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Abstract To research and estimate the effects of molar ratios
on structures, stabilities, mechanical properties, and detona-
tion properties of CL-20/HMX cocrystal explosive, the CL-
20/HMX cocrystal explosive models with different molar ra-
tios were established in Materials Studio (MS). The crystal
parameters, structures, stabilities, mechanical properties, and
some detonation parameters of different cocrystal explosives
were obtained and compared. The molecular dynamics (MD)
simulation results illustrate that the molar ratios of CL-20/
HMX have a direct influence on the comprehensive perfor-
mance of cocrystal explosive. The hardness and rigidity of the
1:1 cocrystal explosive was the poorest, while the plastic prop-
erty and ductibility were the best, thus implying that the ex-
plosive has the best mechanical properties. Besides, it has the
highest binding energy, so the stability and compatibility is the
best. The cocrystal explosive has better detonation perfor-
mance than HMX. In a word, the 1:1 cocrystal explosive is
worth more attention and further research. This paper could
offer some theoretical instructions and technological support,
which could help in the design of the CL-20 cocrystal
explosive.
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Introduction

In modern wars, insensitive and high energy-density explosive
was very promising, while there existed a contradiction between
energy density and safety for traditional energetic materials,
which limited its development and application [1, 2]. To improve
the energy density and decrease the sensitivity of energetic ma-
terials, researchers have carried on many theoretical and ex-
perimental investigations. During the development process,
cocrystallization [3, 4] aroused researchers’ attention, because
cocrystallization had many advantages. For example,
cocrystallization could be used as an effective method to de-
crease the sensitivity, improve the safety. At the same time, it
could also enhance the stability, alter the mechanical
properties.

The definition of cocrystallization could be that many
different molecules could be put together in one supercell
at a certain molar ratio and the intermolecular forces might
be formed among these molecules. Many researchers had
pointed out that cocrystallization might formed by the in-
termolecular forces and these forces were usually very
weak and these intermolecular interactions could be clas-
sified into hydrogen bonds, electrostatic interactions, and
van der Waals (vdW) forces [5, 6]. Cocrystallization could
be used as an effective method to alter the oxygen balance
(OB), molecular structure, density, mechanical properties,
sensitivity, detonation performance, and thermal stability
of explosives. Consequently, many investigations have
been conducted on cocrystallization [7-26].

2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-
hexaazaisowurtzitane (HNIW) was the most promising
high energy-density material and it had been investigated
for a long time since its first synthesization. HNIW was
also called CL-20 and it had a great deal of advantages
and merits. Up to now, the investigations on CL-20 were
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still going on and we might predict that more and more
achievements about CL-20 would be acquired in the near
future. Compared to commonly used explosives, such as
HMX, RDX, TATB and TNT, CL-20 had the most power
[27, 28] and highest energy density, which made it out-
standing. Besides, CL-20 also had excellent oxygen bal-
ance. The number of total polymorphs for CL-20 was
four, namely, CL-20 could be classified into «-CL-20,
3-CL-20, y-CL-20, and e-CL-20. Among them, more at-
tention had been paid to e-CL-20, because both of the
density and detonation parameters of e-CL-20 were the
highest, therefore, it was the most promising and excellent
polymorph. However, CL-20 was very sensitive to exter-
nal stimulus, such as heat and impact. Influenced by this,
it was very likely that CL-20 would explode or decom-
pose when subjected to an external stimulus, which would
have a negative effect on safety and limit further its wide
application. Octahydro-1,3,5,7-tetranitro-1,3,5,7-
tetrazocine (HMX) was a typical representation of the
high-energy explosives and it had been used extensively
in many areas for its great capabilities. Besides, HMX had
favorable detonation performance and mechanical proper-
ties. According to Refs. [29, 30], we knew that the num-
ber of polymorph for HMX was also four, and 3-HMX
was more stable than the other three polymorphs (o, y-, 8-) at
standard conditions. Both CL-20 and HMX had -NO, bonds
and hydrogen atoms, if CL-20 cocrystallized with HMX, the
hydrogen bonds might be formed between -NO, bonds and
hydrogen atoms, namely, H---O bonds or H--- N bonds
might exist in cocrystal model. Influenced by this, the mole-
cule structure in the cocrystal explosive might be altered, and
the stability could be improved. What’s more, HMX was less
sensitive than CL-20, and consequently, the sensitivity of CL-
20 might be decreased and safety could be enhanced. While in
the cocrystal explosive, the molecular ratios of CL-20 and
HMX might have a direct influence on the comprehensive
performances, such as mechanical properties, binding energy,
stability, sensitivity, oxygen balance, molecular structure,
crystal parameters, detonation property, etc. Therefore, it
was very significant to investigate the stabilities, mechanical
properties and detonation performance of cocrystal explosives
with different molar ratios.

In this article, the crystal models of CL-20/HMX
cocrystal explosives with different molar ratios were
established in Materials Studio (MS) [31] and the me-
chanical properties, crystal parameters, stability, and det-
onation performance of cocrystal explosives were inves-
tigated by molecular dynamics (MD) simulation method.
The main aim was to research the influence of molar
ratios on properties of CL-20/HMX cocrystal explosives.
The results could offer some theoretical instructions and
technological support, which could help in the design of
the CL-20 cocrystal explosive.
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Methods
Single molecular model

The molecular formula of CL-20 was CcHgO1,N, and it was
C4HgOgNg of HMX. In this paper, we chose ¢-CL-20 and 3-
HMX to establish the cocrystal model and investigate its prop-
erties, because both of these two polymorphs had typical char-
acteristics, prominent advantages, and had been investigated
widely.

To build the crystal model, the space group and crystal
parameters should be obtained. e-CL-20 (as shown in Fig. 1)
had a monoclinic P21/A structure and the crystal parameters
was a = 1.3696 nm, b = 1.2554 nm, ¢ = 0.8833 nm, oo =y=90°,
(= 111.18° and four molecules were included in a single crys-
tal cell [32]. For 3-HMX (as shown in Fig. 2), the crystal
space group was P21/c and 2 HMX molecules were included
in a single cell. The crystal parameters of 3-HMX was
a=0.6540 nm, b = 1.1050 nm, ¢ = 0.8700 nm, while the values
of three angles, «, (3, and v were 90, 124.3, and 90°, respec-
tively [29]. The molecule structure of CL-20 was shown in
Fig. 1, and HMX structure was shown in Fig. 2.

Cocrystal explosive model

In this article, the molar ratios of CL-20 and HMX (CL-
20:HMX) was 10:1, 9:1, 8:1, 7:1, 6:1, 5:1, 4:1, 3:1, 2:1, 1:1,
respectively, so there were ten kinds of different cocrystal
explosives in total. The crystal models of CL-20/HMX
cocrystal explosives were established by random substituting
method, namely, HMX molecules were used to replace the
CL-20 molecules.

The correlated parameters of different cocrystal explosives
(including molar ratio of CL-20/HMX, mass percent of CL-
20, supercell models, number of CL-20 molecules, number of
HMX molecules, total number of atoms) are illustrated in
Table 1.

Take the cocrystal explosive with molar ratio of 9:1 as an
example, primary simulation cells containing 80 molecules
were established in MS for ¢-CL-20, corresponding to 20
(5 x 2 x 2) unit cells. Then, 8 CL-20 molecules were substitut-
ed by HMX molecules randomly and the initial crystal model
was obtained. A total of 2816 atoms were included in the
crystal model.

After establishing the crystal model, MD simulations
would be performed in Discover and Forcite modules to opti-
mize the energy and structure of the primary model. Through
optimization, the crystal parameters of CL-20/HMX explosive
were a=7.8666 nm, b=2.4699 nm, ¢=1.8732 nm,
a=92.06°, f=115.12°, v=87.95°, and the density was
2.025 g/em’. The crystal model of CL-20/HMX cocrystal ex-
plosive is shown in Fig. 3.
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Fig. 1 Molecule structure of CL-20

Calculation conditions

This paper mainly investigated the effects of molar ratios
on comprehensive properties of CL-20/HMX cocrystal
explosives. The comprehensive properties mainly con-
cluded mechanical properties, structures, intermolecular
interactions, stability, and detonation performance. MD
simulations were conducted on in the NVT ensemble,
namely, the total number of molecules, volume, and tem-
perature were constant. COMPASS force field [33-35]
was chosen to calculate the energy and other parameters.
The temperature control method was chosen as
Andersen, for electrostatic, Ewald was used as the sum-
mation methods and it was atom-based for vdW. The
temperature was 295 K, the step size was 1 fs and the
MD simulation process would last for 2 x 10> fs. In the
first 1% 10° fs simulation process, simulations would be
conducted in the Discover modules and it was in this
process that the temperature and energy of cocrystal
model would be in equilibrium state. Next, another
1x10° fs MD simulations would be carried on in the
Forcite modules to calculate and analyze the energies
and static properties. One frame was saved per 1000
steps, and in total 100 frames were saved to make anal-
ysis of static properties, energies, and some other param-
eters of cocrystal explosives.

7N

C

Fig. 2 Molecule structure of HMX

Table 1  The correlated parameters of cocrystal explosives

Molar ratio Mass Supercell Numberof Numberof Total
(CL- percent  model CL-20 HMX number
20:HMX)  (%)* molecules molecules of atoms
10:1 93.67 11x2x2 160 16 6208
9:1 93.02 S5x2x2 72 8 2816
8:1 9221 3x3x2 o4 8 2528
7:1 91.20 4x2x2 56 8 2240
6:1 89.88 Tx2x2 96 16 3904
5:1 88.09 3x2x2 40 8 1664
4:1 85.55 Sx2x2 64 16 2752
3:1 81.61 4x2x2 48 16 2176
2:1 74.74 3x2x2 32 16 1600
1:1 59.67 2x2x2 16 16 1024

#Mass percent refers the mass percent of CL-20 in cocrystal explosive

Results and discussion
Equilibrium of cocrystal model

Only when the cocrystal model had been in the equilibri-
um state could we analyze and calculate the static prop-
erties and energy of cocrystal explosive. While the equi-
librium state of cocrystal system was required that both of
the temperature and energy be in the equilibrium state. In
other words, we could use the temperature and energy to
estimate the state of cocrystal system and judge whether
the cocrystal model had reached the equilibrium state.
Generally speaking, when the temperature and energy
fluctuated within 5~ 10%, it could be concluded that the
system had reached the equilibrium state.

For example, when the molar ratio was 3:1, during the MD
simulation process, the temperature curve was shown in
Fig. 4, while the energy curve was shown in Fig. 5.

In Fig. 4, the temperature curve illustrated that the temper-
ature increased at the beginning and then fluctuated at a cer-
tain range and the system equilibrated in less than 5 x 10* fs.
At last, the temperature fluctuated within =15 K, while the
energy curve (shown in Fig. 5) implied that both the potential
energy and nonbond energy fluctuated within +5 ~ 10%.
Based on these two curves, it could be concluded that the
system had reached an equilibrium state. For other conditions,
the equilibrium state of the system was based on these two
principles.

Mechanical properties
For a material, the mechanical properties could be

depicted and related by stress (o) and strain (¢). To de-
scribe the relation between o and ¢, we could use Hooke’s
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Fig. 3 Crystal model of CL-20/

HMX cocrystal explosive

law [36, 37] and the concrete form could be depicted as
follows:

O'i:C,'jEj (1)

In Eq. (1), G (4, j=1, 2, ..., 6) was the elastic parameters
and the total number of elastic parameters was 36. The elastic
matrix was symmetric, namely, Cj;= Cj;, so there were 21 in-
dependent coefficients in total.

The mechanical properties for a material mainly concluded
E, K, G, vand Cy,-Cy4, where E represented the tensile mod-
ulus, K referred the bulk modulus, G was the shear modulus, v
represented the Poisson’s ratio, and C,-C44 was called
Cauchy pressure. £, K, G could be used as a criterion to esti-
mate the hardness, rigidity, stiffness, and plastic property of a
material. Besides, the K value could be applied to assess the
rupture strength. The value of C},-Cy4 could help us judge the
ductibility or brittleness. If the value of Cauchy pressure was
positive, it would mean that the material was ductile; other-
wise, if it was negative, the material was brittle. All the me-
chanical properties had a correlation with two Lamé coeffi-
cients A and .

300 4
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Fig. 4 Temperature curve in the simulation process
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The mechanical properties (£, K, G, v) could be figured out
according to the following formulas:

g - Mzm 2
A

"T201 ) ®)

G=p (4)

K=X+ % i (5)

When the system reached the equilibrium state, calcula-
tions would be conducted under the Forcite modules in MS
and we could get the mechanical properties, binding energy,
and some other correlated parameters of cocrystal explosives.
The elastic parameters and mechanical properties of the dif-
ferent cocrystal explosives are shown in Table 2 and Fig. 6.

What could be concluded from Table 2 and Fig. 6 was that
the molar ratio of CL-20/HMX had a direct influence on elas-
tic coefficients and mechanical properties (£, K, G, v, Ci,-
Cy4) of cocrystal explosive. The values of three engineering
moduli (E, K, G) changed in the order of
1:0>10:1>9:1>8:1>7:1>6:1>5:1>4:1>3:1>2:1>1:1.
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Fig. 5 Energy curve in the simulation process
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Table 2  Elastic parameters and mechanical properties of different cocrystal explosives®

Molar ratio 1:0° 10:1 9:1 8:1 7:1 6:1 5:1 4:1 3:1 2:1 1:1 0:1¢

Ch 25.246 22.823 20.793 19.687 16.609 16.185 14.324 13.873 13.167 11.659 10.486 13.365
Cy 17.183 16.710 15.418 15.495 13.220 12.511 12.907 10.956 10.088 10.417 9.106 14.801
Cs3 15.122 13.548 13.238 11.528 12.105 11.099 9.399 7.779 6.199 5.240 4.677 11.922
Cyy 9.198 7.878 6.860 4.509 3.922 3.239 3.011 2.745 2.150 1.526 0.988 8.782
Css 6.296 5.751 5.998 4.834 4.301 4.096 3.815 3.338 3.574 3.632 2.974 4.207
Cés 4581 3.665 3.503 3.654 2.724 2.461 2.626 2257 1.814 1.572 1.434 4.535
Ci 6.706 6.555 5.992 5.533 5.330 5.216 5.117 4.982 4.935 4.888 4.847 7.121
Ci3 7.051 6.983 7.279 6.646 6.169 5.739 5.001 4.095 4.209 4211 3.654 5.945
Cxs 8.117 7.769 7.901 6.371 6.875 6.144 5.527 5.682 4.949 4.428 3.733 4.889
Cis -0958 —0464 0755 —0.982 0.165 —0288  —0.188  —0.449 0.102 0274  —0.251 0.259
Css -0257 0949 -0.274 0.554 0255 —0.089  -0.198 —0.612  —-0.249 0.941 0.534  —0.103
Css 0.753  —0.551 -0.929 0205 -0.505 —0.683  —0.631 -0.327 -1.670 0.892 0522 —0.134
Cue -0.514 0.331 —-0.227 0315  —0.355 0.151 -0.109  —-0.168  —0.398 0370  —0.365  —0.399
E 17.166 16.769 16.413 15.247 14.921 13.073 11.232 10.821 10.063 9.280 7.875 10.646
v 0.234 0.235 0.235 0.237 0.237 0.238 0.237 0.237 0.239 0.238 0.239 0.264
K 10.758 10.554 10.323 9.662 9.455 8.317 7.118 6.857 6.426 5.903 5.028 7.523
G 6.955 6.788 6.645 6.163 6.031 5.280 4.540 4374 4.061 3.748 3.178 4211
C12-Cyy -2492  -1323  -0.868 1.024 1.408 1.977 2.106 2237 2.785 3.362 3.859  —1.661

# Units for all the elastic coefficients and mechanical properties was GPa except for Poisson’s ratio

® The molar ratio of 1:0 represented raw e-CL-20
¢ The molar ratio of 0:1 represented raw 3-HMX

For raw ¢-CL-20, the value of £ was 17.166 GPa, G was
6.955 GPa, and it was 10.758 GPa for K. The values of these
three moduli were very high, thus implying that the stiffness
or rigidity of CL-20 was good, while the value of Cauchy
pressure (C,-Cyq) Was negative, which indicated that the
plastic property and ductibility was poor, and it had a negative
effect on mechanical properties. Owing to the addition of
HMX, the elastic coefficients and mechanical moduli declined
gradually, namely, the rigidity of the explosive was weakened.

Mechanical Properties/ GPa

T T T T T T T T T T T T T T T T T T T T T T T
1:0 10:1 91 &1 7:1 6:1 51 41 3:1 2:1 1:1 01
Molar ratio

Fig. 6 Mechanical properties of CL-20/HMX cocrystal explosives

The decline of K meant that the rupture strength became weak.
In other words, when the cocrystal explosive was under the
external loading, it would distort more easily. A decrease of
engineering moduli also implied that the cocrystal explosive
was more easily to be processed in practice when necessary.
However, the values of Cauchy pressure (C,-Cy4) Were in the
order of 1:1>2:1>3:1>4:1>5:1>6:1>7:1>8:1>
9:1>10:1>0:1>1:0. The changing tendency of Cauchy
pressure indicated that the ductibility of cocrystal explo-
sive improved. What’s more, the MD simulation results
explained that in the cocrystal explosives, the mechanical
properties could be improved efficiently. For the different
CL-20/HMX cocrystal explosives, when the value of mo-
lar ratio (CL-20:HMX) was 1:1, the values of E, K, and
G were the least, while the Cauchy pressure was the
highest, so the ductibility was the best. Consequently,
the 1:1 cocrystal model had the best mechanical
properties.

Binding energy

Binding energy (Ey,;,q) Was an important criterion for evaluat-
ing the miscibility and compatibility of the different compo-
nents. Besides, it could also directly reflect the intermolecular
interaction energy (Ejn.). Previous studies [38—40] have
shown that binding energy can be used to assess the stability
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and compatibility of an explosive and the higher the value of
binding energy, the more stable the explosive, and the better
the compatibility.

For the CL-20/HMX cocrystal explosive, binding energy
referred to the intermolecular interaction energy between CL-
20 and HMX molecules. Binding energy could be determined
as follows:

Ey = —Einer = —[Etota—(Ecr20 + Ervix)) (6)
% Ey, X Ny

i 7
b N; 7

where Ej, is the binding energy, E\y. is the total energy of
cocrystal explosive at equilibrium state, Ej, is the intermo-
lecular interaction energy, Ecy 2o and Epvx are the total en-
ergies of isolated CL-20 and HMX, E," is defined as the
binding energy after correction, A, is the number of molecules
in cocrystal explosive, and N, is the number of molecules for
the 1:1 cocrystal model. In this article, the number of CL-20
and HMX molecules in 1:1 cocrystal model is 16, so 32 mol-
ecules were included in the cocrystal explosive, namely,
N, 0= 32.

Based on the MD simulation results, we can determine the
binding energy of CL-20/HMX cocrystal explosive with dif-
ferent molar ratios; the results are shown in Table 3 and Fig. 7.

From Table 3 and Fig. 7, we can clearly conclude that the
molar ratios had a direct influence on the binding energy of
cocrystal explosive. With the decrease of CL-20 mass percent
in cocrystal explosive, the binding energy between CL-20 and
HMX molecules exhibited an increasing changing tendency. In
other words, the binding energy changed in the order of
1:1>2:1>3:1>4:1>5:1>6:1>7:1>8:1>9:1>10:1. For the
explosive with the molar ratio of 10:1, the binding energy is
315.76 kJ/mol, while it is 402.88 kJ/mol when the molar ratio
is 1:1. The increase of binding energy indicated that the compat-
ibility and the stability of cocrystal model improved. Besides, the
results of binding energy also implied that when the molar ratio
was 1:1, the cocrystal explosive formed more easily, thus illus-
trating that CL-20 preferred cocrystallizing with HMX in this
condition. What’s more, compared with other cocrystal models,
the stability of the 1:1 cocrystal explosive was the best.

Considering the mechanical properties and binding energy
of the different cocrystal explosives, it could be obviously
seen that CL-20 preferred cocrystallizing with HMX at 1:1
molar ratio, and in this condition, the cocrystal model had

Table 3  Binding energy of cocrystal explosive (kJ/mol)

the best mechanical properties, highest binding energy, and
the cocrystal was more stable. Consequently, it was quite
promising and deserved more attention and further
investigation.

Detonation performance

The detonation parameters for an explosive mainly
included detonation heat (Q), detonation pressure (P),
detonation temperature (73), detonation volume (V,) and
detonation velocity (D). Among them, Q, P, and D were
the three most important detonation parameters. These
detonation parameters could be used to estimate the en-
ergy density and detonation performance of an explo-
sive. Besides, detonation parameters had a direct influ-
ence on the property of the weapons and it could also
be used to judge the power and damage efficiency of
ammunitions. Detonation parameters had a certain cor-
relation with many factors, such as density (p), oxygen
balance (OB), molecule structures, external conditions,
and so on. The detonation parameters could be acquired
by experimental tests, theoretical analysis, and empirical
equations.

For a certain explosive composed only of C-H-O-N ele-
ments with the molecular formula of C,H,O.N,, the oxygen
balance (OB) can be determined as follows:

[c—(2a + b/2)] "
M,

OB = 16 x 100% (8)

where, M,. is the molecular mass of the explosive.
Detonation velocity (D) can be obtained as follows [41]:

rd b JrA nB  nC nD nE
c o - ==
M,
F-0.26
= 10
0.55 (10)

In Eq. (10), we can see that the detonation velocity (D) has
a direct relationship to the coefficient F, where F is defined as
the detonation factor in Eq. (9). F'is determined by the mole-
cule structure, explosive category, explosive state, and other
factors. The unit of detonation velocity is km/s. In Eq. (9), the
correlated parameters, including A, nB, nC, nD, nE, and G are

Molar ratio 10:1 9:1 8:1 7:1 5:1 4:1 3:1 2:1 1:1
E, 1736.68 814.28 750.20 693.56 1253.53 566.49 968.15 791.16 600.33 402.88
Ey,’ 315.76 325.71 333.42 346.78 358.15 377.66 387.26 395.58 400.22 402.88
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Fig. 7 Binding energy of cocrystal explosives

concretely explained in Ref. [7]. To better understand the def-
initions, we can consult Ref. [7] to get the useful information.
Detonation pressure (P) is illustrated as follows [42]:

P = pD*(1-0.713p"7) (11)

In Eq. (11), P, p, D refers to the detonation pressure, den-
sity, and detonation velocity of the explosive, respectively.
The unit for P, p, D is GPa, g/cm?, and km/s, individually.

Detonation heat (Q) can be determined according to the
following equation [43, 44]:

0= ZwiQi (12)

where Q is the detonation heat of explosive and the unit is
kJ/kg, w; is the mass percent of ith component in explosive,
and Q; is the detonation heat of ith component with the unit of
kJ/kg.

Based upon the empirical equations, the detonation param-
eters of cocrystal explosive were obtained, the density of ex-
plosive was directly derived from the MD simulation results.
Table 4 gives the detonation parameters (p, OB, D, P, Q) of the
different cocrystal explosives.

What can be concluded from Table 4 is that the molar ratios
of CL-20/HMX had a direct influence on density, oxygen
balance, and detonation parameters of cocrystal explosives.
With a decrease of CL-20 in the cocrystal explosive, the

density and oxygen balance decreased gradually, and the det-
onation parameters also exhibited a declined variation tenden-
cy. For raw ¢-CL-20 (molar ratio of 1:0), the density was
2.035 g/em®, oxygen balance was —10.96%, and detonation
velocity, detonation pressure, and detonation heat was
9.50 km/s, 46.60 GPa, 6230 kJ/kg, respectively. For (3-
HMX (molar ratio of 0:1), the density was 1.894 g/cm3, OB
was —21.62%, detonation parameters (D, P, Q) were 9.05 km/
s, 39.45 GPa, and 6190 kJ/kg, respectively, while for the
cocrystal explosive with the molar ratio of 1:1, the density
was 1.978 g/cm®, oxygen balance was —15.26%, the values
of detonation parameters (D, P, and Q) were 9.35 km/s,
43.60 GPa, and 6214 kJ/kg, individually. Based on these re-
sults, we could clearly see that compared with ¢-CL-20, the
decreasing extent of detonation parameters (D, P, Q) for the
cocrystal explosive with molar ratio of 1:1 was 1.58, 6.44, and
0.26%, respectively. However, the values of these detonation
parameters were still higher than that of HMX, thus illustrat-
ing that cocrystal explosive had better detonation performance
than HMX. Therefore, the CL-20/HMX cocrystal explosive
was very promising and it was very likely that the cocrystal
explosive might become a new candidate for high energy-
density compounds in the future.

Conclusions

In this paper, the cocrystal models of CL-20/HMX explosives
with different molar ratios were established in MS and the
comprehensive properties (structures, mechanical properties,
binding energy, and detonation property) for the cocrystal ex-
plosives were derived and compared. Besides, the effects of
molar ratios on the comprehensive properties were investigat-
ed and estimated. The major findings and results were gener-
alized as follows:

(1) In cocrystal explosive, the values of E, K, and G de-
clined, while the C1,-Cy4 increased, namely, the mechan-
ical properties could be improved owing to the adding of
HMX. For the cocrystal explosive with molar ratio of
1:1, the values of E, K, and G were the least, while the
Cauchy pressure was the highest, thus implying that the

Table 4 Density, oxygen balance, and detonation properties of different cocrystal explosives

Molar ratio 1:0 10:1 9:1 8:1 7:1 5:1 4:1 3:1 2:1 1:1 0:1

p (g/em?) 2.035 2.027 2.025 2.024 2.023 2.020 2.018 2.014 2.009 1.998 1.978 1.894
OB (%) -10.96  -11.63 -11.70  —-11.79 -11.90 —12.04 -12.23 -12.50  -12.92 —13.65 -1526  -21.62
D (km/s) 9.50 9.47 9.47 9.47 9.46 9.46 9.45 945 943 941 9.35 9.05

P (GPa) 46.60 45.60 45.56 45.55 45.43 45.38 45.25 45.18 44.90 44.51 43.60 39.45
0 (kJ/kg) 6230 6227 6227 6227 6226 6226 6225 6224 6223 6220 6214 6190
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cocrystal explosive with the molar ratio of 1:1 had the
best mechanical properties.

For the different cocrystal explosives, the sequence of
binding energy was 1:1>2:1>3:1>4:1>
5:1>6:1>7:1>8:1>9:1>10:1, which indicated that
the intermolecular interaction energy for the cocrystal
explosive with the molar ratio of 1:1 was the strongest
and it was more stable, and the compatibility between
CL-20 and HMX molecules was better. Besides, it also
meant that CL-20 preferred cocrystallizing with HMX in
this condition.

Compared with raw ¢-CL-20, the density, oxygen bal-
ance, and detonation parameters (D, P, and Q) of
cocrystal explosive decreased gradually, while the values
of detonation parameters were still higher than that of
HMX, so the cocrystal explosive had an excellent deto-
nation performance.

In a word, the 1:1 cocrystal explosive had the best mechan-

ical properties, highest binding energy, and excellent detona-
tion performance, therefore, it was worth experimental tests.
The CL-20/HMX cocrystal explosive might become a new
candidate for high energy-density compounds in the future.
This paper could offer some theoretical instructions and tech-
nological support, which could help in the design of CL-20
cocrystal explosives.
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