + 10
K) from our results. The amplitudes of fluctuations for potential
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Figure 4. Lattice parameters of 0-HMX at different temperatures, 0 GPa,
in this work and atmospheric pressure in ref 15. B, a in thiswork; 4, ain
ref 15; O, b in thiswork, v, b in ref 15; %, ¢ in this work, v, ¢ in ref 15.

energy and nonbond energy are less than 0.3 % and 0.2 %,
respectively, showing that the system has reached its energy
equilibrium. After equilibration, production runs of 100 pswere
then performed.

Phase Transition under Different Temperatures and
Pressures. Within NPT ensembles, we calculated the structural
properties and phase transition of the -, a-, and 6-HMX at
different temperatures and 0 GPa and at different pressures and
298 K. We simulated the structural properties in the range of
(5 to 400) K at 0 GPa and the pressure range of (0 to 31) GPa
at 298 K for g-HMX, in the range of (350 to 480) K at 0 GPa
and the pressure range of (22 to 40) GPa at 298 K for a-HMX,
and in the range of (430 to 555) K at 0 GPa and the pressure
range of (20 to 40) GPa at 298 K for 60-HMX.

Under Different Temperatures. Under different temperatures,
the lattice parameters and volumes are listed in the Figures 2
to 5 together with the results of ref 15. The lattice parameters
and volumes vary nonlinearly with temperature and exhibit an

abrupt change at 360 K in the temperature range (5 to 400) K
for -HMX, at (380 and 440) K for a-HMX, and at 440 K for
0-HMX. From Figures 2 to 5, we found two phase transitions:
one from 8-HMX to a-HMX at (360 to 380) K agrees with the
experimental result at (375 to 377) K,? and the other from
o-HMX to 6-HMX at 440 K agrees with the experimental
observation of the phase transition at (433 to 437) K.? With
temperature increasing the lattice parameters and cell volumes
increase, and the crystalline density of three phase decreases
gradually in their stable temperature ranges. In the temperature
range of (5 to 350) K, the ratio of the change of a, b, ¢, and V
are 2.31 %, 2.37 %, 2.44 %, and 7.35 % for S-HMX. Within
the range of (380 to 440) K, for a-HMX the changes of lattice
parameters are 0.73 %, 0.74 %, and 0.88 % for a, b, and c,
respectively; the cell volume changeis 2.2 %. For 6-HM X, with
temperature increasing from (440 to 555) K, the lattice
parameters increase in 0.91 % for a, b, and c, and the cell
volume changeis 2.7 %. In the corresponding temperature range,
the change trend of the lattice parameters and cell volume of
our results agree with Sorescu et al.*®> The reason of the
discrepancy for f-HMX isthat the initia structure is different;
the space groups are P2;/c in our work and P2;/n for Sorescu
et al. Moreover, our results agree with the experimental results
well. While, within the entire temperature range considered, the
lattice angles amost remain invariant, that is, a and y are
approximately equal to 90° and /3 remains approximately 124.3°
for f-HMX, o = =y = 90° for a-HMX, and a0 = 5 = 90°
and y = 120° for 6-HMX, respectively.

The thermal expansion coefficient is an important parameter
to characterize the physical and the explosive behavior of the
energetic materials. The linear and volume coefficients of
B-HMX, a-HMX, and 6-HMX are listed in the Table 2. The
average linear coefficients of B-HMX, 6.884-107° K™%, agree
with the previous experimental result of 5.04+10°° K13 There
exitsasmall discrepancy between our results and ref 15 for the
different temperature range and space group possibly. Figures
2 to 4 show that the thermal expansion of the f-HMX and
o-HMX isweakly anisotropic. Expansions along the crysta axes
b and c are 2.37 % and 2.44 %, respectively; both are dlightly
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Figure 5. Unit cell volume V as a function of temperature for three HMX, 0 GPa, in this work and atmospheric pressure in ref 15. B, this work (8-HMX);
0O, ref 15 (5-HMX); A, this work (a-HMX); A, ref 15 (a-HMX); @, this work (0-HMX), O, ref 15 (6-HMX).
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Table 2. Thermal Expansion Coefficients y; of the -, a-, and d-HMX Crystals

Xa xb Xc xv
K71

[-HMX this work, (5 to 350) K 6.709-10°° 6.882-10°° 7.061-10°° 2.130-10°4
ref 15, (4.2 to 350) K 2.446+10°° 4.082-10°° 1.775:10°° 8.242-10°°
ref 31, 298 K 5.04:10°° 5.04-10°° 5.04:10°°

a-HMX this work, (375 to 440) K 7.359-10°° 6.722:10°° 7.359-10°° 2.218-10°*
ref 15, (376 to 450) K 3.232:10°° 4.117-10°° 1.932:10°° 8.987-10°°

o0-HMX this work, (440 to 530) K 9.276:10°° 9.276-10°° 9.275-107° 2.806-107*
ref 15, (433 to 553) K 4.139-10°° 4.002-10°° 4.864-10°° 1.170-104

larger than that along the a-axis (2.31 %) in the temperature
range of (5 to 350) K for f-HMX. Furthermore, we found that
both linear and volume thermal expansions of the three phases
vary dlightly with the temperature increasing in their stable
temperature range, but the temperature effect on the thermal
expansion can be nearly ignored due to the very small amplitude.

Under Different Pressures. Under different pressures, the
|attice parameters and volumes under different temperatures are
listed in the Figures 6 to 9 for 6-HM X, S-HMX, and o-HM X.
From Figures 6 and 9, the lattice parameters and volumes of
B-HMX vary nonlinearly with pressure and exhibit an abrupt
change at 27 GPa in the pressure range (0 to 31) GPa, which
agrees with the results of Yoo and Cynn.° From Figures 7 and
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Figure 6. Lattice parameters of S-HMX at different pressures and 298 K,
the experimental results from ref 9 at atmospheric conditions. @, a in this
work; O, ainref 9; A, binthiswork; A, binref 9; W, cin this work; O,
cinref 9.
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Figure 7. Lattice parameters of a-HMX at different pressures and 298 K.
M, ain thiswork; @, b in this work; A, c in this work.

9, a-HMX phase exhibits two abrupt changes: at (25 and 38)
GPa. From Figures 8 and 9, we found that the 6-HMX phase
undergoes two abrupt changes: at (25 and 36) GPa. That is to
say, a-HMX and 6-HMX phases are relatively stable in the
pressure range of (25 to 38) GPa and (25 to 36) GPa,
respectively. It indicates that S-HMX undergoes a phase
transition at 27 GPa, in agreement with the experimental® and
theoretical*® results. While 8-HMX will transit to the a-HMX
phase or the -HMX phase, it depends on the stability of
o-HMX and 6-HMX phases under high pressure. We can
estimate it from the total energy of a-HMX and 6-HMX phases
in the range of the (25 to 36) GPa. Figure 10 shows that the
total energy of 6-HMX phasesislower than that of the a-HMX
phase, that is, the 0-HM X phase is the stable phase in the range
of (25 to 36) GPauntil it can be detonated over 36 GPa, which
agrees with the explosive pressure of 39 GPa.? Hence, f-HM X
exhibits a phase transition to the -HMX phases at (25 to 27)
GPa. With pressure increasing from (0 to 27) GPa, the lattice
parameters and cell volumes decrease, and the crystalline density
of f-HMX increases gradually. In the pressure range of (0 to
27) GPa, the ratios of the change of lattice parameters and
volumes are 14.4 %, 14.3 %, 15.6 %, and 37.1 % for &, b, c,
and V, respectively. The ratio of the compression of lattice
parameters and volumes of -HMX phases are 2.45 % and 7.16
% for a, b, c, and V, respectively. The ratio of compression of
B-HMX agrees with the experimental results,® while there are
no corresponding experimental data to compare with 6-HMX
in high pressures. The influence of the pressure on the lattice
parameters and volumesis larger than the temperature obvioudly.

Mechanical Properties. The elastic coefficients can be
computed by taking the first derivatives of the stress with regard
to strain.®® Each structure is subjected to uniaxial tensile and
pure shear deformations, and the induced stress tensors can be
obtained from the Virial formalism in atomistic calculations.
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Figure 8. Lattice parameters of 6-HMX at different pressures and 298 K.
M, a in thiswork; O, b in this work; A, c in this work.
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Figure 9. Unit cell volume V as a function of pressure for three HMX at 298 K. B, this work (8-HMX); O, ref 9 at atmospheric conditions (5-HMX); A,

this work (6-HMX); v, this work (o-HMX).
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Figure 10. Tota energy of the a- and 0-HMX at different pressures and
298 K. ---, a-HMX; —, 6-HMX.

We can obtain the Young's modulus and Poisson ratio from
the least-squares fits of the average tensile stress versus tensile
strain, respectively. We can also calculate other mechanical

parameters such as the bulk modulus, shear modulus, and Lamé
coefficients. Here the second-order elastic tensors and various
elastic moduli, including the Young's modulus (E), bulk
modulus (K), and shear modulus (G) and Poisson’s ratio (y).
We computed these mechanical parameters in the range of (5
to 400) K at 0 GPa and the pressure range of (0 to 31) GPa at
298 K for g-HMX, in the range of (350 to 480) K at 0 GPa and
the pressure range of (22 to 40) GPa at 298 K for a-HM X, and
in the range of (430 to 555) K at 0 GPa and the pressure range
of (20 to 40) GPa at 298 K for 6-HMX. All results together
with other theoretical and experimental values are presented in
Tables 3 to 7, respectively.

Generally speaking, the diagonal elements C;; describe the
crystal stiffness under uniaxial compression and shear, while
the off-diagonal elements C; (i = j) correspond to biaxial
compression and distortion of the crystal. From Tables 3 and
4, we found that there is remarkable anisotropy in the diagonal
elements C;; (i = 1 to 6) of the elastic constant tensor, which
can be related to the crystal structure. Therefore, for f-HMX it
can be concluded that it is anisotropic upon compression and
has a good stability to shear deformation perpendicular to the

Table 3. Elastic Constants and Cauchy Pressure (Ci, — Cu4) of f-HMX under 0 GPa at Different Temperatures Compared with Other Results®

T/ K Cll C22 C33 C44 C55 CSG C12 ClS ClS C23 C25 C35 CAG C12 - CM
GPa

5 22.5 16.4 20.5 9.04 5.15 6.68 6.50 8.47 —-0.74 10.7 —-4.17 —1.94 —-3.32 —2.54
50 21.2 15.4 195 869 5.00 6.41  6.07 7.89 —0.68 9.89 -3.96 —-1.81 -3.15 —2.62
100 19.7 14.2 18.2 8.25 4.81 6.07 557 7.22 —-0.59 8.90 —3.72 —1.64 —2.94 —2.68
150 18.1 13.0 16.9 7.79 4.63 5.74 5.09 6.54 —0.50 7.90 —3.46 —1.48 —2.73 —2.70
200 16.5 11.7 155 731 4.42 536 459 5.85 -0.38 6.85 -3.20 -1.30 —2.51 —2.72
250 15.0 10.6 14.3 6.85 4.23 5.01 4.16 5.23 —0.26 5.93 —2.95 -1.12 —2.30 —2.69
298 13.6 9.50 13.2 6.41 4.04 4.68 3.75 4.66 —-0.15 5.07 =271 —0.96 —2.10 —2.66
320 131 9.18 12.8 6.26 3.99 456  3.62 4.48 -0.11 4.80 —2.63 -0.90 —2.04 —2.64
340 125 8.71 12.3 6.06 3.90 440 343 4.24 —0.06 4.43 —2.52 —0.82 —-1.95 —2.63
350 12.0 8.30 11.8 5.87 3.82 4.27 3.28 4.01 —0.01 4.11 —2.43 —-0.75 —1.88 —2.59
360 11.9 8.23 11.7 5.84 3.80 424 325 3.98 —0.009 4.05 —-241 -0.74 —1.86 —2.59
380 114 7.88 11.4 5.68 3.74 412 311 3.79 0.04 3.78 —2.33 —0.68 —1.80 —2.57
400 10.9 7.50 11.0 5.50 3.66 3.99 2.96 3.59 0.08 3.48 —2.24 —0.60 —1.73 —2.54
ref 11 18.4 14.4 124 48 4.8 45 6.4 10.5 -11 6.4 0.8 11 2.8 16

ref 14 22.2 23.9 23.4 9.2 111 10.0 9.6 13.2 -0.1 13.0 4.7 16 25 04

ref 34 12.8 10.9 11.4 59 4.6 4.8 34 4.9 —-0.4 5.2 =27 —-0.4 —1.8 —25

ref 35 19.4 175 178 91 9.2 9.8 5.9 8.4 -11 8.2 0.83 0.2 2.4 -3.2

ref 36 20.8 26.9 185 4.2 6.1 25 4.8 125 —-05 5.8 —-19 19 29 0.6

@ Stevens and Eckhardt, 2005,™* at 293 K and 1 atm; Sewell et al., 2003;** Sewell et a., 2001;% Zaug, 1998, at 295 K and 1 atm.
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Table 4. Theoretical Elastic Constants and Cauchy Pressure (C;, — Cy4) of f-HMX at 298 K and Different Pressures®

P/IGPa  Cy C Css Cu Css Ces Cp Cis Cis Cxs Cxs Css Cus Cio — Cu
GPa
0 13.6 9.50 13.2 6.41 4.04 4.68 3.75 466 —0.15 5.07 —271 —0.96 -21 —2.66
5 67.9 49.6 528 195 11.3 14.9 279 30.6 —-0.97 37.8 —-11.3 —6.6 -8.1 8.4
10 102.9 77.9 80.7 289 18.6 235 53.7 449 -21 449 —18.8 —-139 —-135 24.8
15 1279 1024 1070 387 28.4 33.8 75.1 529 0.16 86.3 —28.6 —19.8 —195 36.4
20 158.2 1245 1338 444 35.7 40.5 90.4 70.0 769 1045 —-32.1 —-194 —21.8 46
25 1779 1533 155.0 36.8 35.9 33.6 1125 103.3 13.2 119.2 —24.5 —-12.0 —-10.8 75.7
27 191.7 1624 1625 34.7 38.6 334 120.9 111.7 135 125.4 —21.8 —8.2 —6.8 86.2
30 1948 1931 1845 289 289 319 126.5 129.5 11.1 132.6 —-12.0 1.37 0.78 97.6
ref 11 18.4 14.4 12.4 4.8 4.8 45 6.4 10.5 -11 6.4 0.8 1.1 2.8 1.6

a Stevens and Eckhardt, 2005, at 293 K and 1 atm.

Table 5. Theoretical Elastic Constants and Cauchy Pressure (C;, — Cy4) of a-HMX at 0 GPa, Different Temperatures and 298 K, Different

Pressures®
T/ K Cll C22 CSS C44 CSS CSB C:12 C13 C23 C12 - C44
GPa
350 12.79 13.99 18.01 3.01 —0.203 0.059 3.048 5411 2.878 0.038
375 12.32 13.2 17.72 2.95 —0.007 0.118 2.801 5.048 2.679 —0.149
380 12.34 13.47 17.49 3.051 0.007 0.156 3.176 4.891 2.727 0.125
390 11.89 12.97 17.03 2.971 0.169 0.308 2.681 4.735 2.322 —0.29
420 11.35 12.16 16.82 2.704 0.049 0.282 2.917 4.394 2.046 0.213
440 1141 11.93 16.55 2.763 0.317 0.213 2.758 4.497 1.875 —0.005
445 10.98 11.69 16.08 2.488 0.216 0.180 2.598 4.298 1.699 0.11
460 10.87 11.22 16.40 2.892 0.171 0.283 2.578 4.307 1.337 —-0.314
480 10.73 10.65 15.83 2.340 0.343 0.299 2.391 3.986 1.421 0.051
ref 14 30.6 23.3 314 0.80 3.3 33 57 13.8 6.0
P/GPa
27 193.2 184.4 184.3 26.68 27.35 19.08 108.7 116.7 1159 82.02
30 197.8 199.3 197.6 28.18 30.44 21.25 120.9 126.5 129.2 92.72
32 205.6 210.0 204.0 32.90 32.85 26.73 137.8 135.8 132.0 104.90
34 221.8 214.8 222.7 32.57 33.00 26.18 134.0 142.0 142.4 101.43
36 226.4 224.0 214.1 38.63 34.04 26.50 139.2 153.2 155.0 100.57

2 Sewell et a., 2003,* at 295 K and 1 atm.

c-axis. Most of the elastic constants decrease with increasing
temperature from (5 to 360) K and increase with increasing
pressure in the range of (0 to 31) GPa. The dterations for the
constants Cy;, Cyp, and Cszz and the off-diagonal elements C»,
Ci3, and Cy3 are especially remarkable, whereas those for the
shear constants Css and Cge are less pronounced in its stable
temperature and pressure range. On the contrary, the change
rules of Cjs, Cps Css, and Cys are not remarkable. Our results
agree with other theoretical™*3* and experimental 3> results
within the similar temperature range. From Table 5, most of
the elastic constants of a-HMX decrease with the increasing
temperature and increase with the increasing pressure except
for Css and Cgg in the temperature range (375 to 440) K and in
the pressure range (22 to 36) GPa. From Table 6, in the stable
conditions of 6-HMX we found that all of the elastic constants
decrease with increasing temperature and increase with increas-
ing pressure until its explosive temperature and pressure. These
results suggest that HMX crystal rigidity decreases and the
anisotropy is enhanced with increasing temperature and is
weakened with increasing pressure slightly. From Tables 3 to
6, we found that the effect of pressure on the elastic constants
is larger than the effect of the temperature, which agrees with
the former results.

As we al know, the Cauchy pressure (C;, — Cy4) can be
used to evaluate the ductibility or brittleness of a material.>
The (Cy, — Cy4) value of aductile material is positive, whereas
the negative value corresponds to a brittle material. The larger
positive (Cy2 — Cy) value of a material, the more ductile this
material is. The (C; — Cyy) data are given in Tables 3 to 6. It
is shown that S-HMX and 6-HMX are brittle materials with

Table 6. Theoretical Elastic Constants and Cauchy Pressure (Cy; —
Cy4) of -HMX at 0 GPa, Different Temperatures and 298 K,
Different Pressures®

TK Cu=Cyp Cs Cu = Css Cp Ci3=Cs Cpp — Cy
GPa
430 6.328 9.884 3.327 2.244 4.334 —1.083
450 5.912 9.099 3.142 1.907 3.771 —1.235
470 5.702 8.944 3.151 2.101 3.595 —1.050
490 5.589 8.030 2.925 1.929 3.317 —0.996
510 5.369 7.949 2.981 1.492 3.160 —1.489
530 4.921 7.902 2.692 1.564 3.389 —1.128
ref 14 145 14.0 4.4 10.3 10.3
P/GPa
25 163.8 163.6 26.38 1111 114.4 84.72
28 182.2 177.6 26.77 122.1 121.1 95.33
30 184.5 197.8 32.18 130.2 134.0 101.82
32 191.3 2035 35.86 132.8 138.1 102.24
34 2133 2115 36.74 142.3 144.4 107.66
35 224.1 220.9 38.22 144.7 144.6 106.38
36 222.3 226.6 38.50 148.2 150.7 109.70
38 1231 114.7 16.82 85.69 80.14 68.87

aSewell et al., 2003, at 295 K and 1 am.

negative (C, — Cy4) a high temperatures and are ductile
materials in high pressure. Hence, we can change the relevant
properties of HMX by changing the pressure and temperature.

Table 7 lists the mechanical properties of -, a-, and
0-HMX under different temperatures at 0 GPa and different
pressures at 298 K, that is, Young's modulus E, bulk modulus
K, shear modulus G, Poisson’s ratio y, Lamé coefficients 1
and u, and K/G ratio. All of the isotropic moduli of f-HMX,
o-HMX, and 6-HMX decrease gradually with increasing
temperature and increase with increasing pressure, thus the
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Young's bulk shear Poisson’s Lamée Lamée ratio
modulus modulus modulus ratio coefficient coefficient of K
TIK E K G y 7 u KIG
GPa
[-HMX 5 14.65 12.30 5.626 0.3016 8.553 5.626 2.186
50 13.96 11.53 5.375 0.2983 7.950 5.375 2.145
100 13.11 10.61 5.066 0.2940 7.228 5.066 2.094
150 12.23 9.672 4.745 0.2892 6.509 4.475 2.038
200 11.30 8.696 4.403 0.2834 5.761 4.403 1.975
250 10.45 7.834 4.091 0.2776 5.107 4.091 1.915
298 9.646 7.021 3.794 0.2710 4.492 3.794 1.851
320 9.388 6.768 3.699 0.2688 4.302 3.699 1.830
340 9.025 6.412 3.566 0.2654 4.035 3.566 1.798
350 8.706 6.099 3.449 0.2621 3.800 3.449 1.768
360 8.649 6.043 3.428 0.2614 3.757 3.428 1.763
380 8.379 5.778 3.330 0.2583 3.558 3.330 1.735
400 8.081 5.492 3.220 0.2547 3.345 3.220 1.706
ref 11 9.6 3.1 3.097
ref 14 15.1 7.0 2.157
ref 35 6.9 3.6 0.3 1.917
ref 36 125 1.3 9.615
P/GPa
0 9.646 7.021 3.794 0.2710 4.492 3.794 1.851
5 33.60 40.31 12.34 0.3611 32.08 12.34 3.267
10 45.66 65.16 16.51 0.3832 54.15 16.21 3.947
15 56.94 85.08 20.51 0.3885 7141 20.51 4.148
20 68.93 105.8 24.77 0.3914 89.27 24.77 4.271
25 71.04 128.5 25.23 0.4079 111.7 25.23 5.093
27 74.46 137.0 26.41 0.4094 1194 26.41 5.187
30 86.05 149.9 30.64 0.4044 129.5 30.64 4,892
TIK
o-HMX 350 13.44 7.466 5.600 0.2000 3.732 5.600 1.333
375 13.04 7.143 5.453 0.1958 3.508 5.453 1.310
380 13.02 7.187 5.432 0.1981 3.565 5.432 1.323
390 12.69 6.863 5.325 0.1917 3.312 5.325 1.289
420 12.26 6.571 5.156 0.1890 3.134 5.156 1.274
440 12.23 6.390 5.179 0.1809 2.937 5.179 1.234
445 11.90 6.191 5.045 0.1796 2.828 5.045 1.227
460 11.95 6.023 5.108 0.1694 2.617 5.108 1.179
480 11.56 5.801 4,952 0.1677 2.499 4.952 1171
ref 14 14.1 24 5.875
P/GPa
0 9.646 7.021 3.794 0.2710 4.492 3.794 1.851
5 33.60 40.31 12.34 0.3611 32.08 12.34 3.267
10 45.66 65.16 16.51 0.3832 54.15 16.21 3.947
15 56.94 85.08 20.51 0.3885 7141 20.51 4.148
20 68.93 105.8 24.77 0.3914 89.27 24.77 4.271
25 71.04 128.5 25.23 0.4079 111.7 25.23 5.093
27 74.46 137.0 26.41 0.4094 1194 26.41 5.187
30 86.05 149.9 30.64 0.4044 129.5 30.64 4,892
T/IK
0-HMX 430 5.069 4,931 1.908 0.3286 3.659 1.908 2.584
450 5.031 4.433 1.919 0.3109 3.514 1.919 2.310
470 4.676 4.297 1.773 0.3186 3.115 1.773 2.424
490 4.685 4,114 1.788 0.3102 2.922 1.788 2.301
510 4.659 3.830 1.796 0.2972 2.633 1.796 2.133
530 4,199 3.705 1.601 0.3111 2.638 1.601 2.314
ref 14 11.8 2.9 4.069
P/GPa
25 69.58 129.1 24.67 0.4102 112.7 24.67 5.233
28 80.44 140.5 28.64 0.4046 121.4 28.64 4.906
30 84.48 151.5 30.01 0.4065 130.5 30.01 5.048
32 90.94 156.7 32.40 0.4033 135.1 32.40 4.836
34 97.34 164.7 34.73 0.4015 1415 34.73 4.742
35 105.4 170.7 37.74 0.3971 145.6 37.74 4523
36 102.0 173.2 36.40 0.4018 149.0 36.40 4.758
38 53.67 934 19.11 0.4041 80.5 19.11 4.887

a Stevens and Eckhardt, 2005,** at 293 K and 1 atm; Sewell et al., 2003;'* Sewell et al.;*® Zaug, 1998, at 295 K and 1 atm.

rigidity and brittleness of the HM X decrease. It can be seen
that at the low temperatures and low pressures, f-HMX has
large stiffness, plasticity, and fracture strength to resist the
external stress. Compared with 3-HM X, 6-HMX has smaller
stiffness, plasticity, and fracture strength to resist the external
stress at different temperature. This indicates that the S-HMX
will deform more easily when it is subjected to external
loading at a higher temperature. While at higher pressures,

the 0-HMX will deform more easily than f-HMX. Such a
result can be understood by the following two reasons: (1)
the internal free volume is expanded more severely with the
increasing temperature and decreasing pressure, and (2) the
molecules within the crystal gain more kinetic energies when
the temperature rises. It is interesting that the change of shear
modulus is smaller than those for the Y oung’s modulus and
bulk modulus with the change of temperature and pressure.
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This consists of less changes in the shear constants Css and
Ces With changing temperature and pressure. Hence, we
suggested that f-HMX and 6-HMX possess good stability
for shear loading in the temperature range of their stable
temperatures. The Poisson’ s ratio correlates various isotropic
moduli through the formula E = 3K(1 — 2y) = 2G(1 + y).
We can estimate the plasticity of a material from the
Poisson’s ratio. In general, the Poisson’s ratio of a plastic is
0.2t0 0.4. The Poisson’ sratio decreases from 0.3016 to 0.2614
as the temperature rises from (5 to 360) K or increases from
0.271t0 0.3914 in the pressure range (0 to 20) GPafor S-HMX.
The Poisson’sratio of a-HMX increases from 0.3778 to 0.3883
with the pressure rise from (27 to 34) GPa. For 0-HMX, the
Poisson’s ratio decreases from 0.3286 to 0.2972 as the temper-
ature increases from (430 to 510) K. These results suggest that
B-HMX in the range (5 to 360) K and in the (0 to 20) GPa
range, o-HMX in the range (27 to 34) GPa, and 6-HMX in the
temperature range (430 to 510) K exhibit plasticity.

Moreover, the extent of the plastic range for a material
can be estimated by the ratio of the bulk modulus to shear
modulus, that is, K/G.® A higher K/G value denotes more
malleability, and alower value means brittleness.*® In Table
7, it can be deduced that the f-HMX at lower temperatures
and higher pressures, the a-HMX at higher pressures, and
the 0-HMX at lower temperatures have better malleability,
which agrees well with the conclusion drawn from the Cauchy
pressure (Ciz to Cya).

Conclusions

In this paper, MD simulations are performed to study phase
transition and mechanical properties of the energetic material
of 8-, a-, and 0-HMX. The effects of pressure and temper-
ature on the structures and mechanical properties are
discussed. The crystd sructure of -, a-, and 6-HMX from
COMPASS force field smulations compares reasonably with
experiments. In the range of the smulated temperature and
pressure, the lattice parameters and volumes show nonlinear
dependence on the temperature and pressure. Under high
temperatures, there exist two phase transitions, that is, from -
to o-HMX at 360 K and from a- to 6-HMX at 440 K. Under
high pressures, the f-HMX transit to 6-HMX at 27 GPa. Within
the effective range of temperature and pressure, it can be
deduced that S-HMX at lower temperatures and higher pres-
sures, o-HMX at higher pressures, and 6-HMX at lower
temperatures have better malleability. We expect our results be
helpful for understanding the behavior of HMX at high
temperatures and pressures.
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