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Abstract

In this article, the CL-20, TNT, HMX, CL-20/TNT, CL-20/HMX and different CL-20/TNT/HMX cocrystal models were
established. Molecular dynamics method was selected to optimize the structures, predict the stability, sensitivity, ener-
getic performance, and mechanical properties of cocrystal models. The binding energy, trigger bond length, trigger bond
energy, cohesive energy density, detonation parameters, and mechanical properties of each crystal model were obtained.
The influences of co-crystallization and molar ratios on performances of cocrystal explosives were investigated and
evaluated. The results show that the CL-20/TNT/HMX cocrystal explosive with a molar ratio of 3:1:2 or 3:1:3 had larger
binding energy and better stability, i.e., CL-20/TNT/HMX cocrystal explosive was more likely to be formed with these
molar ratios. The cocrystal explosive had shorter maximal trigger bond length, but larger trigger bond energy and
cohesive energy density than CL-20, namely, the cocrystal explosive had lower mechanical sensitivity and better safety
than CL-20 and the safety of cocrystal model was effectively improved. The cocrystal model with a molar ratio of 3:1:2
had the best safety. The energetic performance of the cocrystal explosive with a molar ratio of 3:1:1, 3:1:2, or 3:1:3 was
the best. These CL-20/TNT/HMX cocrystal models exhibited better and more desirable mechanical properties. In a
word, the cocrystal model with molar ratio of 3:1:2 exhibited the most superior properties and was a novel and potential
high-energy-density compound. This paper could provide practical helpful guidance and theoretical support to better
understand co-crystallization mechanisms and design novel energetic cocrystal explosives.

Keywords Cocrystal explosives - Molecular dynamics - Energetic performance - Binding energy - Sensitivity - Mechanical
properties

Introduction

For most kinds of energetic compounds (ECs), energetic per-
formance (or energy density) and safety are always incompat-
ible with each other, namely, ECs with high power also exhib-
ited high mechanical sensitivity and poor safety, and it was
more remarkable and severe for ECs with high energy density
(HEDC:s) [1, 2]. This problem has troubled researchers a lot
and limited the development or application of ECs. At present,
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it is still an embarrassing difficulty and unavoidable challenge
to solve this problem in some degree.

In recent years, co-crystallization [3, 4] has proven to
be a superior and promising way of decreasing mechani-
cal sensitivity and ameliorating safety of EMs. At the
same time, co-crystallization also had splendid advantages
or merits for ECs. For example, co-crystallization could
strengthen thermal safety, improve mechanical properties,
increase energy density, and reduce mechanical sensitivity
and so on. Co-crystallization was a novel branch for ECs
and it could be formed among different components
through nonbond interaction forces, such as hydrogen
bond, electrostatic energy, van der Waals (vdW) force,
7-1t stacking interaction energy, and halogen bond. Up
to now, many different kinds of energetic cocrystals have
been synthesized and investigated [5—11].
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2.,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane
(CL-20) was a typical kind of HEDCs and exhibited better
energetic performance and power than other explosives.
However, CL-20 has not witnessed its potential prospect and
wide application in military or civil areas because it was quite
sensitive to external stimulus and had high mechanical sensi-
tivity, i.e., CL-20 had poor safety and could not meet the re-
quirement of ammunitions and explosives.

In 2012, Bolton [12] dissolved CL-20 and octahydro-1,3,5,7-
tetranitro-1,3,5,7-tetrazocine (HMX) into acetone and prepared a
novel CL-20/HMX cocrystal explosive (molar ratio of 2:1) and
explored its properties. The results showed that the detonation
velocity of CL-20/HMX cocrystal explosive was about 100 m/s
higher than that of pure HMX. However, the impact sensitivity
was near to HMX. As we all know, HMX is a high-power
explosive with high sensitivity, therefore, the sensitivity of CL-
20/HMX cocrystal explosive is also relatively high to some ex-
tent. Later, Zongwei Yang [13] synthesized another cocrystal
composed of CL-20 and 2.4,6-trinitrotoluene (TNT) with molar
ratio of 1:1 and tested its performance. The results showed that
the stability of CL-20/TNT cocrystal explosive was greatly en-
hanced with sensitivity effectively decreased. However, the en-
ergy density was not quite desirable. Consequently, if CL-20,
TNT, and HMX could be cocrystallized together, the CL-20/
TNT/HMX cocrystal explosive might have held the advantages
of CL-20/TNT and CL-20/HMX cocrystals, namely, excellent
energy density and low mechanical sensitivity. At the same time,
the stability could also be improved. In cocrystal explosives, the
molar ratio of different components would affect properties such
as stability, mechanical properties, and especially the energy den-
sity and sensitivity. Therefore, it might be very significant to
investigate the properties of cocrystal models with different mo-
lar ratios and estimate the influences of molar ratios on the per-
formance of cocrystal explosives.

In this article, we mainly establish CL-20/TNT/HMX
cocrystal models with different substituted patterns and molar
ratios. Besides, the pure CL-20, TNT, HMX components, and
CL-20/TNT, CL-20/HMX cocrystal models were also
established. Molecular dynamics (MD) method was selected
to optimize the structures and predict the stabilities, sensitivity,
energy density, and mechanical properties of different cocrystal
models. The effects of molar ratios on the performance of
cocrystals were investigated and estimated. The results could
help to clarify the co-crystallization mechanism and provide
some useful guidance for energetic cocrystal designs.

Calculation models and methods
Molecular models of CL-20, TNT, and HMX

In this work, the crystal polymorph of CL-20 was chosen as ¢-
CL-20 because this polymorph was more stable and had better
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energetic performance than other polymorphs (o-, 3-, y-CL-
20) [14, 15]. For HMX, we selected 3-HMX owing to the fact
that among the whole polymorphs of HMX (-, v-, 8-, 3-), 3-
HMX had higher density and was the most stable and prom-
ising polymorph [16, 17]. The molecular structure and lattice
parameters of e-CL-20, TNT, and (3-HMX are presented in
Table 1, while the chemical models are illustrated in Figs. 1, 2,
and 3, respectively.

Crystal models of CL-20/TNT and CL-20/HMX
cocrystals

Based on the experimental results, the crystal models of CL-
20/TNT and CL-20/HMX cocrystals were established. The
molecular structure and lattice parameters of CL-20/TNT
and CL-20/HMX cocrystal explosives are listed in Table 2.
The primitive cell and supercell models of CL-20/TNT
cocrystal explosive are illustrated in Fig. 4 and CL-20/HMX
cocrystal models are presented in Fig. 5.

CL-20/TNT/HMX cocrystal models

In cocrystal models, the molar ratio of different components
affects the properties of cocrystal explosives, such as stability,
intermolecular interactions, density, mechanical properties,
and especially the energetic performance and sensitivity. If
the mass percent of high-power component was too much,
the cocrystal explosive might have a high crystal density and
superior energetic performance. However, the mechanical
sensitivity would also be increased. Therefore, too much of
a molar ratio of high energy density component would have a

Table 1 Molecular structure and lattice parameters of e-CL-20, TNT,
and 3-HMX

¢-CL-20* TNT® B-HMX®
Empirical formula CsHgO 12N 5 C7H50¢N5 C4HgOgNg
Molecular mass 438 227 296
Crystal system Monoclinic Monoclinic Monoclinic
Space group P21/A P21/A P21/C
p (g/em?) 2.035 1.654 1.894
a (A) 13.696 149113 6.540
b (A) 12.554 6.0340 11.050
c(A) 8.833 20.8815 8.700
a(®) 90.00 90.00 90.00
5(°) 111.18 110.365 124.30
v (°) 90.00 90.00 90.00
V(A% 1416.15 1761.37 519.39
VA 4 8 2

# The lattice parameters of e-CL-20 were obtained from Ref. [18]
® The lattice parameters of TNT were obtained from Ref. [19]
¢ The lattice parameters of 3-HMX were obtained from Ref. [16]
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a CL-20
Fig. 1 Molecular structure of e-CL-20

b Crystal model of & CL-20

positive influence on energetic performance, but a negative
effect on safety of cocrystal explosives. On the contrary, if
the low power component occupied too much, the cocrystal
explosive might present low sensitivity. However, the energy
density would be severely weakened at the same time. It was
also a negative factor for cocrystal explosives. Therefore, to
ensure that the cocrystal explosive has desirable energetic per-
formance and appropriate mechanical sensitivity, the molar
ratio of different components should be determined or con-
trolled at a reasonable and proper extent.

Previous studies [13, 20-25] have illustrated that cocrystal
explosives might be more likely to be formed with relatively
low molar ratios. Therefore, the molar ratios of CL-20, TNT,
and HMX were determined based on this principle.

At present, the substitution method is very practical
and widely applied when establishing energetic cocrystal
models. Therefore, in this work, the CL-20/TNT/HMX
cocrystal models were established by substitution method.
In other words, CL-20 molecules in supercell crystals
would be substituted by TNT and HMX molecules based
on the molar ratio of different components. The substitu-
tion included cleaved surfaces substitution and random
substitution, namely, TNT and HMX molecules would
replace the CL-20 molecules on the cleaved surfaces or
randomly. To investigate the influences of co-
crystallization and molar ratios on properties of cocrystal
explosives and compare the performances of CL-20/TNT/
HMX cocrystals with that of raw materials, we also
established the crystal models of CL-20, TNT, HMX,
CL-20/TNT, and CL-20/HMX cocrystals.

aTNT b Crystal model of TNT

Fig. 2 Molecular structure of TNT

<

b Crystal model of B-HMX

a HMX
Fig. 3 Molecular structure of 3-HMX

The molar ratio, supercell pattern, total number of CL-20,
TNT, HMX molecules, and atoms in cocrystal models are
listed in Table 3.

For example, when the molar ratio of the three components
(CL-20:TNT:HMX) was in 2:1:1, the CL-20/TNT/HMX
cocrystal model was established as follows: Firstly, the single
unit cell of e-CL-20 was established; then it was expanded to
16 (4 x 2 x 2) supercells and 64 CL-20 molecules were includ-
ed in the supercell; next, the supercell model was cleaved into
(100),(010),and (00 1) surfaces, and shown in Fig. 6;
afterwards, a vacuum layer with the thickness of 0 A would be
added into the three cleaved surfaces along the ¢ crystallo-
graphic axis; finally, 16 TNT and 16 HMX molecules would
substitute 32 CL-20 molecules on the three cleaved surfaces or
CL-20 molecules in the initial supercell crystal model.

When the initial CL-20/TNT/HMX cocrystal model was
established, the structure would be optimized with total

Table2  Crystal structure and lattice parameters of CL-20/TNT and CL-
20/HMX cocrystal explosives

CL-20/TNT* CL-20/HMX"
Empirical formula C13H 101N 5 C16H20035N3;
Molecular mass 665 1172
Molar ratio 1:1 2:1
Crystal system Orthorhombic Monoclinic
Space group Pbca P21/C
p (g/em®) 1.846 2.000
a (A) 9.7352 16.3455
b (A) 19.9126 9.9361
c(A) 24.6956 12.1419
a(®) 90.00 90.00
5 90.00 99.233
5 (°) 90.00 90.00
V(A% 4787.32 1946.42
Z 16 6

# The crystal parameters of CL-20/TNT cocrystal explosive were obtained

from Ref. [13]

® The crystal parameters of CL-20/HMX cocrystal explosive were obtain-
ed from Ref. [12]
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Fig. 4 Primitive unit cell (a) and
(3 x2 x 1) supercells (b) of CL-
20/TNT cocrystal models

a Primitive unit cell of CL-20/TNT

energy of cocrystal model minimized. For example, when the
substitution was on (0 0 1) crystal surface, the cocrystal model
after optimization is presented in Fig. 7.

Calculation conditions and details

In this work, the crystal models of pure components (CL-
20, TNT, and HMX) and CL-20/TNT, CL-20/HMX, and
CL-20/TNT/HMX cocrystal explosives were established.
The structures and energies were optimized and properties
of different models were predicted through MD method.
The influences of molar ratio on stability, sensitivity, en-
ergetic performance, and mechanical properties of
cocrystal explosives were investigated and evaluated. To
accurately predict the properties of cocrystal models,
COMPASS force field [26—28] was selected because this
force field was suitable for numerous materials in con-
densed phase. At the same time, the parameters in
COMPASS force filed were validated with the correlated
algorithms modified to improve the applicability and en-
sure its accuracy. At present, COMPASS force field was
regarded as an advanced or splendid force filed and had
been applied widely to determine parameters and predict
the properties of materials, including energetic materials.
The thermostat and barostat was set as Anderson,
Parrinello, respectively. To determine the nonbond ener-
gies, such as van der Waals (vdW) and electrostatic inter-
actions, we selected atom-based summation method for
vdW and Ewald method for electrostatic. In the MD sim-
ulation, NPT ensemble was chosen and the temperature
and pressure was set as 295 K, 0.0001 GPa, respectively.

Fig. 5 Primitive unit cell (a) and
(2 x 3 x2) supercells (b) of CL-
20/HMX cocrystal models

a Primitive unit cell of CL-20/HMX
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b (3x2x1) supercells of CL-20/TNT cocrystal models

The temperature, pressure, and total number of atoms in
crystal models would be kept constant. The step size was
1 fs and total MD simulation time was 2 ns (2 x 10° fs).
At first, the crystal model would be under a MD simula-
tion for 1 ns (1 x 10° fs) to optimize the structures, total
energies, nonbond energies, and to make the system reach
the equilibrium state. Then, the optimized model would
be under another MD simulation for 1 ns (1 x 10° fs) to
determine the parameters and energies.

Results and discussion
Choice of force field

The force field would directly affect the parameters of
crystal systems and each force field might be only suitable
for limited crystal models. To choose the most suitable
force field and ensure the precision, we performed MD
simulations with PCFF, COMPASS, Universal, and
Dreiding force field. Besides, the calculated parameters
were compared with experimental results.

The calculated crystal parameters and density of pure com-
ponents (CL-20, TNT, HMX), CL-20/TNT and CL-20/HMX
cocrystal models with NPT ensemble (295 K and 0.0001 GPa)
by different force field are presented in Table 4.

As presented in Table 4, it could be concluded that the
calculated results obtained by the COMPASS force field
were very accurate and it was in good agreement with ex-
perimental results, thus implying that this force field was
suitable for CL-20, TNT, HMX, CL-20/TNT, and CL-20/

b (2x3x2) supercells of CL-20/HMX cocrystal models
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Table 3 Molar ratio, supercell
pattern, total number of molecules
and atoms of CL-20,TNT, HMX,
CL-20/TNT, CL-20/HMX, and
CL-20/TNT/HMX cocrystal
models

Molar ratio (CL- Supercell N(total)®  N(CL- N(INT)*  NHMX)? N(atoms)®
20:TNT:HMX) pattern 20)°

1:0:0° 3x3x2 72 72 0 0 2592
0:1:08 2%x3x%x2 96 0 96 0 2016
0:0:1" 4x3x%x3 72 0 0 72 2016
1:1:0* 3x2x1 96 48 48 0 2736
2:0:1 2x3x2 72 48 0 24 2400
1:1:1% 3x2x2 48 16 16 16 1360
1:1:2 4x2x2 64 16 16 32 1808
1:1:3 S5x2x2 80 16 16 48 2256
1:2:1 4x2x2 64 16 32 16 1696
1:2:2 S5x2x2 80 16 32 32 2144
1:2:3 4x3x2 96 16 32 48 2592
1:3:1 S5x2x2 80 16 48 16 2032
1:3:2 4x3x%x2 96 16 48 32 2480
1:3:3 Tx2x2 112 16 48 48 2928
2:1:1 4x2x%x2 64 32 16 16 1936
2:1:2 S5x2x2 80 32 16 32 2384
2:1:3 4x3x%x2 96 32 16 48 2832
2:2:1 S5x2x2 80 32 32 16 2272
2:2:3 Tx2x2 112 32 32 48 3168
2:3:1 4x3x2 96 32 48 16 2608
2:3:2 Tx2%x2 112 32 48 32 3056
2:3:3 4x4x%x2 128 32 48 48 3504
3:1:1 S5x2x2 80 48 16 16 2512
3:1:2 4x3x%x2 96 48 16 32 2960
3:1:3 Tx2x2 112 48 16 48 3408
3:2:1 4x3x2 96 48 32 16 2848
3:2:2 Tx2x2 112 48 32 32 3296
3:2:3 4x4x2 128 48 32 48 3744
3:3:1 Tx2x2 112 48 48 16 3184
3:3:2 4x4x2 128 48 48 32 3632

*N(total) is represented for the total number of molecules in cocrystal models
®N(CL-20) is the total number of CL-20 molecules included in cocrystal models
°N(TNT) is defined as the total number of TNT molecules

IN(HMX) is the total number of HMX molecules

“N(atoms) is the total number of atoms contained in cocrystal models
"Molar ratio of 1:0:0 was defined as the pure e-CL-20

€ Molar ratio of 0:1:0 was represented for TNT

" Molar ratio of 0:0:1 was defined as the pure f-HMX

Molar ratio of 1:1:0 was defined as the CL-20/TNT cocrystal model

I Molar ratio of 2:0:1 was represented for CL-20/HMX cocrystal model

X Molar ratio of 1:1:1, 2:2:2, and 3:3:3 were the same

HMX cocrystals. At the same time, the data in Table 4 also ~ Binding energy

indicate that the COMPASS force field was reasonable for

MD simulations. Previous studies [29-33] have also point-  Binding energy (£;,) was mainly defined as the intermolecular
ed out that the COMPASS force field is very practical for  interactions between different kinds of molecules. Binding
predicting parameters and properties of large numbers of  energy was an important criterion to reflect or estimate the

energetic materials.

stability of explosives. Besides, binding energy could also
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Fig.6 Cleaved surfaces (100),(010),and (00 1) of (4 x 2 x 2) supercell
of CL-20

be applied to evaluate the compatibility or miscibility of dif-
ferent components. Generally speaking, if the value of £}, was
higher, it would mean that the interaction energies between
different molecules were stronger and the explosive had de-
sirable stability and favorable compatibility [29, 30, 32]. For
cocrystal explosives, binding energy could also predict the
formation probability. That is to say, cocrystal models with a
higher value of £}, might be formed more easily or probably.
In this work, the cocrystal explosive consisted of CL-20, TNT,
and HMX. We were mainly concerned about the interaction
energy and compatibility between CL-20 and other compo-
nents, i.e., the binding energy between CL-20 and TNT, HMX
molecules in cocrystal models.

Binding energy was determined by the total energy of the
whole system and individual energy of each component.
Binding energy was depicted as follows:

Ey = ~Einer = ~|[Etota— (EcL-20 + E1nt/nmx) | (1)
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Fig. 7 CL-20/TNT/HMX cocrystal model on (0 0 1) crystal surface with
molar ratio of 2:1:1
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EbXN()

E, = o2

(2)
where Ej, is defined as the interaction energy, E, is defined
as the total energy of cocrystal model when it was under equi-
librium state, Ecy g is the total energy of CL-20 molecules with
all the TNT and HMX molecules moved away from the
cocrystal model, Erntmamx 18 the total energy of TNT and
HMX molecules when all the CL-20 molecules were removed,
Ey s called the relative binding energy or corrected binding
energy, NV, is the total number of molecules (including CL-20,
TNT, and HMX) for ith cocrystal model, N, was the total num-
ber of molecules for a standard cocrystal model. In this work,
the CL-20/TNT/HMX cocrystal model with a molar ratio of
1:1:1 was selected as the standard pattern, i.e., Ny = 48.

Binding energy of CL-20/TNT/HMX cocrystal models
with different substituted patterns and molar ratios is illustrat-
ed in Table 5.

From Table 5, it was concluded that the binding energy for
each cocrystal model was different from each other. In other
words, the binding energy would be affected or determined by
substituted pattern and molar ratio of different components. In
most cases, the binding energy variedas (01 0)>(001)>(10
0)>random, i.e., (0 1 0) crystal surface was more stable and
the interaction energies between CL-20, TNT and HMX mol-
ecules on the (0 1 0) surface was stronger. Besides, Table 5
also illustrates that the highest binding energy of (1 0 0) and (0
1 0) crystal surfaces appeared at 3:1:2 (molar ratio), corre-
sponding to 616.17 kJ/mol, 683.31 kJ/mol, respectively and
it was 3:1:3 for (0 0 1) crystal surface (640.38 kJ/mol) and
random substituted pattern (613.57 kJ/mol). Based on these
data, it might be indicated that when the molar ratio was 3:1:2
or 3:1:3, the CL-20, TNT, and HMX molecules in cocrystal
model would be combined tighter and the interaction force
between these components was stronger. What’s more, the
cocrystal explosive with these molar ratios exhibited more
desirable stability and might be formed more probably or like-
ly in the same condition.

Sensitivity

Sensitivity was directly related to safety of ECs and it was
commonly defined as the relative probability or possibility
for ECs to be decomposed or exploded when subjected to
different external stimulus. Sensitivity had a great effect on
properties of ECs and it might be one of the most important
performances for ECs in some sense. Up to now, many theo-
ries have been proposed to judge or predict the sensitivity of
ECs [34-37]. In this work, we chose the trigger bond length,
interaction energy of trigger bond, and cohesive energy den-
sity (CED) to evaluate the sensitivity of CL-20/TNT/HMX
cocrystal explosives. This theory was put forward by Jijun
Xiao [33, 38-42] and has been verified as an accurate and



J Mol Model (2019) 25: 10

Page 7 of 15 10

Table 4 Calculated crystal

parameters and density of CL-20, Force field a(®) b (A) c(d) a® SO 7E)  p(gem)
TNT, HMX, CL-20/TNT, and
CL-20/HMX cocrystals® ¢-CL-20 Experimental  13.6960 125540 88330 90.00 11118  90.00  2.035
PCFF 13.8253  12.7361 9.2529  88.90 113.69 90.11 1.932
COMPASS 13.6889  12.7135 8.7708  90.00 112.27 90.00 2.026
Universal 13.9767  12.8175 8.8619 89.16 108.83 91.74 1919
Dreiding 14.1152  12.6714 9.4656  90.02  114.78 87.25 1.877
TNT Experimental ~ 14.9113 6.0340  20.8815 90.00 110.365 90.00 1.654
PCFF 14.5389 64748  21.7751  89.11 107.262 8738 1.516
COMPASS 15.0038 59872  21.0550 89.97 109497 9036 1.643
Universal 15.5718 6.4381 22.0935 87.88 113.250 9235 1.403
Dreiding 15.1736 5.8455 225019 9132 11249 88.75  1.557
B-HMX Experimental 6.5400  11.0500 8.7000  90.00 124.30 90.00 1.894
PCFF 6.7522  11.4085 8.9823 9238 126.19 91.82 1.721
COMPASS 6.4938  11.0998 8.7456  90.00 124.71 90.32  1.889
Universal 6.6838  11.1746 8.7362  89.76  123.08 88.91 1.825
Dreiding 6.9451 11.6120 9.1372  87.11 120.34 9325 1.616
CL-20/TNT Experimental 9.7352 199126  24.6956  90.00 90.00 90.00 1.846
PCFF 9.9468  19.5154  25.8233  92.02 90.14 91.15  1.763
COMPASS 9.7475 199378  24.7269  90.00 90.05 90.00  1.839
Universal 10.2321 19.7438  24.9686  88.71 91.38 90.03 1.752
Dreiding 10.4118  20.4326 249644 91.34 87.26 91.50 1.664
CL-20/HMX  Experimental  16.3455 9.9361 12.1419  90.00 99.233  90.00  2.000
PCFF 16.8035 10.1132  12.4241  91.07 99.275 9235  1.868
COMPASS 16.3510 9.9394  12.1460  90.04 99.181  90.02  1.998
Universal 16.5494  10.0600  12.2933  89.35 98.766  91.05 1.927
Dreiding 17.1156 104042  12.7139  88.26 101356  88.77 1.742

# The crystal parameters of e-CL-20, TNT, 3-HMX, CL-20/TNT, and CL-20/HMX cocrystals were obtained from

Ref. [12, 13, 16, 18, 19], respectively

practical theory. Up to now, this theory has been applied in
ECs fields to predict the sensitivity of some explosives
consisting of single component or multiple components.

Trigger bond length

The trigger bond of ECs was generally defined as the chemical
bond that was the weakest or had the least bond energy.
Compared with other chemical bonds, the trigger bond was
more active and would be ruptured or broken more easily
under external stimulus. For CL-20/TNT/HMX cocrystal ex-
plosives, it consisted of three components, namely, CL-20,
TNT, and HMX. Among them, CL-20 was the most active
component and exhibited the highest mechanical sensitivity.
Therefore, CL-20 molecules would be decomposed or explod-
ed more easily than TNT and HMX molecules under external
stimulus, which would result in the next chemical reaction of
cocrystal explosives. For CL-20, the N-N bond in nitro groups
(N-NO, groups) had the least bond energy and was the
weakest chemical bond. In other words, the N-NO, bond
was the trigger bond for CL-20 [43, 44]. Consequently, the
N-NO, bond in CL-20 molecules was chosen as the trigger

bond to predict the sensitivity of CL-20/TNT/HMX cocrystal
explosives.

The trigger bond length of CL-20/TNT/HMX cocrystal
explosive with a molar ratio of 2:3:1 on (0 1 0) crystal surface
is shown in Fig. 8. The probable trigger bond length (Lyrop),
average trigger bond length (L,,.), and maximum trigger bond
length (L) of pure CL-20, CL-20/TNT, CL-20/HMX, and
different CL-20/TNT/HMX cocrystal explosives were pre-
sented in Table 6.

It can be concluded from Fig. 8 that the trigger bond length
distribution was nearly the Gauss’s distribution and most of
the trigger bond distributed between 1.350~1.450 A.

Table 6 illustrates that the values of Ly, and L,y were
nearly the same for CL-20, CL-20/TNT, CL-20/HMX, and
CL-20/TNT/HMX cocrystal explosives and both of them did
not vary obviously, which might indicate that co-
crystallization had no influence or little influence on probable
trigger bond length (L) or average trigger bond length
(Laye)- However, the value of maximum trigger bond length
(Limax) varied obviously for each cocrystal model. For CL-20,
CL-20/TNT, and CL-20/HMX cocrystal explosives, the value
of Liyax Was 1.642, 1.545, and 1.618 A, respectfully. The
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Table 5 Binding energy of different CL-20/TNT/HMX cocrystal
explosives (kJ/mol)

Molar ratio (100) 010) o Random
(CL-20:TNT:HMX)

1:1:1 503.68 547.69 541.66 477.38
1:1:2 494.25 526.73 530.03 453.61
1:1:3 466.34 515.45 500.63 447.06
1:2:1 539.27 570.38 562.71 490.40
1:2:2 535.05 564.59 543.78 481.26
1:2:3 496.56 530.36 507.34 470.70
1:3:1 529.51 554.32 543.62 511.01
1:3:2 521.17 540.44 529.60 499.52
1:3:3 490.38 523.73 505.47 487.18
2:1:1 591.25 615.84 599.70 577.29
2:1:2 583.37 603.35 572.36 573.03
2:1:3 554.30 584.48 577.61 558.07
2:2:1 577.21 594.37 581.30 560.28
2:2:3 563.16 577.61 574.26 553.58
2:3:1 526.28 543.64 530.73 520.69
2:3:2 522.35 53691 529.04 511.48
2:3:3 490.27 516.70 499.35 466.28
3:1:1 607.21 640.79 618.55 591.60
3:1:2 616.17 683.31 635.72 595.43
3:1:3 595.74 656.56 640.38 613.57
3:2:1 585.49 620.04 606.38 577.66
3:2:2 588.73 605.78 601.40 565.37
3:2:3 570.34 591.19 577.70 552.63
3:3:1 553.06 573.64 558.92 546.71
3:3:2 526.74 552.10 549.39 531.77

maximum trigger bond length of CL-20/TNT cocrystal explo-
sive was decreased by 5.91% than CL-20 and it was 1.46% for
CL-20/HMX cocrystal explosive. Although the CL-20 mole-
cules that had larger trigger bond length than L., only

12

10

6

P(l) %

T T T T T 1
1.1 1.2 1.3 1.4 1.5 1.6 L7

Bond length (N-NO,)/A

Fig. 8 Trigger bond length distribution of CL-20/TNT/HMX cocrystal
explosive
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occupied a small portion, these molecules were particularly
active and sensitive to external stimulus, and it might be more
likely for the trigger bond to be broken to make the explosive
decomposed or exploded. Therefore, CL-20 had higher me-
chanical sensitivity than CL-20/TNT and CL-20/HMX
cocrystal explosives. The L,x for CL-20/TNT/HMX
cocrystal explosives were between that of pure CL-20 and
CL-20/TNT cocrystal explosive and the cocrystal model with
a molar ratio of 3:1:2 had the least value of L, (1.592 A).
Generally speaking, if the value of L., was larger, it would
mean that the chemical bond was more active and had weaker
bond strength. Consequently, the trigger bond in the CL-20/
TNT/HMX cocrystal model was stabilized with bond strength
enhanced. In other words, the safety of CL-20/TNT/HMX
cocrystal explosive was improved or increased.

Interaction energy of trigger bond

Interaction energy of trigger bond could directly reflect the
bond strength. If the value of trigger bond energy was higher,
it would indicate that the bond strength was stronger and the
sensitivity of ECs was lower.

Interaction energy of the trigger bond was illustrated as:
_ ErEF

JNEN (3)
where Er is the total energy of the cocrystal explosive when it
is under equilibrium state, Ef is the total energy of cocrystal
model when all the N atoms in CL-20 molecules is
constrained purposely, n is the total number of N-N bond in
CL-20 molecules.

The trigger bond energy of CL-20/TNT/HMX cocrystal
explosives with different molar ratios and substituted patterns
are listed in Table 7.

As illustrated in Table 7, it can be concluded that CL-20/
TNT, CL-20/HMX, and CL-20/TNT/HMX cocrystal explo-
sives had higher values of trigger bond strength than raw CL-
20. For example, the trigger bond energy of CL-20, CL-20/
TNT, and CL-20/HMX cocrystal explosive was 138.6, 156.7,
and 145.6 kJ/mol, respectively. Compared to pure CL-20, the
trigger bond energy of CL-20/TNT cocrystal explosive was
increased by 13.06%. For CL-20/HMX cocrystal explosive,
the trigger bond energy was increased by 5.05% compared to
that of CL-20. The increase of trigger bond energy illustrated
that the stability and strength of trigger bond was effectively
improved or enhanced, which further meant that CL-20/TNT,
CL-20/HMX and CL-20/TNT/HMX cocrystal explosives had
lower sensitivity and better safety than CL-20.. At the same
time, the trigger bond energy also implied that co-
crystallization was a superior and effective means to decrease
sensitivity of ECs. Table 7 also illustrates that for the different
substituted patterns, trigger bond energy ranged as (0 1 0) > (1
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Table 6 Trigger bond length

distribution of different CL-20/ Bond length  1:0:0 1:1:0  2:0:1 1:1:1 1:1:2 1:1:3 1:2:1 1:2:2 1:2:3 1:3:1
TNT/HMX cocrystal explosives Lrob 1399 1394 1396 1396 1397 139 139 1396 1397 1396
A Lave 1398 1394 1397 139 139 1395 139 1397 1396 1.395
Linax 1.642 1545 1.618 1608 1606 1607 1605 1.611 1608 1.601
Bond length  1:3:2 1:3:3 2:1:1 2:1:2 2:1:3 2:2:1 2:2:3 2:3:1 2:3:2 2:3:3
Lorob 1396 1397 1398 1396 139 139 139 1397 1396 1397
Love 1396 1398 1398 1396 1397 1395 1397 1397 1396 1396
Linax 1.610 1617 1612 1610 1.610 1.619 1602 1602 1.601  1.601
Bond length  3:1:1 3:1:2 3:1:3 3:2:1 3:2:2 3:2:3 3:3:1 3:3:2
Lprob 1397 1395 1398 1398 1397 139 139 1396
Laye 1397 1396 1398 1398 139 1397 139 1397
Linax 1.604 1592  1.609 1.607 1.609 1.603 1.604 1.601

0 0)>random > (0 0 1), thus indicates that (0 1 0) crystal
surface was more insensitive and had the best safety. What’s
more, Table 7 also implies that the molar ratios of CL-20,
TNT, and HMX would affect the trigger bond strength.
Among the whole CL-20/TNT/HMX cocrystal explosives,
the trigger bond energy for cocrystal model with molar ratio
of 3:1:2 was the highest, which indicates that this cocrystal
model was more insensitive and had the lowest mechanical
sensitivity and the best safety.

Cohesive energy density

Cohesive energy density (CED) belonged to the nonbond en-
ergy. It was composed of vdW and electrostatic energy. CED
could be defined as the total energy that is needed to separate
all the explosive molecules from each other. The CED, vdW,
and electrostatic energies of different CL-20/TNT/HMX
cocrystal explosives are shown in Table 8.

As shown in Table 8, it was concluded that CL-20 (molar
ratio of 1:0:0) had the least value of CED, vdW, and electro-
static energies, corresponding to 0.638, 0.176, and 0.462 kJ/
em’, respectively. CL-20/TNT cocrystal explosive (molar ra-
tio of 1:1:0) exhibited the largest value of CED (0.855 kJ/
cem?), vdW (0.243 kJ/cm?), and electrostatic energy
(0.612 kJ/cm?®). These energies of CL-20/TNT cocrystal ex-
plosive were increased by 34.01, 38.07, and 32.47% when
compared to that of pure CL-20, thus illustrating that the sen-
sitivity of CL-20/TNT cocrystal explosive was greatly de-
creased. Among the different CL-20/TNT/HMX cocrystal
models, the value of CED, vdW, and electrostatic energy
was higher than pure CL-20 and CL-20/HMX cocrystal ex-
plosive, but lower than CL-20/TNT cocrystal explosive.
Table 8 also shows that when the molar ratio was 3:1:2, the
nonbond energies, including CED, vdW, and electrostatic en-
ergies, were the largest, corresponding to 0.797, 0.233, and
0.564 kJ/cm®. The CED was increased by 24.92% compared
pure CL-20, and it was 32.39% for vdW energy and 22.08%

Table 7 Interaction energy of

trigger bond of different CL-20/ Substituted 1:0:0  1:1:0
TNT/HMX cocrystal explosives pattern
(kJ/mol) (100) 138.6 156.7
010) 1449 169.8
001 132.1 1462
Random 1345 1533
Substituted 1:3:22 1:33
pattern
(100) 151.1  149.8
010) 1584 1546
001 1427 1412
Random 1483 1473
Substituted 3:1:1 3:1:2
pattern
(100) 1469 1549
010) 1543  163.6
001) 1439 1450
Random 1447 1512

2:0:1 1:1:1 1:1:2 1:1:3 1:2:1 1:2:2 1:2:3 1:3:1
1456 1484 1466 1462 1502 1486 1479 1529
1534 1576 1564 1593 1594 1571 1553 160.7
136.3 1445 1408 1399 1453 1442 1420 1442
140.8 1463 143.1 1430 1485 1464 146.1 1509
2:1:1 2:1:22 2:1:3 2:2:1 2:2:3 2:3:1 2:3:22 2:33
1479 1499 1499 1484 1475 1469 149.1 1459
152.7 1557 156.1 1532 1543 1545 1543 1539
1413 1420 143.1 1425 1414 1438 1420 1436
1477 1484 1474 148.1 1482 1450 148.7 1449
3:1:3 3:2:1 3:2:2 3:2:3 3:3:1 3:3:2
154.0 1523 1505 148.6 151.6 148.0
160.8 1599 1577 1524 1595 157.1
1437 1435 1456 1452 1455 1443
1509 150.7 1498 147.7 150.6 145.6
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Table 8 CED, vdW, and

2:0:1 1:1:1 1:1:2 1:1:3 1:2:1 1:2:2 1:2:3 1:3:1
0.687 0.710 0.707 0.705 0.724  0.715 0.712  0.783
0.193 0203 0.202 0.201 0218 0.211 0210 0.242
0494 0507 0.505 0504 0.506 0.504 0502 0.541
2:1:1 2:1:2 2:1:3 2:2:1 2:2:3 2:3:1 2:3:2 2:3:3
0.708 0.727 0.735 0.719 0.750  0.753  0.757  0.753
0205 0218 0219 0209 0228 0228 0229 0.227
0.503 0509 0.516 0510 0522 0525  0.528  0.526
3:1:3 3:2:1 3:2:2 3:2:3 3:3:1 3:3:2
0.791 0.780  0.775 0.767 0.781  0.773
0230 0225 0224 0219 0223 0219
0.561 0555 0.551 0548 0.558  0.554

electrostatic energies of CL-20/ Parameter 1:0:0 1:1:0
TNT/HMX cocrystal explosives CED 0.638  0.855
(ky/em’y* vdW 0.176 0243
Electrostatic ~ 0.462  0.612
Parameter 1:3:2 1:3:3
CED 0.778  0.769
vdW 0.241  0.236
Electrostatic ~ 0.537  0.533
Parameter 3:1:1 3:1:2
CED 0.760  0.797
vdW 0.231 0.233
Electrostatic ~ 0.529  0.564

4 CED = vdW + Electrostatic

for electrostatic energy. These data meant that the CL-20/
TNT/HMX cocrystal explosive model with molar ratio of
3:1:2 had the lowest mechanical sensitivity, but the best safety.

Detonation performance

The power and energetic performance of ECs could be
reflected by correlated detonation parameters, such as detona-
tion velocity (D), detonation pressure (P), and detonation heat
(Q). In this work, the nitrogen equivalent coefficient (NEC)
method was chosen to calculate the detonation parameters and
predict the energy density of cocrystal explosives and raw
components. The NEC method was first put forward in 1964
and later revised by Housheng Zhang in 1978 [45]. The NEC
method took some factors that might affect or determine the
detonation parameters into consideration, such as molecular
structure, detonation products, the chemical bond, or chemical
groups existing in explosives. Therefore, the NEC method
was a very practical and precise method for numerous differ-
ent kinds of explosives.

For ECs that only contained C-H-O-N element
(C,H,ON,), the oxygen balance (OB) was depicted as fol-
lows:

[c—(2a+ b/2)]

OB =
M,

x 16 x 100% (4)
where a, b, ¢, and d are the total number of carbon, hydrogen,
oxygen, and nitrogen atoms existing in explosive molecules,
and M, is the molar mass of explosive with the unit of g/mol.

The value of OB for mixed explosives could be obtained
as:

where w; is the mass percent of ith component in mixed

explosive and OB; is the oxygen balance of ith component.

@ Springer

According to NEC method, detonation parameters (D and
P) could be calculated as that:

D = (690 + 1160p,)YNep
P =1.106(py>Ney)*—0.84

100
2Nen = R (piNpi + Y BNk + Y.G;Ng;)

(6)

where ) Ny, is the total nitrogen equivalent coefficient, p;, N,;,
By, Npk, Gj, Ng; are the correlated parameters determined by
explosive molecules, detonation products, chemical bonds,
and chemical groups. All of the parameters in Eq. (6) are
interpreted in Refs. [46, 47]. To better understand the NEC
method, we could consult Refs. [46, 47] for more information
and further help.

The detonation products and nitrogen equivalent parameter
of raw components, such as CL-20 (C¢HgO1,N1,), TNT
(C7H504N3), and HMX (C4HgOgNg) were determined based
on the H,O-CO-CO, principle, i.e., the detonation equations
of these three explosives were illustrated as:

C6H6012N12—>3H20 + 3CO + 3C02 + 6N2
C;H50¢N;—2.5H,0 + 3.5CO + 3.5C + 1.5N, (7)
C4H808N3—>4H20 + 4CO + 4N2

Detonation heat (Q) is depicted as follows [48, 49]:
0 = 2wi0; (8)

where Q is the detonation heat of mixed explosive and w; and
Q; are the mass percent and detonation heat of ith component,
respectively.

The detonation parameters of raw components (CL-20,
TNT, HMX), CL-20/TNT, CL-20/HMX, and CL-20/TNT/
HMX cocrystal explosives are presented in Table 9.

From Table 9 it can be concluded that the density (p) and
detonation parameters (D, P, Q) of raw CL-20 was 2.035 g/
cm?, 9.50 km/s, 46.60 GPa, 6230 kJ/kg, respectively. The high
value of density and detonation parameters mean that CL-20
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Table 9  Detonation parameters of raw components, CL-20/TNT, CL-20/HMX, and CL-20/TNT/HMX cocrystal explosives

Molar ratio Mass percent (%) p (g/cm3) OB (%) D (km/s) P (GPa) 0 (kJ/kg)
CL-

(20:TNT:HMX) w(CL-20) w(TNT) w(HMX)

1:0:0 100 0 0 2.035 - 10.96 9.50 46.60 6230
0:1:0 0 100 0 1.654 - 74.00 7.08 21.45 4570
0:0:1 0 0 100 1.894 -21.62 9.05 39.45 6190
1:1:0 65.86 34.14 0 1.909 — 3248 8.87 36.73 5663
2:0:1 74.74 0 25.26 1.997 - 13.65 9.39 43.08 6220
1:1:1 45.58 23.62 30.80 1.889 -29.13 8.90 36.84 5826
1:1:2 34.84 18.06 47.10 1.890 - 2737 8.96 37.36 5911
1:1:3 28.20 14.62 57.18 1.891 - 26.27 9.00 37.69 5964
1:2:1 36.87 38.22 24.91 1.839 -37.71 8.52 33.23 5586
1:2:2 29.51 30.59 39.90 1.849 —34.50 8.65 34.34 5706
1:2:3 24.61 25.50 49.89 1.857 - 3236 8.73 35.09 5787
1:3:1 30.95 48.13 20.92 1.806 —43.54 8.27 30.98 5423
1:3:2 25.60 39.80 34.60 1.821 - 39.74 8.42 32.27 5555
1:3:3 21.82 33.93 44.25 1.832 - 37.07 8.53 33.21 5649
2:1:1 62.61 16.23 21.16 1.932 — 2345 9.19 39.69 5952
2:1:2 51.68 13.39 34.93 1.925 —23.13 9.18 39.59 5994
2:1:3 44.00 11.40 44.60 1.921 —22.90 9.18 39.52 6023
2:2:1 53.87 27.93 18.20 1.888 —30.51 8.86 36.43 5759
2:2:3 39.49 20.47 40.04 1.889 - 28.13 8.94 37.13 5874
2:3:1 47.28 36.75 15.97 1.856 —35.83 8.62 34.14 5614
2:3:2 40.76 31.69 27.55 1.861 —33.88 8.69 34.79 5693
2:3:3 35.83 27.85 36.32 1.865 - 3239 8.75 35.29 5753
3:1:1 71.53 12.36 16.11 1.956 -2047 9.34 41.29 6018
3:1:2 61.60 10.65 27.75 1.947 —20.63 9.31 40.98 6042
3:1:3 54.09 9.35 36.56 1.940 -20.75 9.29 40.74 6060
3:2:1 63.66 22.00 14.34 1.917 —26.36 9.06 38.42 5859
3:2:2 55.68 19.24 25.08 1.914 —25.76 9.07 38.51 5901
3:2:3 49.47 17.09 33.44 1912 - 2530 9.08 38.57 5933
3:3:1 57.35 29.73 12.92 1.887 —31.08 8.84 36.26 5731
3:3:2 50.79 26.33 22.88 1.888 —30.00 8.87 36.58 5784

had outstanding energetic performance and superior power.
Besides, these data also indicate that CL-20 was a kind of
splendid and promising HEDMs. For CL-20/TNT, CL-20/
HMX, or CL-20/TNT/HMX cocrystal explosives, the density
declined and detonation parameters were also decreased,
namely, the power and energetic performance was weakened.
The CL-20/TNT/HMX cocrystal model with the molar ratio
of 1:3:1 had the least value of density and detonation param-
eters and it was 1.806 g/cm®, 8.27 km/s, 30.98 GPa, and
5423 kl/kg, respectively. This further implied that the
cocrystal model also exhibited the poorest detonation perfor-
mance and lowest energy density. On the contrary, the
cocrystal model with a molar ratio of 3:1:1 had the highest
density and maximal detonation velocity and detonation pres-
sure, corresponding to 1.956 g/em®, 9.34 km/s, 41.29 GPa,
and 6018 kJ/kg. Previous studies [S0-52] have clearly stated

that for HEDMs, it was required that p>1.9 g/cm3, D>
9.2 km/s, P>40 GPa. Among the whole CL-20/TNT/HMX
cocrystal models, only the cocrystal model with the molar
ratio of 3:1:1, 3:1:2, 3:1:3 could satisfy the requirement.

Mechanical properties

Mechanical properties were generally characterized by five
parameters, i.e., tensile modulus (£), shear modulus (G), bulk
modulus (K), Poisson’s ratio (v), and Cauchy pressure (Ci,-
Cy44). Among them, E, K, and G were also called the engineer-
ing modulus. £, K, and G was commonly applied as a criterion
to evaluate the rigidity, stiffness, or hardness of a material.
Besides, K was an important level to reflect the rupture
strength and materials with higher value of K would also have
greater rupture strength [53]. Cauchy pressure was commonly
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Table 10 Mechanical properties of raw components, CL-20/TNT, CL-20/HMX, and CL-20/TNT/HMX cocrystal models®

Substituted pattern  Mechanical properties
(100) E

010 E

001 E

Random E

C12-Cyq
Substituted pattern ~ Mechanical properties
(100) E

(010 E

0o E

Random E

Ci12-Cyy
Substituted pattern  Mechanical properties
(100) E

v

K

G

C12-Cyy
010 E

14

@ Springer

1:0:0
17.735
0.229
10.903
7216
- 3.812
15.025
0.230
9.267
6.109
—2.565
16.165
0.229
9.932
6.578
- 3.187
15.585
0.226
9.475
6.357
—2.934
1:2:3
12.802
0.230
7917
5.202
0.239
11.047
0.226
6.716
4.506
0.368
12.254
0.228
7.518
4988
0.369
12.146
0.227
7.404
4951
0.484
2:3:2
13.834
0.229
8.502
5.629
0.115
12.190
0.227

0:1:0
9.675
0.228
5.932
3.939
—0.384
7.746
0.227
4.726
3.157
0.209
9.441
0.225
5.725
3.853
—0.401
8.584
0.228
5.266
3.494
- 0.105
1:3:1
12.568
0.227
7.661
5.123
0.620
11.209
0.227
6.834
4.569
0.815
11.796
0.230
7.295
4.793
0.873
11.305
0.226
6.872
4.611
1.006
2:3:3
14.047
0.228
8.618
5.718
0.304
11.561
0.228

0:0:1
12.615
0.229
7.766
5.131
- 1.771
10.981
0.224
6.623
4487
- 1.295
12.180
0.228
7453
4.961
- 1.525
11.613
0.230
7.182
4.719
- 1.824
1:3:2
12.339
0.226
7.501
5.033
0.534
10.463
0.228
6.419
4.259
0.497
11.345
0.230
7.016
4.610
0.826
10.831
0.229
6.657
4.407
1.105
3:1:1
12.485
0.230
7.721
5.073
1.026
10.605
0.229

1:1:0
13.083
0.226
7.968
5334
1.349
10.091
0.229
6.203
4.106
2319
11.944
0.229
7.362
4.857
1.782
10.858
0.229
6.673
4418
1.816
1:3:3
11.254
0.229
6917
4.579
0.782
11.476
0.227
6.996
4.678
0.642
12.083
0.225
7.327
4931
0.571
11.603
0.228
7.118
4.723
0.502
3:1:2
10.382
0.234
6.517
4.205
1.557
10.718
0.227

2:0:1
14.500
0.227
8.865
5.907
-0.216
11.996
0.231
7.423
4.874
0.151
13.141
0.232
8.158
5.335
—0.468
12.482
0.227
7.609
5.088
-0.375
2:1:1
14.268
0.227
8.697
5.816
0.174
12.421
0.225
7.532
5.069
0.683
13.048
0.228
8.005
5311
0.387
12.408
0.230
7.653
5.045
0919
3:1:3
11.294
0.230
6.985
4.589
1.383
9.901
0.234

1:1:1
13.907
0.226
8.471
5.670
-0.202
12.446
0.228
7.636
5.066
0.621
13.692
0.227
8.369
5.578
0.177
12.640
0.231
7.819
5.136
0.305
2:1:2
13.890
0.230
8.590
5.644
0.325
11.575
0.229
7.114
4.710
0.725
13.972
0.225
8.472
5.702
0.234
12.911
0.225
7.829
5.269
1.004
3:2:1
13.506
0.226
8.211
5.509
0.334
12.308
0.231

1:1:2
14.573
0.227
8913
5.936
-0514
11.972
0.225
7.252
4.887
0.257
13.904
0.228
8.507
5.663
- 0.183
12.603
0.228
7.732
5.130
- 0415
2:1:3
13.752
0.226
8.361
5.609
0.218
11.361
0.227
6.926
4.631
0.487
13.424
0.227
8.183
5472
0.438
12.722
0.225
7.714
5.192
1.257
3:2:2
11.976
0.228
7.348
4.875
0.537
11.876
0.228

1:1:3
14.173
0.229
8.725
5.765
—0.036
12.388
0.227
7.558
5.049
0.339
14.185
0.226
8.642
5.783
-0.372
12.278
0.226
7.464
5.008
-0.207
2:2:1
13.591
0.229
8.353
5.530
0.836
11.083
0.231
6.856
4.503
1.136
12.998
0.226
7.902
5.302
1.105
12.050
0.227
7.346
4912
0.631
3:2:3
13.021
0.226
7916
5311
0.702
11.435
0.227

1:2:1
11.891
0.226
7.237
4.849
0.636
10.648
0.231
6.589
4.326
0.803
12.702
0.225
7.703
5.184
0.275
11.497
0.229
7.065
4.678
0.355
2:2:3
13.102
0.230
8.103
5.324
0.778
11.767
0.228
7.219
4.790
0.749
12.674
0.228
7.776
5.159
0.923
12.349
0.227
7.528
5.034
0.585
3:3:1
12.676
0.227
7.728
5.167
1.465
11.970
0.230

1:2:2
12.572
0.227
7.689
5.121
0.358
11.363
0.227
6.932
4.631
0.517
12.030
0.229
7415
4.892
0.713
12.121
0.227
7.389
4.941
0.571
2:3:1
13.029
0.227
7.942
5311
0.236
11.937
0.229
7.336
4.857
0.718
12.669
0.230
7.835
5.148
0.749
12.554
0.228
7.702
5.110
0.816
3:3:2
13.266
0.229
8.154
5.398
0.934
11.741
0.227
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Table 10 (continued)

K 7431 7092 6517
G 4969 4706 4315
C1r-Caa .10l 0.626 1382

001) E 13438 12943 10.804
v 0226 0230 0228
K 8.170  8.005  6.628
G 5481 5259 4398
C1-Caa 0502 0617 1283

Random E 12415 12469  10.200
v 0227 0230 0228
K 7568 7711 6258
G 5061 5067 4152
C1-Caa 0.823 0937 1511

6.534  6.215 7.614 7.286 6.971 7402  7.157
4369  4.010 5.001 4.834 4.661 48064  4.786
1.114  1.469 0.835 0914 0.619 0.926  0.699
10404 10.602 12955 12.089 12311  12.050 13.394
0227  0.231 0.226 0.228 0.228 0229  0.229
6343 6.571 7.875 7.417 7.553 7.406  8.232
4241 4306 5.284 4.921 5.011 4903  5.450
1.646  1.115 0.787 0.526 0.530 0.671  0.545
10.789 11.067 12396  11.629  12.109 12219 12.883
0228  0.229 0.227 0.231 0.226 0.228  0.229
6.619  6.801 7.557 7.193 7.362 7.225 7917
4392 4503 5.053 4.725 4.939 4794  5.242
0924  0.708 0.802 0.553 0.471 0.904  0.726

4 Units for E, K, G, and (C;,-C44) are in GPa, v has no units

used to estimate the ductility, plastic property, or brittle prop-
erty of a material [54]. In other words, a high positive value of
(C12-C44) would mean that the material had desirable ductility
or superior plastic property. On the contrary, if the value of
(C12-Cy4) was negative, it would indicate that the material
exhibited a brittle property.

Mechanical properties were generally depicted by elastic
coefficients (Cj), stress (o), and strain (¢) as follows [55, 56]:

oi = C; )

Bulk modulus (K) and shear modulus (G) were illustrated
as follows:

Kr = [S11 + S+ S33 +2(S12 + S23 +531)]71 (10)

Gr = 15[4(S11 + S22 + S33)~4(S12 + S23 + S31) + 3(Sas + Ss5 + Se6)] '
(11)
where the subscript R is the Reuss average and the parameters

(S and elastic coefficients (Cj) are illustrated as S=C I
Mechanical properties could be related together as follows:
E=2G(1+v) =3K(1-2v) (12)

Based on the above equations, tensile modulus (£) and
Poisson’s ratio (v) could be calculated as that:

9GK
- 13
3K+ G (13)
3K-2G
T 14
"T26K 1 G) (14)

The mechanical properties of CL-20, TNT, HMX, CL-20/
TNT, CL-20/HMX, and CL-20/TNT/HMX cocrystal explo-
sives are listed in Table 10.

What can be concluded from Table 10 is that both the raw
components (CL-20, TNT, and HMX), CL-20/TNT, CL-20/
HMX, and CL-20/TNT/HMX cocrystal explosives had differ-
ent mechanical properties. Among the whole crystal models,
CL-20 had the highest value of E, K, G, but the lowest Cauchy
pressure (Cy,-Cyy). In other words, the value of E, K, G for
pure CL-20 was very high, while Cauchy pressure (C;5-Cys)
was negative. For example, the value of E, K, G for (0 0 1)
crystal surface was 16.165, 9.932, and 6.578 GPa, respective-
ly. The high and positive value of £, K, G might mean that the
stiffness, rigidity, hardness, or rupture strength of CL-20 was
very good. However, the negative value of Cauchy pressure
(= 3.187 GPa) indicates that CL-20 presented poor ductility
and plastic property. Consequently, the mechanical properties
or raw CL-20 was undesirable. For CL-20/TNT, CL-20/
HMX, and CL-20/TNT/HMX cocrystal models, the three en-
gineering moduli (£, K, G) were decreased, while Cauchy
pressure was increased, thus implying that the rigidity and
hardness of cocrystal models was lower than CL-20, but the
plastic property was better than CL-20, namely, the cocrystal
model had better mechanical properties than CL-20. Besides,
the variation of mechanical properties also illustrated that co-
crystallization could effectively improve mechanical proper-
ties of ECs. Table 10 also illustrates that the value of E, K, G of
different substituted patterns varied as (1 0 0)>(0 0 1) >ran-
dom > (0 1 0), while Cauchy pressure was on the opposite
order. Therefore, (1 0 0) crystal surface exhibited the highest
rigidity, but poorest ductility, while (0 1 0) surface held the
most desirable mechanical properties. What’s more, for (1 0
0) and (0 O 1) crystal surfaces, when the molar ratio was
3:1:2, the CL-20/TNT/HMX cocrystal model held the low-
est E, K, G, but the largest Cauchy pressure, i.e., this
cocrystal model had the best mechanical properties. For (0
1 0) crystal surface, the cocrystal model presented the best
mechanical properties with a molar ratio of 3:1:3 and it was
3:1:1 for a random substituted pattern.
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When taking the stability, sensitivity, energetic perfor-
mance, and mechanical properties into consideration, it could
be concluded that when the molar ratio of different compo-
nents was 3:1:1, 3:1:2, or 3:1:3, the CL-20/TNT/HMX
cocrystal explosive had the most desirable or superior proper-
ties and might be formed more probably, especially the
cocrystal model with molar ratio of 3:1:2. Consequently, the
cocrystal explosives with these molar ratios were very prom-
ising and worth more attention.

Conclusions

In this work, the pure CL-20, TNT, HMX, CL-20/TNT, CL-
20/HMX, and CL-20/TNT/HMX cocrystal explosive models
were established and MD method was applied to predict the
stability, sensitivity, energetic performance, and mechanical
properties of different crystal models. The influences of co-
crystallization and molar ratios on properties of cocrystal ex-
plosives were investigated and estimated. The main results
and conclusions are listed as follows:

(1) The CL-20/TNT/HMX cocrystal explosive with molar
ratio of 3:1:2 or 3:1:3 had the largest binding energy
and best stability. The cocrystal model might be more
likely to be formed with these molar ratios. (0 1 0) crystal
surface was more stable than (0 0 1), (1 0 0) and random
substituted models.

(2) The cocrystal model had less value of trigger bond
length, but higher value of trigger bond energy and
CED than CL-20, i.e., cocrystal model had lower
mechanical sensitivity and better safety. The CL-20/
TNT/HMX cocrystal model with a molar ratio of
3:1:2 was the most insensitive cocrystal model and
exhibited the best safety.

(3) The detonation parameters and energetic performance of
CL-20/TNT/HMX cocrystal explosive was lower than
pure CL-20, only the cocrystal model with molar ratio
of 3:1:1, 3:1:2, or 3:1:3 exhibited desirable detonation
performance and could satisfy the requirement of
HEDMs.

(4) The cocrystal explosive presented better mechanical
properties than CL-20 and the CL-20/TNT/HMX
cocrystal explosive with molar ratios of 3:1:1, 3:1:2, or
3:1:3 had the most desirable mechanical properties.

In a word, co-crystallization could effectively decrease me-
chanical sensitivity, strengthen safety, improve mechanical
properties, and transform energetic performance. The CL-20/
TNT/HMX cocrystal explosive with molar ratio of 3:1:2 ex-
hibited the best stability, lowest mechanical sensitivity, and
excellent safety. Besides, this cocrystal model also had supe-
rior energetic performance and desirable mechanical

@ Springer

properties. Therefore, this CL-20/TNT/HMX cocrystal model
had the best comprehensive properties and was very promis-
ing. This work could provide some theoretical support and
helpful guidance to better clarify the cocrystal mechanism
and design new kinds of energetic cocrystals.

Publisher’s Note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.
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