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Abstract: The molecular dynamics with condensed-phase optimized molecular potentials for atomistic
simulation studies (COMPASS) force field have been employed to study high energetic material CI1.-20.
The lattice parameters and elastic constants in the pressure range of 0~10 GPa (for ¢-CL.-20) and 0~20
GPa (for a-, -5 and yCL-20) at room temperature, and in the temperature range of 100~500 K at room
pressure are predicted. The good agreement of lattice parameters, pressure-volume relation and elastic
constants of the greatest stability phase e-CL-20 shows the accuracy of our simulations. The theoretical
predictions of lattice parameters and mechanical properties of CL.-20 under temperature and pressure may
provide powerful guidelines for the engineering application and await further experimental confirmation.
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1 Introduction

2,4,6,8,10, 12-hexanitro -2,4,6,8,10, 12-
hexaazaisowurtzitane (CL-20) has the largest
density in the current existing energetic materi-
als, and it is superior to conventional high-energy
propellants and explosives''?. Thus, CL-20 is
considered as the most potential and powerful
high energy density materials. Its synthesis has
been a breakthrough in the synthesis of high ex-
plosive investigations. CL-20 is a caged nitramine
explosive with the formula C;HgN;;Op;, as
shown in Fig. 1. The structure of CL-20 mole-
cule consists of two fiveemember rings and a six-
member ring. There exhibits four different crys-
tal structures of CL.-20, three pure crystallization

phases, B, vy, and e, and a hydrate phase a at am-

bient conditions, as shown in Fig. 2.

Hg 1 Conformation and atomic numbering of

CG H(; N]z()]z rnolecule in CL-20

© @

Fg. 2 Unit cell of CL-20: (a) e CL-20, (b) y CL-20,
(¢) B- CL-20 and (d) o~ CL-20

At ambient conditions, the stabilities of
these polymorphs are known to be e=>y>a>f. e
CL-20 has the largest density and best thermo-
chemical stability among them, which makes it
the popular phase for applications and investiga-
tion. Up to now, several experimental®" and
theoretical®® studies have been reported for e-CL-
20. In experimental studies, Pinkerton has repor-
ted the pressure-volume relationship of this poly-
morph up to 2. 5 GPa firstly*). Later, Gump and
Peiris have measured the isothermal compression
data of e CL-20 up to 5. 6 GPa both at ambient
temperature and 75 ‘C!*. The ambient-tempera-
ture isothermal bulk modulus of 13. 6 GPa with a
pressure derivative of 11. 7 has also been reported
according to the third-order Birch-Murnaghan e-
quation of state (EOS)!. In theoretical studies.,
some efforts have been done to investigate the
EOS of CL-20 through density functional theory
(DFT)P%, Molecular dynamics (MD) simula-
tion'™, and molecular packing (MP) method-",
respectively, Based on DFT, using GGA-PW91
method, the ultrasoft pseudopotentials (USP)
with 396 and 545 eV planewave basis set have
been employed to calculate the EOS of ¢CL-20,
respectively™™, Compared with the 396 eV predic-
tions, the 545 eV predictions show larger devia-
tions from the experiment, especially in the low
range of pressure. It should be noted that the a-
greement of 396 eV results origin from the insuf-
ficiency of energy cutoff for the plane-wave basis
set. Subsequently, Sorescu and Rice calculated
the lattice parameters of CL-20 under pressure u-
sing DFT method with a plane-wave basis set of
within the pseudopotential approximation®!. The
calculated pressure-volume relationship of CL-20
also has large deviations from the corresponding
experimental data, as the similarity as of 545 eV
results™. The large deviations in both the lattice
parameters and EOS for energetic materials CL.-20
are mainly due to a lacking reproduce of van der
Waals (vdW) forces in current DFT. In addition,
both of the MD within the rigid-molecule approxi-

mation and MP methods are employed to calculate
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the pressure - volume relation of CL-20""". The
calculated zero pressure lattice parameters are ac-
curate, but the deviations have been getting lar-
ger with increasing pressure for comparison with
the experimental results. These results indicate
that both of the two methods can not predict the
accurate lattice parameters under high pres-
sure'™. The condensed-phase optimized molecular
potentials for atomistic simulation studies (COM-
PASS) force field could give the well description
of the intermolecular interaction potential. As
this theory could effectively improve the accuracy
of the simulations for energetic materials, it has
been employed for simulating the energetic mate-
rials, such as HMX!®! and RDX™. In this paper,
we also employ the MD simulations with COM-
PASS force field to investigate the lattice dynam-
ics of CL-20.

At present, CL-20 has not been fielded in
military and civil applications yet because of its
high sensitivity. Some efforts have been done to
reduce the mechanical sensitivities of CL-20 based
polymer bonded explosives such that the hazard-
ous energetic material may be handled and even
machined into desired shapes'®'*. Whatever, it
is fundamental and significant to know the me-
chanical properties of pure CL-20 from atomic and
molecular scale. As is well known, the elastic
constant is a key parameter to investigate the
mechanism properties. Though the experimental
approaches of elastic constants, such as Brillouin
scattering, ultrasonic velocity measurements, and
resonant ultrasound spectroscopy, are mature
technology, it is still difficult to measure the elas-
tic constants of energetic materials accurately.
For example, HMX(Cyy s CyysCssy Cogs Cog)H10
and RDX (Cyy s Coys Cyyy Cp)H7H0,

mental data differ from each other and some devi-

the experi-

ations are very large. This is because that the
samples of energetic materials are not perfect e-
nough with some crystallographic defects. In lit-
erature, only one experimental study on the elas-
tic constants of ¢CL-20 has been reported by

Haycraft using Brillouin scattering spectroscopy

201 The theoretical investi-

at ambient conditions
gation on the elastic properties of the other phase
(a=s -5 and y-CL-20) are lacking in literature, es-
pecially in high pressure and temperature range.

The goal of this work is to predict the lattice
parameters and mechanical properties under high
temperature and pressure of four CL-20 crystal
phases (a-s B-s y-» and ¢ CL-20). This work is
respected to give a comparative and complementa-

ry theoretical support for experiments.

2 Computational details

2.1 Molecular dynamics calculations

The MD simulations with COMPASS!?!
force field are employed for four polymorphs (a-»
B-» y=» and eCL-20). The initial lattice parame-
ters and internal atomic coordinates are taken
from experimental data. e and y-CL-20 belong to
the monoclinic symmetry, while o~ and p-CL-20
belong to the orthorhombic symmetry. The con-
formation and atomic numbering of C;HgN;, Oy,
molecule are shown in Fig. 1, together with the
unit cell of four pure polymorphs, which are plot-
ted in Fig. 2. The molecular dynamics simula-
tions are performed with the Discover code. A
computational supercell size of 2X2X2 unit cells
are done. The MD simulations are carried out in
the isothermal - isobaric NPT ensemble with the
Andersen thermostat method”” and Berendsen
barostat method”’ to control the system pres-
sures and temperatures respectively. The long-
range non-bond Coulombic and vdW interactions
are managed using the Ewald simulation meth-
od?. The calculated system is relaxed for 1X10°
time steps with the time step of 1 f{s in the equili-
bration run at each target of temperature and
pressure.
2.2 Elastic constants

The elastic stiffness tensor c;, can be ex-

pressed as

1.3
o — ECUMEH (D
Kl

where ¢y is the strain, c;y is the elastic constant

(matrix) and o; is the stress. There are thirteen
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independent components of the elastic stiffness
tensor for monoclinic crystal, and nine independ-
ent components for orthorhombic crystal.
For monoclinic phase!?-
By =/D[C +Cs +Cys +2(C1; +C5 +
Cy)] (2)
Gy =1/15[C, +Cyp +Cy3 +3(Cyy +Cs5 +
Ci)]—(Cy +C13 +Cy) 3
Br =hla(Cy, +Cyp —2C3) +b(2C,, —2C,; —
Cy) +c(Ci5 —2Cy) +c(Cis —2Cy) +
d(2C; +2Cy; —Ci3 —2C5) +2e(Cys —
Cis)+f]! €Y
Gr =15{4[a(C}, +Cyp +C13) +b(Cy; —Crp —
Ci3) Tc(Crs +Cy) +d(Cyy —Crp —Cos —
Ci) +e(Cis —Css) +f1/h+3[g/h+

(Cyy +Cs)/(CyyCys —C3) 31 )

a=CyCs;s *C%;

b=CyCs5 —CyCy;

c=C13C5 —C5Css

d=C13C5 —C15Css

e=C13C; —C;5Cy

S=C11(CpCs5 —C3) —C12(C1,Cs; —
Ci15C25) TC;5(C12Co —C15Cp) +
Co5(Cy3Cy5 —CysCyy)

g=C1CpCy —CnC3 —CpCh —CyCh +

2C,C13Cy

h=2[C;Cs(C3Cy, —C13;Cs) +
Ci5C55 (CpCr3 —C1yCy3) +
CysC35(C11Co3 —C1,Co3 )] -
[C%s (CyCyy *C§3> +
C35(C1Cy —Ciy) +
C%s (CnCyy _C%z )] +ng5

For orthorhombic phase!?"
By =/9D[C), +C; +Ca5 +2(Cy +Cy3 +

GV :(1/15)[(:11 +C22 +C33 +3(C44 +Cr); +

Ces) —(Cyz 7C13 +Cy3) (7
Br =N C 1 (Cyy +Cs3 —2C3) +Cyp (Cyy —

cha) *2C33C12] +C12 (2C23 7C12) =+

Ci3(2C1, —C3) +Cp (2C1; —Co) 71 (8)

Gr =15{4[C11(Cy, +Cs5 +C3) +C (Cys +
Cis) TC55C 1) —Cp(2C55 +Cp) —
Ci3(2C15 +C13) —Cy(Ciy +C23>]/A+
3L(1/Ci) +(1/Cs5) +(1/Cs) 1}

A=C3(CpCo —C3Cyy) +Cy (CrCry —
Cy3Ci1) +C3(C1Cyy *C?z)

The arithmetic average of the Voigt and Re-

the Voigt-Reuss-Hill

(VRH) average and employed to estimate the e-
[27-29]

(9

uss bounds is named

lastic moduli of polycrystals

Young's modulus E can be calculated by
E=9BG/(3B+G) an

Possion’s ratio v are obtained by the following
formula

v=03B—26)/[2(3B+G) | 12

3 Results and discussion

3.1 Lattice parameters

The calculated lattice constants and unit cell
volume at ambient conditions from our NPT-MD
optimizations are shown in Tab. 1, together with
the available experimental® " and other theoreti-
cal data®”. With regard to experiments, the de-
viation of our calculated unit cell volume are
—0.46% (eCL-20), — 3. 48% (y-CL-20),
2.02% (aCL-20), and —1.61% (B-CL-20). Our
calculated results agree with the experimental and

theoretical results.

Css) (6)
Tab. 1 Calculated equilibrium lattice parameters at ambient conditions in comparison to the theoretical and experimental
values
Phase  Data source  Method ao/A bo/A co/A o /A error (vy)
3 This work NPT-MD 8. 849 12.574 13. 374 1423.67 —0.46%
Ref. [6] DFT-D 8.916 12.514 13. 413 1434. 43 0.29%
Ref. [7] NPT-MD 8.895 6 12.577 4 13.548 1 1 461. 607 6 2.19%
Ref. [30] Expt. 8.862 8 12.592 8 13.394 7 1 430. 24 —
Y This work NPT-MD 13.072 8.073 14, 717 1 467.02 —3.48%
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(Tab. 1 Continued)

Phase Data source Method ao/A bo/A co/ A v /A3 error (o)

Ref. [6] DFT-D 13.214 8. 223 14. 764 1518. 58 —0.09%
Ref. [30] Expt. 13.227 2 8.169 2 14. 892 1519.99 —

a This work NPT-MD 9.610 13. 320 23.792 3 045. 50 2.02%
Ref. [31] Expt. 9. 546 13.232 23.634 2 985. 27 —

B This work NPT-MD 9. 641 11.578 12. 920 1442.18 —1.61%
Ref. [6] DFT-D 9. 659 11. 485 13. 251 1 469. 96 0.29%
Ref. [31] Expt. 9.693 11. 641 12.990 1465.74 —

3.2 Equation of state
The EOS is important for mitigation of haz-

ardous materials like CL.-20 in preparation, trans-

portation, storage, and handing process. We plot
the variation of lattice parameters under pressure

or temperature in Fig. 3.
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Fig. 3 Variation of cell volume and lattice constants of e-CL-20 (a~d), yCL-20 (e~h), «CL-20 (i~D, gCL-20
(m~p) with pressure at 298 K, or with temperature at room pressure

As shown in Fig. 3(a), for the ¢-CL.-20, the
zero pressure theoretical crystal volume with DFT
method overshoot the experimental results®* and
then the discrepancy gets smaller with increasing

pressure. Due to the poor description of vdW

force, which plays an important role in CL-20
molecular crystal, the DFT calculation overesti-
mates the cell volume'™, While the dispersion-
corrected simulations using a semi-empirical cor-

rection term proportional added to Kohn-Sham
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energy functional improve the accuracy'™. The
zero pressure theoretical crystal volumes from the
MP and NPT-MD method agree well with the ex-
perimental results, while the discrepancy increa-
ses with increasing pressure. These results sug-
gest that the intermolecular potential used in the
MP and NPT-MD methods can not predict lattice

parameters accurately under high pressuret'*.

Our calculated results of NPT-MD method with
CMPASS force field agree well with experimental
data®™",

lattice parameters consist well with the experi-

Similarly, our theoretical predictions of

ments in the temperature range of 100 to 298
K", Though the experimental data for compari-
son is insufficient, our theoretical predictions of
lattice parameters should be accurate in the higher
pressure or temperature range. In addition, we
predict the lattice parameters of o~CL-20, B-CL-
20, and y-CL-20 in the pressure range of 0 to 20
GPa or in the temperature range of 100 to 500 K,
as is shown in Fig. 3(e) ~ 3(p).

There are several different formulations of
EOS. Here, we fit the P-V data of CL-20 to
Murnaghan EOS** and Birch-Murnaghan EOSF*
respectively. The third-order Birch-Murnaghan
EOS can be written as follows,

P=3B, fe (1+2)% (1+3/2(B," —4) fi)

(13)
where fr is written as fg = [(VO/V)% —11]/2.
The Murnaghan EOS is written in the form of

P=B,/Bi[(V,/V)% —1] (14)

Fitting the P-V data to the EOS yields the
bulk modulus and its first pressure derivative of
CL-20, which are listed in Tab. 2, together with
the experimental™ and theoretical data'™. The
calculated B, and B, of e-CL-20 obtained through
the fit to Birch-Murnaghan EOS show good agree-
ment with the experimental values. Because our
predicted pressure-volume points approach experi-
low pressure

ments well, especially in the

41 as can be found in Fig. 1(a). The ac-

range
curacy of the calculated B, and B)) of o B, and vy

-CL-20 still await the experimental confirmation.

Tab. 2 The calculated bulk modulus B, and its first pres-
sure derivative BY, of CL-20 compared with experi-

mental and theoretical values

Phase Data source  Method EOS By/GPa By’
e This work NPT-MD BM 9.9 10. 2
This work NPT-MD M 11. 8 6.6
Ref. [7] NPT-MD M 15. 58 9.37

Ref. [4] Expt. BM 13.64+2.0 11.7£3.2
y  This work NPT-MD BM 5.9 14.7
This work NPT-MD M 9.8 6.4
o«  This work NPT-MD BM 11.4 11.3
NPT-MD M 15.0 6.4
8 This work NPT-MD BM 8.5 11. 4
NPT-MD M 11.6 6.2

BM: Birch-Murnaghan equation of state;

M: Murnaghan equation of state

3.3 Elastic and mechanical properties

Though the experimental approaches of elas-
tic constants, such as Brillouin scattering, ultra-
sonic velocity measurements, and resonant ultra-
sound spectroscopy (RUS), are mature technolo-
gy, it is still difficult to measure the elastic con-
stants of energetic materials accurately. Several
experimental efforts have been done on the con-
ventional explosives, RDX and HMX. The exper-
imental data differ from each other and some devi-
ations are large, such as HMX (C,,, Ci, GCss,
Csss Co )M and RDX (Cpyy Cupy Cys
Ci )P Due to the poor description of vdW
force, which plays an important role in CL-20
molecular crystal, the DFT calculation can not
predict the elastic constants of CL-20 accurately.
The good predictions of lattice parameters and
EOS above indicate that the molecular dynamics
simulations with COMPASS force field can give
accurate description of interatomic binding forces
and intermolecular interaction in CL-20 crystal.
The elastic constants of four polymorphs at ambi-
ent conditions (a~s -, yCL-20, and e-CL-20) are
listed in Tab. 3. The good agreement of experi-
mental and theoretical elastic constants for eCL-
20 proves the validity and accuracy of the calcula-
tion for CL-20. The elastic modulus of CL.-20 un-

der temperature at room pressure oOr under pres-
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sure at 298 K are calculated and listed in Tab. 4.
The temperature and pressure are the influencing
factors in preparation, transportation, storage,
and handing process. The predicted elasticity un-
der temperature and pressure can provide power-
ful guidelines for the engineering application and
further experimental investigations.

We plot the variation of bulk modulus B,
shear modulus G, Young's modulus E, and
Possion’s ratio v as a function of the pressure as
shown in Fig. 4. The mechanical moduli of o,
B-» y» and eCL-20 are found to increase with in-
creasing pressure. On account of the greatest sta-
bility of ¢ phase among the four polymorphs, we
also calculate the temperature dependence of bulk
modulus B, shear modulus G, Young’s modulus
E, and Possion’s ratio v for ¢-CL-20, as listed in
Tab. 5.

mechanical moduli at different temperature for

Though there are no experimental

comparison, the good agreement of bulk modulus

By and shear modulus Gy at ambient conditions

shows the accuracy of our simulations™ . The
mechanical moduli under temperature can be fit-

ted to a third order polynomial, i.e. ,

Tab. 3 The calculated C; of CL.-20 at ambient conditions
and the experimental data for e-CL-20

eCL-20 v-CL-20  «CL-20 B-CL-20
Cy/GPa This work Expt. [20] This work This work This work

Cn 17. 81 7.70 13. 47 8. 66 7.41
Cy 18. 25 28. 29 13.93 6. 97 13.99
Cs3 30. 95 28. 05 13.72 13.79 5. 47
Cu 8. 26 12. 64 5.57 2.65 8. 14
Css 4. 10 3. 86 2.61 7.51 3.23
Ces 3.55 4.73 2. 11 3. 56 1. 86
Ciz 6.92 5. 69 6. 91 2.09 8. 86
Cis 4.55 9.21 5. 30 7.29 3. 26
Cas 1.22 —1.22 4. 74 4.92 2.52
Cis 1.52 1.23 —0. 26

Cos 1.62 1. 01 —2.43

Css 0. 00 3.07 —0.75

Cys —0.61 0. 74 —0. 06

Tab. 4 The calculated elastic modulus C; of CL-20 under temperature at room pressure or under pressure at 298 K

C,/ GPa
Cn Co Cs3 Cyy Css Css Ciz Ciz Cy3 Cis Cys Css Cis
eCL-20 T/K
100 23.33  21.70 36.20 9. 97 4. 62 4. 03 9.02 6. 18 1.48 2.00 2. 14 0.25 —0.78
200 20.60  20.02 33.75 9.16 4. 38 3.79 7.98 5. 37 1. 39 1.76 1. 89 0.12 —0.70
298 17.81 18.25  30.95 8. 26 4. 10 3.55 6.92 4.55 1.22 1.52 1. 62 0.00  —0.61
400 14.71  16.15  27.43 7.20 3. 77 3. 27 5.72 3. 68 0. 96 1.29 1.33  —0.08 —0.46
500 11.37  12.72  23.45 6. 00 3.19 2.96 4. 47 2. 66 0. 85 0.98 0.93 0.08 —0.28
P/GPa
1074 17.81 18.25  30.95 8. 26 4. 10 3.55 6.92 .95 1.22 1.52 1. 62 0.00 —0.61
2 49.13  37.50 53.55 16.23 6.61 6. 28 20.22  15.80 3. 11 4.99 4. 44 1.99 —1.10
4 72.69 49.83 67.86  20.56 8. 61 8. 66 32.31  27.61 6. 47 8. 24 6.11 2.69 —1.53
6 92.27 55.92 80.67 22.45 10.20 11.23 42.83 38.06 11.56 10.50 5. 82 0.93 —2.49
8 26.10 58.14  99.44  20.45 3.16 13.88 36.46  45.37 27.61 —17.67 —0.20 —4.45 —3.42
10 54.80 70.39 115.60 21.50 13.31 14.49 45.60 51.07 37.66 —11.71 2.27 —9.95 1.44
yCL20  T/K
100 18.02 18.96 11.93 7.52 2.75 2.70 8.38 7.45 7.43  —1.15 —3.25 2.71 —1.45
200 15.16  14.99 16.10 3. 64 2.20 2.82 7.33 5. 80 5,12 —0.63 —2.36 —1.47 0.66
298 13.47  13.93 13.72 5. 57 2.61 2.11 6.91 5. 30 4,74 —0.26 —2.43 —0.75 —0.06
400 11. 64 7.75 9.45 5.25 0. 57 1. 96 5.09 3. 66 3.70 0.04 —2.74 —3.45 0.22
500 10. 13 9.63 8. 39 4. 01 1. 49 1. 69 4. 98 2.91 2.97  —0.47 —1.99 —0.25 0.67
P/GPa
10 13.47 13.93 13.72 5. 57 2. 61 2.11 6.91 5. 30 4.74  —0.26 —2.43 —0.75 —0.06
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(Tab. 4 Continued)
C;/ GPa
Cn Ca2 Cs3 Cuy Css Ces Ci2 Cis Cas Cis Cos Css Cis
4 50.69  50.56  49.92 16.52 8. 31 12.48 26.10 23.66  32.87 2.24 —7.27 —2.25 —3.78
8 81.94 73.26 75.88 24.29 10.46 15.29 46.66  41.95 46,93 4.30  —4.62 —3.37 —2.90
12 97.58 95.92 101.40 26.64 14.29 17.54 63.77 61.96  59.28 2.47  —1.27 —2.97 —2.35
16 120.10 120.90 132.30 28.82 18.12 15.47 85.64 81.06 72.26 4,06 —0.99 —1.65 —4.26
20 147.50 154,00 153.00 31.59 22.70 20.87 98.64 95.50 87.28 5.55  —2.01 —3.93 1.99
o«CL-20 T/K
100 12.15 8. 66 20. 95 4. 24 8.97 4. 50 3. 45 14.37 11.42
200 11. 81 8. 60 18.43 3.99 8. 66 5.29 3. 39 10. 66 6.92
298 8. 66 6.97 13.79 2.65 7.51 3. 56 2.09 7.29 4.92
400 9. 62 7.21 10. 37 2.26 4.59 2.98 4.73 3.90 3.02
500 4. 67 4. 30 7.32 1. 38 2.42 2.56 2.74 2. 68 1. 48
P/GPa
1074 8. 66 6.97 13.79 2. 65 7.51 3.56 2.09 7.29 4.92
4 44,99  48.64  58.54  14.59 19.69 13.28 21.31 31.45 25.05
8 72.53 76.99 97.28 19.01 25.26 17.00 38.78 59.56  38.37
12 95.48 102.00 106.40 24.12 26.97 20.24 57.46 70.18 60.22
16 122.10 123.40 132.80 28.06 30.70 27.76 73.94 83.91 78.61
20 122.10 146.40 153.40 28.87 34.77 28.60 92.70 98.09 94.38
BCL20 T/K
100 11.04  25.85 0.31 15. 63 4. 94 2.55 13.49 8. 20 8.43
200 10.09  23.86 —0.87 14.42 4. 49 2.52 12. 34 6.32 7.17
298 7.41 13. 99 5.47 8. 14 3.23 1. 86 8. 86 3.26 2.52
400 7.26 14. 78 6. 69 6. 44 3.62 2.19 8. 82 4. 24 3.34
500 5. 94 11. 26 5.73 5. 73 2. 64 1.72 7.52 5.50 4. 86
P/GPa
104 7.41 13.99 5. 47 8. 14 3.23 1. 86 8. 86 3. 26 2.52
4 40.77  33.95 51.93 6. 22 16.72 11.37 31.84 26.37 27.10
8 66.76  60.20 81.49 18.46 23.97 18.65 51.13 43.61 44.97
12 92.13 93.50 104.90 27.48 27.77 19.02 71.77 60.97 60.10
16 109.70 126.70 132.80 31.06 29.67 23.61 83.05 79.15 78.54
20 148. 60 147.40 145.20 30.56  34.52 19.66 104.10 93.31 92.03
B ey ::: Tab. 5 The calculated temperature dependence of bulk
I e, e ] owp o o modulus B, shear modulus G, Young’s modulus
jz E, and Possion’s ratio v for e-CL-20
- " ] By Br Bu Gv Gr Gnu E
& /*/‘—*’” /K GPa /GPa /GPa /GPa /GPa /GPa /GPa *
Tg S S S 100 12.73 11.87 12.30 8.03 6.20 7.12 17.89 0.258
.Tz mE e 200 11.54 10.82 11.18 7.44 5.80 6.62 16.59 0.253
% ur 298 10.27 9.67 9.97 6.80 5.36 6.08 15.17 0.246
= :Z 298 10.16% 7.15* 8.65* 7.60* 3.76% 5.68*
W 100 878 8.28 853 6.04 4.81 5.44 13.47 0,237
osh
0 3 3 12 2w o 3 3 12 m 20 500 7.05 6.58 6.82 5.07 4.12 4.60 11.25 0.225
Pressure/GPa

“The data in Ref. [20] is calculated on the basis of the ambi-

ent experimental elastic constants by the Voigt-Reuss-Hill approxi-

Fig. 4 The calculated pressure dependence of bulk mod-
ulus By (squares), shear modulus Gy (circles) , i
Young’s modulus E (triangles), and Possion’s Fration.

ratio y (stars) for CL-20 By (T) =13.411—0. 011T +3. 823 X
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1075 T —1.502 X10 *T* (15)
Gu(T) =7.682-0.006T +6. 633 X

10°° T% —1.338 x10 *T? (16)
E(T) =19. 320-0. 015 T +1.539 X

1077 T% —3.344 X10 *T? an
y(T)=0.262—3.463X107°T —3.632X

10 8T* —8. 412 x10 "' T (18)

4 Conclusions

Molecular dynamics simulations have been
employed to study the lattice parameters, EOS,
elastic constants, and mechanical modulus under
pressure and temperature. The good agreement
between molecular dynamics results and experi-
mental data prove that the molecular dynamics
simulations with COMPASS force field can give
good description of interatomic binding forces and
intermolecular interaction in CL-20 crystal. From
the above investigations, we have the following
conclusions;

(1) The calculated equilibrium lattice param-
eters of four polymorphs Ca-s B, vy, and eCL-
20) at ambient conditions are in good agreement
with the experiments. We predict the lattice pa-
rameters of CL-20 under pressure and tempera-
ture. The bulk modulus B, and its pressure deriv-
ative B, are obtained by fitting the pressure-vol-
ume points to Birch-Murnaghan EOS and Mur-
naghan EOS respectively.

(2) The elastic constants of four polymorphs
(as Bs v» and e-CL-20) under pressure and tem-
perature are predicted. Our molecular dynamics
simulated results of elastic constants of e-CL.-20 at
ambient conditions present good agreement with
the experimental data. The predicted elastic con-
stants of four polymorphs under pressure and
temperature should be accurate and provide pow-
erful guidelines for further experimental measure-
ments. In terms of the Voigt-Reuss-Hill approxi-

mation, the mechanical modulus are obtained.
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