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Abstract

In this article, the CL-20/HMX cocrystal model was established and its based polymer bonded explosives (PBXs) were
designed. The static performances, including mechanical properties, stability and detonation performance of CL-20/HMX
cocrystal model and PBXs models, were predicted by molecular dynamics (MD) method. The mechanical parameters, binding
energy, and detonation parameters of PBXs models were calculated and compared with that of pure CL-20/HMX cocrys-
tal model. The influence of polymer binders on performances of CL-20/HMX cocrystal explosive was evaluated. Results
show that the polymer binders make the engineering moduli (tensile modulus, shear modulus, and bulk modulus) of PBXs
declined and Cauchy pressure increased, meaning that the polymer binder can obviously improve mechanical properties of
CL-20/HMX cocrystal explosive, and the PBXs model with fluorine rubber (F,3;,) has the best mechanical properties. In
different PBXs models, the binding energy between CL-20, HMX molecules and F,5;, is higher than other polymer bind-
ers, indicating that the CL-20/HMX/F,;,; model is more stable. The PBXs models have lower value of crystal density and
detonation parameters compared with pure CL-20/HMX cocrystal and the energetic performance of PBXs is weakened. The
PBXs model with fluorine resin (F,3,4) has the highest energetic performance and it is higher than pure HMX. Therefore,
the CL-20/HMX/F,;,; and CL-20/HMX/F,;, models have more favorable comprehensive properties, proving that F,3;; and

F,3,4 are more preferable and promising to design CL-20/HMX cocrystal based PBXs.
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Abbreviations
CL-20 2,4,6,8,10,12-Hexanitro-2,4,6,8,10,12-hexaaza-
isowurtzitane

Fyiy Fluorine rubber

| Fluorine resin

HEDMs High energy density materials

HMX Octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine
HTPB Hydroxyl terminated polybutadiene

PBX Polymer bonded explosive

PCTFE Polychlorotrifluoroethylene

PTFE Polytetrafluoroethylene

PVDF Polyvinylidene difluoride

RDX Hexahydro-1,3,5-trinitro-1,3,5-triazine
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Introduction

Polymer bonder explosive (PBX) is mainly composed
of different kinds of components, including high energy
explosives, polymer binders, plus with a small amount of
phlegmatizer and plasticizer. Compared with raw compo-
nent of energetic materials, the mechanical properties (such
as rigidity, plastic property and ductility) of PBX can be
obviously improved with the influence of polymer binders.
Besides, PBX can also maintain high energy density and
relatively low mechanical sensitivity. Therefore, on the one
hand, many different kinds of PBXs have been designed
and prepared to improve properties of raw explosives, such
as octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX),
2,4,6,8,10,12-hexanitro- 2,4,6,8,10,12-hexaazaisowurtzitane
(CL-20), hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) and
so on. On the other hand, PBX has been extensively applied
in warhead ammunitions and rocket propellants for a long
time [1-3].
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CL-20 (in Fig. 1a) is regarded as the most famous nit-
ramine explosive with caged molecule structure and it
has higher crystal density (p=2.01 g/cm’~2.03 g/cm?),
detonation pressure (p =42GPa~43GPa), detonation
velocity (D =9.5 km/s ~9.6 km/s) than most conventional
energetic materials, so CL-20 is very promising in high
energy density materials (HEDMs) field [4, 5]. HMX (in
Fig. 1b) is also a typical nitramine explosive with high
energetic performance (p=1.894 g/cm?, p=39.4GPa,
D=9.0 km/s, OB=-21.62%). Besides, HMX also has
favorable thermal stability and has been applied widely
since its first synthesis [6, 7]. In 2012, Bolton [8] success-
fully prepared a novel CL-20/HMX cocrystal explosive
(molar ratio in 2:1) for the first time and tested its proper-
ties, including detonation performance, crystal structure,
crystal polymorph, and mechanical sensitivity. Results
showed that the energy density of CL-20/HMX cocrystal
was slightly lowered than pure CL-20, and the impact
sensitivity was near HMX. For energetic materials, HMX
also exhibits relatively high mechanical sensitivity (drop
height H5;=32 cm) [9], i.e., the CL-20/HMX cocrystal
still has high mechanical sensitivity. Owing to the fact
that the polymer binders in PBXs can effectively improve
performance of energetic materials without weakening its
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Fig.1 Chemical structure of CL-20 and HMX

Fig.2 Chemical models of
CL-20, HMX and CL-20/HMX
cocrystal models

(a) CL-20

energy density sharply, the CL-20/HMX cocrystal based
PBXs is designed to ameliorate the comprehensive prop-
erties of CL-20/HMX cocrystal explosive.

At present, to predict the structures and properties
of energetic materials and its based PBXs, research-
ers usually used different methods, such as molecular
dynamics (MD) method, molecular mechanics (MM)
method, and quantum mechanics (QM) method. Up to
now, MD, MM and QM method have been successfully
applied for different kinds of energetic materials a long
time [1-3, 10-18]. Compared with MM and QM method,
MD method can accurately and quickly predict the phys-
icochemical properties of energetic materials from mol-
ecule level. Therefore, MD method has become one of
the most important methods in recent years for energetic
compounds and its based PBXs.

In this article, the pure CL-20/HMX cocrystal model
was established and its based different PBXs models were
designed. The properties of CL-20/HMX cocrystal and
PBXs models were predicted by MD method. The effects of
polymer binders on performance of CL-20/HMX cocrystal
explosive were evaluated and discussed.

Models and methods
CL-20/HMX cocrystal models

The CL-20/HMX cocrystal explosive is formed with
molar ratio of 2:1 and it belongs to monoclinic crys-
tal structure and P21/c space group [8]. The lattice
parameters of cocrystal model are a =16.3455(12)
A, b=9.9361(5)A, c=12.1419(7)A, a=90.00°,
$=99.233(7)°, y=90.00° [8]. The CL-20/HMX cocrys-
tal model is established based on its crystal structure

(c) Primitive cell of CL-20/HMX cocrystal model
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(d) Supercell of CL-20/HMX cocrystal model (Model-I)
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and lattice parameters and is shown in Fig. 2c. Then, the
primitive cocrystal model is expanded to 12 (2 x3x2)
supercells, including 48 CL-20 molecules and 24 HMX
molecules in total (in Fig. 2d). To compare the perfor-
mance of pure CL-20/HMX cocrystal model with that of
its based PBXs models, the raw CL-20/HMX cocrystal
model is marked as Model-I.

PBXs models

The CL-20/HMX cocrystal based PBXs are composed of
CL-20/HMX cocrystal explosive and polymer binders.
There are six different kinds of polymer binders in total,
hydroxyl terminated polybutadiene (HTPB), polyvi-
nylidene difluoride (PVDF), polychlorotrifluoroethylene
(PCTFE), polytetrafluoroethylene (PTFE), fluorine rub-
ber (F,3,,) and fluorine resin (F,5;,4). Among these poly-
mer binders, F,3;; and F,;,, are consisted of vinyliden-
edifluoride and chlorotrifluoroethylene with component
ratio (or molecule ratio) of 1:1 and 1:4, respectively. For
HTPB, the head atom and tail atom in polymer chains are
saturated with hydroxyl (-OH group). For PVDF, PCTFE,
PTFE, F,3,; and F,3,,, the head atom and tail atom are
saturated with hydrogen (H) atom or fluorine (F) atom
according to its type. In practice, the mass content (or
mass percentage) of polymer binders in PBXs is about
4 ~ 5%; therefore, the total number of polymer chains is
determined based on this principle (Fig. 3).

The models of polymer binders were built by amorphous
cell module in Materials Studio Package (Version 7.0).

To select the most suitable polymer binder in PBXs mod-
els, different kinds of polymer chains were built. Then, the
polymer binders were simulated with 2 ns by using the MD
method. The COMPASS force field was selected, the tem-
perature was set as 295 K (in solid state), and the vdW and
electrostatic interaction energies were truncated with the
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Fig.3 Structure models of six polymer binders

cutoff distance of 9.5 A. After this process, the optimized
polymer chain was put into an amorphous unit cell, which
made it present a real state. Then, the amorphous unit cell
was minimized to equilibrium the polymer chain. Finally,
the polymer binder conformation which had the least value
of energy would be chosen to build the PBX model.

Based on the CL-20/HMX cocrystal supercell model
(Model-I), the primitive model was cleaved along c axis
into three major crystal surfaces, (1 0 0), (0 1 0) and (0
0 1), respectively. Then, the cleaved three surfaces were
rebuilt into crystals with vacuum layer height of 20 A. The
polymer binders which was in the most stable conforma-
tion were put into the vacuum layer parallel to the three
cleaved (1 0 0), (0 1 0) and (0 O 1) surfaces respectively
and the primitive PBXs models were obtained. Next, the
original PBXs models would be compressed and optimized
by molecular mechanics (MM) method adequately along
with the ¢ direction, namely minimizations were initially
performed for 10,000 iterations to equilibrate the PBXs
models and the simulation boxes of PBXs models were
compressed slightly (0.3%) along the ¢ direction. After-
ward, another 10,000 iterations of minimizations were
carried out to reach the equilibrium state and the boxes
would be compressed further along the ¢ direction. This
process would be repeated step by step until the crystal
densities approach to the theoretical values (p=1.875 g/
cm?, 1.873 g/em?, 1.894 g/cm?, 1.888 g/cm?, 1.903 g/cm?,
1.912 g/cm?, respectively). Then, another MD simulation
was applied to optimize the crystal structure of PBX model
and make it reach the equilibrium state. For example, the
different PBXs models under equilibrium state on (0 1 0)
cleaved surface are presented in Fig. 4. The six different
PBXs models are labeled as Model-II, Model-III, Model-
1V, Model-V, Model-VI, and Model-VII, respectively.

Calculation conditions and details

In this article, the crystal structure of CL-20/HMX cocrys-
tal and its based PBXs were optimized and the properties
were predicted by MD method. All the MD simulation was
performed under the NVT ensemble (constant number of
crystal volume, atoms, and temperature) with periodic
boundary conditions and the temperature was set as 295 K.
The MD simulation data were obtained through COMPASS
force field [19, 20], because this force field was appropriate
for energetic materials, especially suitable for nitramine
energetic materials, such as CL-20, HMX, CL-20/HMX
cocrystal model and the associated PBXs [21-24]. The
thermostat is chosen as Andersen [25] and the barostat is
chosen as Parrinello [26]. To accurately figure out the non-
bond interactions, the atom-based iteration method [27]
was selected to calculate the van der Waals (vdW) interac-
tions, and the Ewald method [28] was applied to calculate
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Fig.4 Different CL-20/HMX

cocrystal based PBXs models
on (0 1 0) cleaved surface
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the electrostatic interaction energies. Both of the vdW and
electrostatic interaction energies were truncated with the
distance of 9.5 A. The time step in MD simulation was set
as 1 fs and the total simulation time was 2 ns (2 x 10° fs).
In the first 1 ns MD simulation process, the CL-20/HMX
cocrystal model and PBXs models were under equilibration
runs to optimize the crystal structure and make the model
reach the equilibrium state. Next, in the second 1 ns MD
simulation process, another production runs with 1 ns was
performed based on the equilibrium state to calculate the
correlated parameters and collect data for making analysis
of static coefficients and properties.

Results analysis and discussion

Choice of force field

In MD simulation, to accurately figure out the parameters
and predict the properties of CL-20/HMX cocrystal and

@ Springer

its based PBXs models, it is required that the force field
must be suitable for CL-20/HMX cocrystal model. To
test the accuracy and determine the most suitable force
field, the primitive CL-20/HMX cocrystal model was
optimized with different force fields, including PCFF
force field [29], Universal force field [30], Dreiding
force field [31], and COMPASS force field [19, 20]. The
theoretical predicted lattice parameters of CL-20/HMX
cocrystal explosive with different force fields are listed
in Table 1.

As presented in Table 1, the predicted crystallographic
parameters and crystal density acquired from COMPASS
force field are more consistent with experimental results, cor-
responding to a=16.3509 A, b=9.9394 A, c=12.1460 A,
a=90.00°, #=99.27°, y=90.00°, respectively, meaning that
these parameters with COMPASS force field are more accu-
rate than that with other three force fields. Based on the data
in Table 1, it can be concluded that COMPASS force field
is more applicable for CL-20/HMX cocrystal model than
PCFF, Universal and Dreiding force fields. Besides, it also
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Table 1 Calculated parameters of CL-20/HMX cocrystal model with
different force fields

Parameters PCFF Universal  Dreiding ~COMPASS  Experimetal®
alA 16.4476  16.5350 16.6070 16.3509 16.3455

blIA 9.9981  10.0513 10.0951 9.9394 9.9361

clA 122177 12.2827 12.3361 12.1460 12.1419

al® 90.00 89.95 90.08 90.00 90.00

pre 99.25 99.18 99.36 99.27 99.233

yl° 89.90 90.02 90.00 90.00 90.00
plgem™ 1.963 1.932 1.907 1.998 2.000

a) Data obtained from Ref. [8]

implies that the selection of COMPASS force field in MD
simulation is reasonable and reliable.

Equilibrium state of PBXs models

In MD simulation, the CL-20/HMX cocrystal and its based
PBXs models would be optimized within 1 ns process. Dur-
ing this process, the crystal structure will be optimized and
the energy will be minimized. For example, the temperature
curve and energy curve of CL-20/HMX/F,;;; PBX model
(Model-VI) is shown in Fig. 5.

It is clearly shown in Fig. 5 that both of the temperature
curve and energy curve fluctuates within +5% after 0.4 ns,
implying that the temperature and energy in PBXs model
has reached the equilibrium state. Based on the tempera-
ture curve and energy curve, it can be concluded that the
CL-20/HMX/F,3,; PBX model (Model-VI) has reached the
equilibrium state after MD simulation with 1 ns. For other
PBXs models, the equilibrium state is also judged by the
temperature curve and energy curve.

Mechanical properties

Mechanical properties of energetic materials are mainly evalu-
ated by the correlated mechanical parameters, such as K, G, E, y

and (C,,-C,y), where K is named as bulk modulus, G is defined
as shear modulus, FE is tensile modulus (also called Young’s
modulus), ¥ is Poisson’s ratio, (C;,-Cy,,) is called Cauchy pres-
sure. Among these five mechanical parameters, the three engi-
neering moduli (K, G, and E) are mainly related with the rigid-
ity, hardness, yield stress, and rupture strength of materials. In
other words, materials with high positive value of K, G, and E
will also have high yield stress, rigidity or hardness [32]. The
symbol y is defined as the ratio of transverse strain to longitu-
dinal strain and it can reflect the elastic property of materials.
Cauchy pressure is an important parameter to judge the ductility
or brittleness of materials [33]. If the value of Cauchy pressure is
positive, it may imply that the material exhibits plastic property
and has desirable ductility. On the contrary, negative value of
Cauchy pressure means that the material exhibits brittle property
and has undesirable ductility.

When subjected to external loading (including compres-
sion, or stretching), the elastic stress (o) and elastic strain
(¢) in materials can be described by the Hooke’s law [34,
35] as following:

0; = Cy; (1

where, C= [Cij] @i,j=1,2, -, 6)1is called elastic coefficients
matrix, Cij is elastic coefficients and Cij: Cﬁ. The elastic
coefficients (C;;) can be obtained from the second 1 ns MD
simulation by analyzing the equilibrium configuration of
PBXs models.

Shear modulus (Gg) and bulk modulus (KR) can be
obtained by the Reuss-mean method [36] as that:

Gy = 15[4(Sy; + Sy + S33) — 4(Sp2 + Sp3 + S31) +3(S4y + S5 + Séﬁ)]" 2)

Kg =[S+ Sp + S35+ 2(Sp2 + Sy3 ‘*‘531)]_l S

where, the subscript R is the symbol of Reuss, the parameter
Sij (i,j=1,2, -, 6) is called the stiffness coefficient, and
the stiffness matrix §= [Sij] is equal to the inverse matrix of
elastic coefficients matrix, i.e., = C'.

Fig.5 Temperature curve and 600 40
energy curve of CL-20/HMX/ »
F,31; PBX model (Model-VI) 300
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The three engineering moduli (K, G and E) and Poisson’s
ratio (y) is related together as following:

E=2G(1+y)=3K(1 -2y) 4)

Therefore, Poisson’s ratio (y) and tensile modulus (E) is
obtained as that:

_ 3K-2G
"= 26K+ 0) ®)
9GK
T 3K+G ©)

It is presented in Fig. 6 that the raw CL-20/HMX cocrystal
model (Model-I) has relatively higher value of K, G, and E than
the PBXs models (Model-II ~Model-VII), but it also has the
lowest value of Cauchy pressure (C;,-Cy,). The decline of three
engineering moduli (K, G, and E) illustrates that the rigidity,
rupture strength, and hardness of PBXs models are decreased
than raw CL-20/HMX cocrystal model, while the increase of
Cauchy pressure means that the ductility and plastic property
is enhanced. Therefore, the variation of mechanical parameters
clearly states that the mechanical properties of PBXs can be
effectively improved by adding polymer binders into CL-20/
HMX cocrystal explosive. Among the six different kinds of
polymer binders, the CL-20/HMX/F,3,; (Model-VI) and CL-20/
HMX/F,5,4 (Model-VII) has lower value of engineering moduli

and higher value of Cauchy pressure than other PBXs models,
especially the CL-20/HMX/F,;,; model, thus meaning that the
CL-20/HMX/F,3,; and CL-20/HMX/F,;,, PBXs models has
more desirable mechanical properties. What’s more, the data in
Fig. 6 also states that F,;;, and F,;;, may be more effective and
advantageous in tuning mechanical properties of CL-20/HMX
cocrystal explosive.

Stability

Stability of PBX is mainly characterized by the binding
energy between energetic materials component and poly-
mer binder. PBX with higher positive value of binding
energy will mean that the intermolecular interaction force
between energetic material component and polymer binder
is stronger, and the stability is better. Besides, the binding
energy of PBXs can also reflect the compatibility between
energetic component and polymers, and higher value of
binding energy will imply that the compatibility is better. On
the contrary, lower value of binding energy in PBX models
will correspond to worse stability and weaker intermolecular
compatibility.

In CL-20/HMX cocrystal based PBXs models, binding
energy can be calculated as that:

E,=—Epe=— [Etolal — (EcLaommx + Epoly)] @)

Fig.6 Mechanical properties of 18
CL-20/HMX cocrystal and its
based PBXs models 137
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O 124
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where, E, is defined as the binding energy of PBXs (kJ/mol),
E; ;18 the intermolecular interaction force between CL-20/
HMX cocrystal explosive and polymers (kJ/mol), E,,; is
defined as the total energy of PBX model when it is under
equilibrium state (kJ/mol), Eq; oommx 1S called the energy
of CL-20/HMX cocrystal explosive when the polymer is
removed from PBX model (kJ/mol), E,,, is the total energy
of polymer chains with all the CL-20 and HMX molecules
removed from the PBX model (kJ/mol).

As illustrated in Fig. 7, the binding energy of CL-20/HMX
cocrystal based PBXs on the three cleaved surfaces varies as
that (00 1)> (1 00)> (0 1 0), meaning that the intermolecular
interaction energy of CL-20/HMX cocrystal explosive and
polymer binders on (0 O 1) surface is the highest and this crys-
tal surface is more stable, next is the (1 0 0) surface, while the
(0 1 0) surface has the weakest stability. Among the different
PBXs models, Model-II (CL-20/HMX/HTPB) has the lowest
value of binding energy, meaning that the interaction energy
between CL-20/HMX cocrystal explosive and polymer binder
HTPB is the weakest. Besides, the lowest value of binding
energy also indicates that the stability and compatibility of
CL-20/HMX/HTPB is the weakest. Oppositely, Model-VI
(CL-20/HMX/F,3,,) has the highest value of binding energy,
indicating that this PBX model has the most desirable sta-
bility, next is Model-VII (CL-20/HMX/F,5,,). Based on the
value of binding energy, it can be concluded that among the
different polymer binders, the interaction energy between
CL-20/HMX cocrystal explosive and fluorine polymer F,3;,
is stronger, which may further imply that F,;,, is more suit-
able and attractive to be the polymer binder for CL-20/HMX
cocrystal based PBXs.

Detonation performance

Detonation performance is a vital guideline to reflect
energy density of energetic materials and it is commonly
depicted by detonation parameters, including crystal den-
sity, detonation pressure, detonation velocity and etc. In
this article, the detonation parameters of CL-20/HMX
cocrystal and its based PBXs are calculated by the nitro-
gen equivalent coefficient (NEC) method [37]. The NEC
method takes numerous factors which may affect detona-
tion properties of energetic materials into account, includ-
ing detonation products, chemical bonds and chemical
groups contained in explosive molecule. In previous stud-
ies [38—41], the NEC method has been applied to predict
detonation properties of energetic materials and the results

b—e
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Fig.7 Binding energy of CL-20/HMX cocrystal based PBXs models

show that this method can accurately predict detonation
properties of explosives.

According to the NEC theory [37], detonation velocity
(D) and detonation pressure (p) is illustrated as follows:

D = (690 + 1160p) ¥ N,

2
p= 1.1061£)gZNch) - 0.84 )
2Ny = E(P,Np; + X BgNpx + 2 GjNGj)

where, D is detonation velocity (m/s), p is detonation pres-
sure (GPa), p is the mass density of explosive (g/cm?) and
the mass density can be obtained from the MD simulation
results under equilibrium state, Y N, is the total value of
nitrogen equivalent coefficient for explosives, M, is the
molar weight of explosive, p; is the total number of detona-
tion product, N, is the nitrogen equivalent coefficient for the
ith detonation product, By is the total number of chemical
bonds existed in explosive molecules, such as C-H bond,
C-N bond, N-N bond, Ny is the nitrogen equivalent coef-
ficient of the Kth chemical bond, Gj is the total number of
chemical groups contained in explosive molecules, such as
C-NO, group, N-NO, group, Ng; is the nitrogen equivalent
coefficient for the jth chemical group.

From Eq. (8), it can be concluded that the total number
of nitrogen equivalent coefficient is determined by three fac-
tors, i.e., the detonation product, chemical bonds and chemi-
cal groups contained in explosive molecules. For PBX mod-
els, it is composed of C, H, O, N, F and Cl elements, assume
that the molecular formula of PBX is C,H,0 N F,Cl; the
detonation equation of PBXSs is illustrated as that:

b—e d f (9)

CO+ —H,0+ §N2 + eHF + ECIZ

2
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Table2 Crystal density and detonation parameters of CL-20/HMX
cocrystal and its based PBXs

n(Model) PBXs plgem™ D/m-s™'  p/GPa
Model-I CL-20/HMX 1.998 9389 43.08
Model-II CL-20/HMX/HTPB  1.874 8751 37.89
Model-IIT CL-20/HMX/PVDF  1.871 8692 37.53
Model-IV CL-20/HMX/PCTFE  1.895 8877 38.69
Model-V CL-20/HMX/PTFE  1.886 8836 38.24
Model-VI CL-20/HMX/F,;,,  1.902 8951 38.92
Model-VII CL-20/HMX/F,;,, 1910 9075 39.85
Model-VIIT ~ CL-20 2.035 9500 46.20
Model-IX HMX 1.894 9050 39.40
CL-20/HMX? 2.003 9608 -

a) Data from Ref. [24, 42]

The crystal density and detonation parameters of
CL-20/HMX cocrystal explosive and its based PBXs are
presented in Table 2.

As clearly shown in Table 2, it can be concluded that
raw CL-20/HMX cocrystal model (Model-I) exhibits
higher crystal density and detonation parameters than its
based PBXs models (Model-II ~Model-VII), correspond-
ing to 1.998 g/cm3, 9389 m/s, and 43.08 GPa, respec-
tively, which is lower than pure CL-20 (Model-VIII), but
obviously higher than pure HMX (Model-IX), and these
parameters are in good agreement with the results reported
by Bolton [8]. The reason for the decline of crystal den-
sity and detonation parameters in PBXs models is that the
polymer binder has lower energy density. For the different
PBXs models, crystal density is within 1.871~1.910 g/
cm?®, detonation velocity is within 8692 ~9075 m/s, deto-
nation pressure is within 37.53 ~39.85 GPa. Among the
different PBXs, CL-20/HMX/PVDF (Model-III) has the
lowest crystal density (1.871 g/cm?), detonation velocity
(8692 m/s), and detonation pressure (37.53 GPa). On the
contrary, CL-20/HMX/F,;,, (Model-VII) has the high-
est energetic parameters (p=1.910 g/cm?, D=9075 m/s,
p=39.85 GPa).

Compared with HMX (Model-IX), it can be concluded
that the crystal density and/or detonation parameters of
CL-20/HMX/HTPB (Model-1I), CL-20/HMX/PVDF
(Model-III), CL-20/HMX/PCTFE (Model-1V), CL-20/
HMX/PTFE (Model-V), and CL-20/HMX/F,;,; (Model-
VI) is lower than HMX, meaning that the energy density
of these PBXs is lower than HMX, while CL-20/HMX/
F,3,4 (Model-VII) has higher density, higher detonation
velocity and higher detonation pressure than HMX, indi-
cating that CL-20/HMX/F,;,, has higher energetic per-
formance than HMX. Consequently, CL-20/HMX/F,3,,
maintains high energy density and can be regarded as a
novel high energy explosive.

@ Springer

Conclusions

In this article, the CL-20/HMX cocrystal explosive and
its based different PBXs models were established. MD
method was applied to predict the properties of CL-20/
HMX cocrystal model and PBXs models. The effect of
polymer binders on properties of CL-20/HMX cocrystal
explosive was estimated. The main conclusions were sum-
marized as follows:

(1) Compared with raw CL-20/HMX cocrystal model,
the PBXs models have lower value of engineering
moduli and higher value of Cauchy pressure, mean-
ing that the PBXs models own better mechanical
properties than pure CL-20/HMX cocrystal model
and the CL-20/HMX/F,;,; model has the most desir-
able mechanical properties.

(2) The value of binding energy for CL-20/HMX/F,;,
model is higher, indicating that the intermolecular
interaction strength is stronger, the CL-20/HMX/F,;
model is relatively more stable and the compatibility
between CL-20/HMX cocrystal explosive and fluorine
polymer F,5,, is better.

(3) The crystal density and detonation parameters of
PBXs are lower than pure CL-20 and CL-20/HMX
cocrystal explosive, implying that the energy den-
sity of PBXs is weakened, the CL-20/HMX/F,3,4
PBX has the highest crystal density and detonation
parameters, and the energy density is equivalent to
HMX.

In a word, the CL-20/HMX/F,5,, model has the best
mechanical properties and stability, while the CL-20/
HMX/F,3,, model has the highest energetic performance.
Therefore, CL-20/HMX/F,3;; and CL-20/HMX/F,3,
has relatively better comprehensive properties, which
may indicate that F,5,, and F,3,, are more preferable to
be applied in PBXs to tune properties for CL-20/HMX
cocrystal explosive.
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