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Abstract
3-nitro-1,2,4-triazol-5-one (NTO)–based polymer-bonded explosives (PBXs) have been widely used in insensitive munitions, 
but the main properties of NTO-based PBXs such as compatibility, safety performance, and mechanical properties are rarely 
reported. In this work, molecular dynamics simulation was carried out to study interface interactions of NTO-based PBXs, in 
which hydroxy-terminated polybutadiene (HTPB), ethylene–vinyl acetate copolymer (EVA), glycidyl azide polymer (GAP), 
poly-3-nitratomethyl-3-methyl oxetane (Poly-NIMMO), and ester urethane (Estane5703) are selected as binders. The bind-
ing energy analysis indicates that the order of compatibility is NTO/GAP > NTO/Estane5703 > NTO/HTPB > NTO/Poly-
NIMMO > NTO/EVA. Radial distribution function analysis results show that the interface interaction is mainly the hydrogen 
bond between H atoms of NTO and O atoms of Estane5703, HTPB, EVA, and Poly-NIMMO or N atoms of GAP. The values 
of cohesive energy density verify that the safety is NTO/GAP > NTO/Poly-NIMMO > NTO/HTPB > NTO/EVA > NTO/
Estane5703. Mechanical properties results show that GAP and EVA would improve the plasticity of the systems effectively. 
Furthermore, it can be found that the most favorable interactions occur between the NTO (1 0 0) crystal face and binders.

Keywords  NTO · Molecular dynamics simulation · Polymer-bonded explosives (PBXs) · Interfacial interaction · 
Mechanical properties; Safety performance

Introduction

The composite explosive made up of energetic components 
and additives in proper proportion meets various 
requirements of weapons and ammunition, and is the main 
form of energetic materials used in weapon systems [1]. 
With the development of polymer materials, polymer-
bonded explosives (PBXs) are commonly used in the field 
of military because of its high energy density, good safety 
performance, and mechanical properties [2–4]. Owing to 
the influence of the polymer binder and functional additives, 
the investigations of polymer-bonded explosives mainly 
focus on compatibility, safety performance, and mechanical 
properties. Due to the crucial role of these characteristics 
in the design, manufacture, transportation, storage, and 

usage of PBXs, it is necessary to analyze the compatibility, 
mechanical properties, and safety performance between the 
binder and explosive molecules in PBXs.

Researchers have done some reports on the interface 
interactions of PBXs [5–11]. Xiao et al. [12] compared and 
analyzed the mechanical properties of the interface models 
composed of different crystal faces of 1,3,5-triamino-2,4,6-
trinitrobenzene (TATB) and typical fluorine-containing 
binder, and found that the effectiveness of different crystal 
faces in improving mechanical properties was (0 1 0) ≈ (1 
0 0) > (0 0 1). Lu et al. [13] simulated PBXs composed of 
hexanitrohexaazaisowurtzitane (CL-20) and glycidyl azide 
polymer (GAP) with different groups, and the results showed 
that the addition of the binder could improve the ductility 
and impact resistance of PBXs. Furthermore, it can be found 
that the addition of a binder will reduce the sensitivity of 
PBX systems. Xu et al. [14] conducted molecular dynam-
ics simulation analysis by constructing the interface mod-
els composed of ε-CL-20 and polyurethane (Estane5703), 
GAP, hydroxy-terminated polybutadiene (HTPB), poly-
ethylene glycol (PEG), and copolymers polymerized from 
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vinylidenedifluoride and chlorotrifluoroethylene with the 
molar ratios of 1:4 (F2314). Through comparing the bind-
ing energy, heat capacity, mechanical properties, and energy 
characteristics, the four binders except F2314 are good 
choices. Therefore, the addition of binder can improve the 
mechanical properties of PBXs, and can also significantly 
decrease the sensitivity characteristics of PBXs and improve 
its safety. As a typical high energy density material (HEDM), 
3-nitro-1,2,4-triazol-5-one (NTO) [15] is widely used in the 
design of novel formulations because of its excellent per-
formance. The density of NTO is as high as 1.93 g∙cm−3 
[16]. Its detonation velocity is 8200 m∙s−1, which is higher 
than the TATB explosive [17]. And the safety performance 
is far superior to HMX and RDX explosives. In addition, 
the synthetic process of NTO is simple and the cost is low 
[18]. Researchers have done extensive and in-depth research 
on the performance of NTO-based PBXs [19, 20]. Moreo-
ver, Zhou et al. [21] measured the contact angles of NTO, 
GAP, HTPB, and polyurethane by using a DCAT21 dynamic 
contact angle/surface tension meter, and then calculated the 
surface free energy, adhesive work, and spreading coeffi-
cient. The data demonstrate that all three binders selected 
can produce excellent wettability and coating performance 
on the surface of the NTO explosive. We compare the adhe-
sive work to obtain the order of interactions being NTO/
GAP > NTO/polyurethane > NTO/HTPB.

Although the formulations of NTO-based PBXs have 
been broadly used in all kinds of insensitive munitions 
(IMs), there are few reports on the mechanical properties 
and safety performance of NTO-based PBXs [22–24]. With 
the increasing requirements of performance of NTO-based 
PBXs in the complex battlefield environment, it is urgent 
to study the safety performance and mechanical properties 
of NTO and binders. The interface model [25–29] estab-
lished by using computer simulation technology to cleave 
the explosive has been widely used to study and predict the 
performance of PBXs, which can effectively solve the prob-
lems of experimental safety and time-consuming, and can 
consider many influencing factors to accurately predict the 
performance of PBX formulation. Therefore, in this paper, 
the molecular dynamics simulation of NTO models and five 
composite systems such as NTO/HTPB and NTO/GAP was 
carried out, and the interface interactions, cohesive energy 
density, mechanical properties, and other related parameters 
were calculated. The performance parameters of pure NTO 
systems and NTO-based PBX composite systems were com-
pared, and the differences in PBX performance under dif-
ferent factors such as separate binders and different crystal 
faces were studied. The microscopic theory of the interaction 
between binders and NTO was obtained by calculation, and 
the sensitivity and mechanical properties of different PBXs 
were predicted, which provided theoretical guidance for the 
design and research of NTO-based PBX formulations.

Simulation details

Choice of force field

One of the decisive factors for the dependability of 
molecular dynamics simulation results is the selection of 
an appropriate force field. Condensed-phase optimized 
molecular potentials for atomic simulation studies (COM-
PASS) force field [30] is selected during the simulation 
of the NTO and binder interface models. COMPASS is 
based on experimental data and adopts a mixed method 
consisting of ab initio and empirical methods to obtain the 
parameters of various bonds in molecules, and then debug 
the force field parameters. Considering the effects of van 
der Waals’ non-bonding parameters, the condensed-phase-
optimized force field is generated. Subsequently, before 
simulating the CL-20/NTO composite system, Hang et al. 
[31] concluded that the COMPASS force field is more suit-
able for NTO crystal by comparing the NTO lattice param-
eters obtained under different force fields with the experi-
mental results. In addition, the COMPASS force field has 
been applied to analyze the related properties of PBXs 
composed of HTPB [9, 32], ethylene–vinyl acetate copoly-
mer (EVA) [33], GAP [34], poly-3-nitratomethyl-3-methyl 
oxetane (Poly-NIMMO) [35], and Estane5703[36, 37].

The NTO crystal structure was obtained from Cam-
bridge Crystallographic Data Centre [38] (CCDC: 
166,510) and is shown in Fig. 1. The initial crystal cell 
consists of four NTO molecules (molecular formula: 
C2H2O3N4), which belongs to the P21/c (14) space group. 
The NTO crystal cell was expanded by 4 × 4 × 4, and the 
stable configuration was obtained by optimization and 
NPT simulation under the COMPASS force field. The 
parameter comparison is shown in Table 1. It can be seen 
from Table 1 that the error of the lattice parameters of 
the supercell is less than 3.5% within the acceptable error 
range, which indicates the chosen force field can precisely 
represent the properties of the systems. Therefore, the 
COMPASS force field is selected for molecular dynamics 
simulation.

Selection of crystal face

The molecular mechanics (MM) optimization of the NTO 
initial crystal cell was carried out under the force field of 
COMPASS. MM optimization is to make the molecule 
adjust its geometric shape so that its bond length and bond 
angle are as close to the natural values as possible, and at 
the same time, to make the non-bond interaction in the 
minimum state. And the optimization algorithm used in 
the calculation process is “Smart,” the maximum number 
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of iterations is 50,000 steps, and the accuracy is “Fine.” 
Atom-based and Ewald’s summation methods are used to 
calculate van der Waals’ interaction and electrostatic inter-
action, respectively. The growth morphology calculation 
of the optimized structure shows that the important crystal 
faces of NTO crystal morphology are (1 0 0), (1 0 − 2), 

(1 1 − 1), and (0 1 1), respectively, as shown in Table 2. 
These four crystal faces are the relatively stable four crys-
tal faces in NTO crystal morphology, which means that 
binders have a higher probability of contacting with these 
four crystal faces. Therefore, these four crystal faces are 
selected for simulation calculation.

Construction of the model

The NTO crystal cell was cleaved along the (1 0 0), (1 0 − 2), 
(1 1 − 1), and (0 1 1) crystal faces with four molecular layer 
thicknesses. Add repeating units in the directions a and b of 
structure to the tangent plane, so that the supercell contains 
256 NTO molecules. The periodic structure is established 
to obtain the model for calculation.

We construct the molecular model of the high polymer 
according to the polymer structure of each binder. And 
the specific information such as density, chain number, 
and total atom number of the five binders are listed in 
Table 3. All repeating units are connected head to tail, and 
the terminal groups are saturated with CH3, H, and OH 
respectively as appropriate. We optimize the constructed 

Fig. 1   Crystal structure and molecular structure of NTO

Table 1   Comparison of NTO crystal cell parameters and errors

Lattice parameter a/Å b/Å c/Å β/° α = γ/°

Experiment 9.3255 5.4503 9.04 101.474 90
COMPASS 9.639 5.633 9.344 101.474 90
Relative error/% 3.362 3.352 3.363 0.000 0.000

Table 2   Morphologically important faces of NTO crystal

h k l Surface area/Å2 Total facet area/%

1 0 0 66.55 37.36
1 0 − 2 78.06 24.57
1 1 − 1 82.26 17.62
0 1 1 87.36 16.34

Table 3   The details of the five 
polymer models

HTPB GAP EVA Poly-NIMMO Estane5703

Chain numbers 6 6 5 4 2
Density/g∙cm−3 0.908 1.27 0.95 1.46 1.25
The total number of atoms 324 234 370 240 334
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polymer chains to obtain stable configurations with mini-
mum energy, as shown in Fig. 2.

The interface models (NTO/HTPB, NTO/EVA, NTO/
GAP, NTO/Poly-NIMMO, and NTO/Estane5703 systems) 
were constructed. The required number of polymer chains 
is determined according to the proportion of binder (the 
mass ratio is about 5%) [39]. The contents of HTPB, EVA, 
GAP, Poly-NIMMO, and Estane5703 are 5.2%, 5.6%, 
5.4%, 5.2%, and 6.4% respectively. According to the cal-
culated number of polymer chains and the theoretical den-
sity, the optimized polymer chain is constructed into an 
amorphous unit cell, which makes it present a real state. 
In which a and b correspond to the crystal face param-
eters of NTO. The periodic structures of five binders were 
respectively compounded on the NTO crystal models, and 
20 composite models were obtained. The composite model 
is compressed in the c direction, and MM optimization is 
performed after each compression until it approaches the 
calculated theoretical density. The theoretical density is 
the maximum limit of density that the composite system of 
NTO and binder can reach under general conditions. And 
it can be calculated according to Eq. (1).

(1)�max=

∑

gi
∑

�

gi

�i

�

where �max represents the maximum limit density of mixed 
explosives, gi represents the mass fraction of substance i, and 
�i represents the theoretical density of substance i. The final 
optimized configuration is treated as the initial configuration 
of molecular dynamics simulation. The main modeling pro-
cess is shown in Fig. 3, taking the construction of the NTO 
(1 0 0)/HTPB system as an example.

Molecular dynamics (MD) simulation

MD simulation was carried out on the optimized NTO 
models and the optimized interface models of NTO/HTPB, 
NTO/EVA, NTO/GAP, NTO/Poly-NIMMO, and NTO/
Estane5703 under the COMPASS force field. The simu-
lated environment of MD is 298 K, and the binding energy, 
cohesive energy density, and radial distribution function 
are analyzed by isothermal-isochoric (NVT) ensemble. In 
addition, the mechanical properties are simulated and ana-
lyzed by an isothermal-isobaric (NPT) ensemble. Anders-
en’s thermostat method [40] is used in the calculation pro-
cess, and atom-based and Ewald’s addition methods [41] 
are used for the calculation of van der Waals’ action and 
electrostatic action, with the cutoff distance of 15.5 Å and 
the time step of 1 fs. In the NPT simulation process, the 
pressure control mode is set to Berendsen for 300 ps to 

Fig. 2   The stable configurations of polymer binders
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eliminate the irrationality of the structure, and then set 
to Parrinello-Rahman [42] for 200 ps to obtain relevant 
statistical data. Then, the NVT-MD simulation of each 
model lasts for 300 ps. Based on the above set environ-
mental conditions, all models are simulated by molecular 
dynamics to ensure the convergence and stability of the 
simulated energy and temperature curves, so as to obtain 
a stable simulation structure. The trajectory file outputs 
one frame every 500 steps, and the last 200 frames are 
selected for analysis.

Results and discussion

Equilibrium of the system

In order to accurately calculate the binding energy and 
mechanical properties and other related properties of sys-
tems, the systems used for statistical analysis should reach 
equilibrium. The criterion of equilibrium is determined by 
both temperature and energy; that is, their curves fluctuate 
between 5 and 10% [43]. Take the curves of energy and 
temperature of NTO (1 0 0)/HTPB composite system NVT 
simulation as an example, as shown in Fig. 4. It can be found 
that in the equilibrium interval of MD simulation, the tem-
perature amplitude and energy fluctuation of the last 100 ps 
are all less than 5%, indicating that the system has reached 
equilibrium. Similarly, the NTO models and NTO-based 
PBX interface models have reached equilibrium after MD 
simulation.

Binding energy

Binding energy ( Ebind ) is a good indicator of the interaction 
between NTO and polymer binder, which is also a very sig-
nificant quantity to assess the physical compatibility between 
explosive crystal and polymer binder. The larger the binding 
energy, the stronger the interaction between them, that is, the 
better the compatibility between explosive molecules and 
polymers [12]. The binding energy is defined as the negative 
value of the interaction energy of the system. The equation 
used is as follows:

where Ebind is the binding energy of NTO and binder, Eint is 
the interaction energy, Etotal is the total energy of the equilib-
rium structure of the composite system, ENTO is the energy 
of only NTO in the composite system after the binder is 
removed, and Epolymer is the energy of only the binder in the 
composite system after the NTO molecules are removed.

The last 200 frames of the trajectory file are analyzed by 
Perl script; the final result is the average of all binding ener-
gies. We calculate the binding energy per unit area Ebind

′ and 
the average binding energy Eave to comprehensively consider 
the influence of each crystal face. Ebind

′ and Eave [32] can be 
calculated as the following equations.

(2)Ebind= −Eint=Etotal − ENTO − Epolymer

(3)Ebind

�

=
Ebind

S

(4)Eave=
∑

Ebind
�
⋅%S

Fig. 3   The procedure of model establishment of the NTO (1 0 0)/HTPB system
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It can be seen from Table 4 that the binding energies 
between different binders and NTO are positive, dem-
onstrating that these systems can exist stably. The unit 
binding energies of all crystal faces are shown in Fig. 5. 
For HTPB, GAP, and Poly-NIMMO, their compatibili-
ties with different crystal faces of NTO are accordant; 
that is, the descending order of binding energies is (1 0 
0) > (1 0 − 2) > (1 1 − 1) > (0 1 1). However, the interface 

interactions between NTO/Estane5703 and NTO/EVA 
composite systems are different from them. The (1 0 0) 
crystal face still has the maximum binding energy, but the 
(1 1 − 1) crystal face is the second. Generally speaking, 
the (1 0 0) surface has the strongest interaction with five 
polymers. That is to say, the polymer binders used in this 
study tend to concentrate and interact with the NTO (1 0 
0) surface.

Fig. 4   Fluctuation curves of energy (a) and temperature (b) of NTO (1 0 0)/HTPB composite system

Table 4   The binding energies 
( E

bind
/kJ·mol−1), the binding 

energies per unit area ( E
bind

′

/kJ·mol−1·Å−2), and the 
average binding energies ( E

ave

/kJ·mol−1·Å−2) between NTO 
and five binders

Systems Facet E
total

E
NTO

E
binder

E
bind E

bind

′
E
ave

NTO/HTPB 1 0 0  − 7796.58  − 7474.43 87.42 409.56 6.15 5.42
1 0 − 2  − 7214.85  − 6909.80 134.33 439.38 5.63
1 1 − 1  − 7318.90  − 7011.86 134.20 441.24 5.36
0 1 1  − 7226.79  − 6928.66 124.49 422.61 4.84

NTO/GAP 1 0 0  − 7675.21  − 7460.29 269.05 483.97 7.27 5.89
1 0 − 2  − 7086.58  − 6929.46 292.01 449.12 5.75
1 1 − 1  − 7220.75  − 7048.49 276.35 448.61 5.45
0 1 1  − 7098.28  − 6953.82 282.35 426.81 4.89

NTO/Estane5703 1 0 0  − 6195.17  − 7480.78 1725.24 439.63 6.61 5.70
1 0 − 2  − 7446.65  − 6864.66  − 162.43 419.57 5.37
1 1 − 1  − 7614.25  − 6989.22  − 148.82 476.21 5.79
0 1 1  − 7618.34  − 6992.34  − 147.22 478.77 5.48

NTO/EVA 1 0 0  − 8015.79  − 7498.21  − 158.58 358.99 5.39 4.52
1 0 − 2  − 7452.03  − 6978.69  − 137.54 335.80 4.30
1 1 − 1  − 7596.59  − 7088.63  − 129.62 378.35 4.60
0 1 1  − 7470.10  − 6999.76  − 130.39 339.94 3.89

NTO/Poly-NIMMO 1 0 0  − 7867.85  − 7530.14 49.04 386.75 5.81 4.78
1 0 − 2  − 7290.85  − 6961.45 33.23 362.64 4.65
1 1 − 1  − 7405.15  − 7082.42 38.35 361.08 4.39
0 1 1  − 7295.96  − 6968.44 41.37 368.90 4.22
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Furthermore, it can be found that the binding energies 
between (1 0 0) and (1 0 − 2) crystal faces and GAP are the 
largest, and that between (1 1 − 1) and (0 1 1) crystal faces 
and Estane5703 are the strongest. This data shows that (1 0 0) 
and (1 0 − 2) crystal faces have the strongest interactions with 
GAP, while (1 1 − 1) and (0 1 1) crystal faces have the best 
compatibilities with Estane5703. At the same time, for all crystal 
faces, the binding energies of Poly-NIMMO and EVA with 
different crystal faces are ranked last. This situation manifests 
that PBXs containing Poly-NIMMO and EVA may have poor 
compatibility.

According to the above analysis, we can predict that the 
compatibility order is NTO/GAP > NTO/Estane5703 > NTO/
HTPB > NTO/Poly-NIMMO > NTO/EVA. Then, we make a 
comprehensive analysis by comparing the average binding 
energy. Comparing the five binders selected in this study, 
we can observe that the NTO/GAP systems have higher 
average binding energy. This means that GAP has the best 
compatibility among the five binders. The order of average 
binding energy is NTO/GAP > NTO/Estane5703 > NTO/
HTPB > NTO/Poly-NIMMO > NTO/EVA. It is readily 
noted that the result is consistent with the above-mentioned 
predicted result. Furthermore, the order of binding energies 
among NTO/GAP, NTO/Estane5703, and NTO/HTPB mod-
els is consistent with the results obtained by Zhou et al. [21] 
by measuring the contact angles of NTO, GAP, HTPB, and 
polyurethane with DCAT21 dynamic contact angle/surface 
tensiometer. It proves the correctness of this work.

Radial distribution function

The binding energy analysis proves that there are inter-
actions between PBX interfaces. The radial distribution 

function (RDF) of the composite system was analyzed 
to further discuss the interaction between the binder and 
NTO. RDF is the ratio of local density to bulk density of 
the system, which describes how the density varies with 
the distance from the referenced particle. The local density 
near the referenced atom is distinct from the bulk density 
of the system, but the bulk density far from the referenced 
atom is the same as the local density. That is, when the 
value of r is large, the value of g(r) is approximated to 
1. According to the meaning of RDF, its equation [44] is 
defined as:

where r is the atomic spacing, ρ is the atomic density, and 
g(r) represents the probability of the atom to be analyzed 
appearing at the specified distance r from the reference atom. 
The type of interaction can be judged according to the peak 
position of g(r), and the magnitude of the interaction can be 
inferred from the sequence of the peak position. What is worth 
mentioning is the acidity of NTO. Hu et al. [45] used density 
functional theory to analyze the intermolecular interaction 
between NTO and 2,6-diamino-3,5-dinitropyrazine-1-oxide 
(LLM-105) to consider the acidity of NTO. We can speculate 
that the hydrogen bond formed with the H atoms of NTO 
can fix the active H atoms of NTO, and then stabilize the 
system. Therefore, we choose to analyze the radial distribution 
function of the atomic pair composed of the H atoms of NTO 
and the N atoms or O atoms of the binder.

Generally speaking, intermolecular interactions [35] 
include hydrogen bond interaction (2.6–3.1 Å), van der 
Waals’ interaction (3.1–5.0 Å), and Coulomb’s interaction 

(5)g(r)=
dN

�4�r2dr

Fig. 5   Average binding energy 
E
bind

′ of different crystal faces 
of NTO-based PBXs
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(> 5.0 Å). The purpose of RDF analysis of PBXs is to 
find out the peak of g(r) in the same interval of r and 
the sequence of its appearance, so as to get the types and 
strengths of the interactions between different binders 
and explosive molecules. Through RDF analysis of O 
atoms or N atoms in polymers and H atoms in NTO, the 
interaction types and strengths of NTO-based PBXs were 
obtained.

Figure 6 shows the RDF between the H atoms of NTO 
and O atoms of five binders. It can be clearly seen from 
Fig. 6 that the systems with different crystal faces have an 
obvious main peak in the range of 2.6–3.1 Å, which proves 
that the interface interaction of each PBX system is mainly 
hydrogen bond interaction. There is also a peak value in the 
range of 3.1–5.0 Å, indicating that there is van der Waals’ 

Fig. 6   The radial distribution function between H atoms of NTO and O atoms of polymers (HTPB, GAP, Estane5703, EVA, Poly-NIMMO)

Table 5   The peak points and peak values of hydrogen bond interac-
tion between H atoms of NTO and O atoms of binders

Systems Facet 1 0 0 1 0 − 2 1 1 − 1 0 1 1

NTO/HTPB r/Å 2.61 2.65 3.09 2.85
g(r) 0.45 0.47 0.67 0.69

NTO/GAP r/Å 2.61 2.67 2.63 2.65
g(r) 0.43 0.33 0.42 0.44

NTO/Estane5703 r/Å 2.65 2.95 2.81 2.91
g(r) 0.43 0.34 0.36 0.42

NTO/EVA r/Å 2.61 3.05 2.73 2.89
g(r) 0.46 0.20 0.27 0.29

NTO/Poly-NIMMO r/Å 3.05 3.09 2.63 2.85
g(r) 0.42 0.38 0.39 0.40
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interaction between them. Moreover, when the action dis-
tance is greater than 5.0 Å, there is a peak value, which 
indicates the existence of Coulomb’s interaction.

The peak points and peak values of hydrogen bond inter-
action between the H atoms of NTO and O atoms of five 
binders are listed in Table 5, where the peak point corre-
sponds to r at the maximum peak values. It can be concluded 
from Table 5 that the order of hydrogen bond interactions 
between the H atoms of NTO and O atoms of Estane5703 
on different crystal faces is (1 0 0) > (1 1 − 1) > (0 1 1) > (1 
0 − 2), which is consistent with the order of binding energy 
of different crystal faces. It shows that the interface interac-
tion of NTO/Estane5703 composite system is mainly the 
hydrogen bond between the H atoms of NTO and the O 
atoms of Estane5703. Furthermore, for HTPB, EVA, and 
Poly-NIMMO, the strength of hydrogen bond interactions is 
basically consistent with the order of binding energy. Among 
them, the order of crystal faces with weak hydrogen bond-
ing is slightly different from that of the above-mentioned 
binding energy, there exhibiting individual outliers. It is 
shown that the interaction strengths between the two crystal 
faces and the binders are approximated. This indicates that 
the interface interactions of NTO/HTPB, NTO/EVA, and 
NTO/Poly-NIMMO systems are mainly the hydrogen bond 
between the H atoms of NTO and the O atoms of HTPB, 
EVA, and Poly-NIMMO. However, the order of hydro-
gen bond interactions of NTO/GAP systems is (1 0 0) > (1 
1 − 1) > (0 1 1) > (1 0 − 2). It can be found that the hydrogen 
bonds between NTO (1 0 − 2) crystal face and binder exhibit 
a visible difference compared with the binding energy. It 
shows that the hydrogen bond interactions of NTO/GAP sys-
tems may not be dominated by the hydrogen bond between 
the H atoms of NTO and the O atoms of GAP. In conclu-
sion, the NTO (1 0 0) crystal face has the strongest hydrogen 
bond interaction in PBX systems, which is consistent with 
the comparison of binding energy. It can also be seen from 
Table 5 that the hydrogen bond interactions between the 
composite systems composed of GAP and different crystal 
faces of NTO are the strongest. And this result is also con-
sistent with that of binding energy analysis.

Figure 7 shows the RDF between the H atoms of NTO 
and N atoms of three binders. It can be seen from Fig. 7 
that for different crystal faces, g(r) has a strong peak in the 
hydrogen bonding interval, which demonstrates that the 
interactions between the H atoms of NTO and the N atoms 
of the three binders are mainly hydrogen bonding, and there 
is a certain van der Waals interaction. Moreover, there is also 
a peak at the position where the action range is greater than 
5.0 Å, which indicates that there is Coulomb’s interaction 
in the systems.

Table 6 shows the peak points and peak values of hydro-
gen bond interaction between the H atoms of NTO and the 
N atoms of three binders. It can be found that, no matter 

which crystal face, the order of hydrogen bond interac-
tions between the N atoms of the three binders and the H 
atoms of NTO is NTO/GAP > NTO/Poly-NIMMO > NTO/
Estane5703. Compared with different crystal faces, the order 
of the hydrogen bond interactions of NTO/GAP systems is 
(1 0 0) > (1 0 − 2) > (0 1 1) > (1 1 − 1). Among which the 
hydrogen bond interactions between NTO (0 1 1) and NTO 
(1 1 − 1) crystal faces and GAP polymer are different from 
the binding energy, but the difference is minimal. The over-
all trend is consistent with the binding energy, which indi-
cates that the interface interactions of NTO/GAP composite 
systems are mainly the hydrogen bond formed between the 
H atoms of NTO and the N atoms of GAP.

Cohesive energy density

Cohesive energy density (CED) is the energy required for 
1 mol condensate per unit volume to overcome intermolecu-
lar interaction and become gaseous. In molecular dynamics 
simulation, CED is the sum of van der Waals’ force and 
electrostatic force, that is, non-bonding interaction. In PBXs, 
CED can be defined as the total energy required to separate 
the binder and explosive molecules from each other, which 
reflects the strength of intermolecular interaction [37, 46]. 
The larger the CED value, the higher the energy required to 
change the explosives from condensed phase to gas phase, 
the more difficult it is to decompose and explode, and the 
better the safety of the system.

The CED calculation of trajectory files of NTO models 
and PBX interface models is carried out. Table 7 lists the 
calculated total values of CED and the specific values of its 
components van der Waals’ force and electrostatic force. It 
can be seen from Table 7 that the cohesive energy density 
is equal to the sum of van der Waals’ force and electrostatic 
force, and the contribution of electrostatic force to the cohe-
sive energy density is greater than van der Waals’ force, 
demonstrating that the intermolecular interactions in the 
systems are dominated by electrostatic force. This content 
is consistent with the results of the RDF analysis.

The results in Table 7 are compared and analyzed. It 
can be found that PBX systems containing GAP and Poly-
NIMMO have good stability on the same crystal face. The 
values of CED of systems with Estane5703 added on (1 0 0), 
(1 0 − 2), and (1 1 − 1) crystal faces are the lowest. However, 
on the (0 1 1) crystal face, the value of CED of the sys-
tem with Estane5703 is the largest. For the same polymers, 
except for the sequence of CED values of NTO/Estane5703 
systems being (1 0 0) > (0 1 1) > (1 1 − 1) > (1 0 − 2), the 
sequence of PBX systems with other polymers is (1 0 0) > (1 
1 − 1) > (0 1 1) > (1 0 − 2). There is little difference in CED 
values of NTO/Estane5703 systems on (1 1 − 1) and (0 1 1) 
crystal faces. The reason for this difference may be that the 
chain of Estane5703 is too long, and there are errors in the 
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process of compression modeling close to theoretical den-
sity. On the whole, the composite systems combined with (1 
0 0) face have low mechanical sensitivity and good safety, 

while the composite systems combined with (1 0 − 2) face 
have low safety.

The weighted average values of the total value of CED 
and its components, van der Waals’ force and electrostatic 
force, are calculated to characterize the magnitude of CED 
and its components of the whole structure of PBXs, as shown 
in Fig. 8. It can be seen from Fig. 8 that the order of cohe-
sive energy density between different binders and NTO is 
NTO/GAP > NTO/Poly-NIMMO > NTO/HTPB > NTO/
EVA > NTO/Estane5703. In addition, it can be seen that the 
CED values of PBX systems with binders are lower than that 
of pure NTO systems. Therefore, the NTO crystal is more dif-
ficult to vaporize than the NTO-based PBXs; that is, the NTO 
crystal is more stable. The reason for this phenomenon may 
be due to the high regularity of pure explosive crystals [37]. 

Fig. 7   The radial distribution function between H atoms of NTO and N atoms of polymers (GAP, Estane5703, Poly-NIMMO)

Table 6   The peak points and peak values of hydrogen bond interac-
tion between H atoms of NTO and N atoms of binders

Systems Facet 1 0 0 1 0 − 2 1 1 − 1 0 1 1

NTO/GAP r/Å 2.67 2.89 3.09 2.95
g(r) 0.69 0.75 0.69 0.62

NTO/Estane5703 r/Å 3.07 2.91 3.07 3.07
g(r) 0.79 0.84 0.63 0.55

NTO/Poly-NIMMO r/Å 3.05 2.89 3.01 2.95
g(r) 1.20 1.56 1.43 1.06
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Although the addition of binders affects the original regular-
ity of explosive molecules and leads to the decrease of CED, 
it does not mean to say that PBXs with binders are sensitive. 
Comparing the CED values of different systems under the 
same conditions can better correlate the level of sensitivity. 

It can be seen from Fig. 8 that the trend of CED is basically 
consistent with its components. It can also be observed from 
Table 7 that the CED values and component values of differ-
ent NTO-based PBXs on the same crystal face are basically 
the same, and the difference is very small, indicating that the 
statistical average of CED is not affected by the MD initial 
model. On the whole, the GAP/NTO system is the most stable 
of all PBX systems.

Mechanical properties

Mechanical properties play a very important role in the manu-
facture and application of energetic materials. Energetic mate-
rials are special functional materials, and their mechanical 
properties are fundamental properties in production, process-
ing, and application. There is an internal relationship between 
the stress and strain of the material. At a certain temperature, 
the definite relationship between them reflects the inherent 
characteristics of the material. When the material can show 
its elasticity and the strain is small enough, the stress is pro-
portional to the corresponding strain, following Hooke’s law 
[47]. It can be described as:

(6)�i = Cij�j, i, j = 1,⋯ , 6

Table 7   The values of CED and 
CED distributions of NTO and 
NTO-based PBX systems

Systems Facet CED/J∙cm−3 vdW/J∙cm−3 Electrostatic/J∙cm−3

NTO 1 0 0 1473.0 ± 0.668 592.1 ± 0.514 881.4 ± 0.794
1 0 − 2 1129.0 ± 0.446 492.0 ± 0.525 636.6 ± 0.609
1 1 − 1 1282.0 ± 0.493 569.9 ± 0.452 712.3 ± 0.581
0 1 1 1209.0 ± 0.481 524.8 ± 0.486 684.1 ± 0.607

NTO/HTPB 1 0 0 1345.0 ± 0.463 565.1 ± 0.599 779.9 ± 0.630
1 0 − 2 964.5 ± 0.497 420.5 ± 0.410 544.0 ± 0.591
1 1 − 1 1016.0 ± 0.489 443.6 ± 0.457 572.4 ± 0.655
0 1 1 974.6 ± 0.416 425.9 ± 0.425 548.7 ± 0.546

NTO/GAP 1 0 0 1379.0 ± 0.533 576.6 ± 0.501 802.8 ± 0.612
1 0 − 2 992.9 ± 0.402 428.1 ± 0.414 564.8 ± 0.584
1 1 − 1 1052.0 ± 0.531 458.4 ± 0.431 593.4 ± 0.571
0 1 1 1009.0 ± 0.445 432.5 ± 0.425 576.1 ± 0.545

NTO/Estane5703 1 0 0 1139.0 ± 0.586 359.8 ± 0.672 779.0 ± 0.615
1 0 − 2 923.3 ± 0.453 403.9 ± 0.407 519.5 ± 0.589
1 1 − 1 1012.0 ± 0.393 447.2 ± 0.455 565.1 ± 0.530
0 1 1 1017.0 ± 0.406 451.3 ± 0.444 565.7 ± 0.499

NTO/EVA 1 0 0 1328.0 ± 0.496 555.0 ± 0.511 773.2 ± 0.616
1 0 − 2 936.2 ± 0.405 411.1 ± 0.378 525.1 ± 0.501
1 1 − 1 1039.0 ± 0.406 471.7 ± 0.420 567.3 ± 0.523
0 1 1 969.7 ± 0.364 430.6 ± 0.432 539.1 ± 0.562

NTO/Poly-NIMMO 1 0 0 1382.0 ± 0.551 573.4 ± 0.631 808.9 ± 0.708
1 0 − 2 978.9 ± 0.422 423.0 ± 0.365 555.9 ± 0.550
1 1 − 1 1046.0 ± 0.413 455.6 ± 0.466 590.0 ± 0.547
0 1 1 991.2 ± 0.445 427.8 ± 0.440 563.4 ± 0.590

Fig. 8   The weighted average values of the total value of CED and its 
components of NTO and NTO-based PBXs
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where Cij is an elastic coefficient matrix with 36 elements. 
Because elastic deformation is a reversible process, the elas-
tic matrix is symmetrical. For this reason, even the extremely 
anisotropic system has only 21 elastic coefficients.

According to the Reuss average method [48], the bulk 
modulus (K) and shear modulus (G) of the material after 
obtaining the elastic coefficient matrix can be calculated by 
the following equations:

where subscript R represents the Reuss average. S =
[

Sij
]

 is 
the flexibility coefficient matrix, which is equal to the inverse 
matrix of the elasticity coefficient matrix C; that is, S=C−1 . 
It is worth noting that even if the number of independent 
elastic coefficients is 21 in the most general case, the Reuss 
modulus is only related to nine compliance coefficients.

After the values of bulk modulus and shear modulus are 
obtained, the tensile modulus (E) and Poisson’s ratio (γ) can 
be calculated according to the values of both bulk modulus 
and shear modulus by the following equation:

And plastic fracture strength characteristics are related 
to the elasticity of materials. Therefore, researchers use the 
invariable elastic characteristic data to qualitatively predict 
the plasticity and fracture strength characteristics of mate-
rials [49]. Generally speaking, six mechanical parameters, 
namely bulk modulus (K), shear modulus (G), tensile modu-
lus (E), Poisson’s ratio (γ), Cauchy pressure (C12-C44), and 
the ratio of bulk modulus to shear modulus (K/G), are used 
as the evaluation criteria of mechanical properties [50]. 
Generally, the shear modulus (G) is related to the stiffness; 
that is, the greater its value, the greater its ability to prevent 
plastic deformation of materials. Tensile modulus (E) is a 
physical quantity used to describe the resistance of materials 
to elastic deformation, also known as Young’s modulus. It 
is used to measure the rigidity of isotropic elastomer; that 
is, the greater the tensile modulus, the greater the rigidity 
of the material, and the smaller the elastic deformation of 
the material under a certain stress. The bulk modulus (K) 
is used to correlate the fracture strength of materials. The 
greater the value, the greater the fracture strength of the 
material. The ratio of bulk modulus to shear modulus (K/G) 
is used to predict the ductility of materials, and a larger 
value indicates that the ductility of materials is superior. In 
addition, Cauchy’s pressure (C12–C44) can also predict the 
ductility of materials. If Cauchy’s pressure is negative, the 
material is brittle; if it is positive, it demonstrates that the 
material has good ductility. Even though both values of K/G 
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and Cauchy’s pressure can judge the ductility of materials, 
the basis of their judgment is different. The difference is 
that the former is based on the degree of plastic deforma-
tion, while the latter is based on the fracture morphology. 
The above properties based on different crystal faces of pure 
NTO systems and NTO-based PBX systems are calculated 
and listed in Table 8. In the simulation process, the constant 
strain method is used as the calculation method, the number 
of strains is set to 4, and the maximum strain amplitude is 
set to 0.003. Among them, the units of bulk modulus, shear 
modulus, tensile modulus, and Cauchy’s pressure are GPa.

It can be seen from Table 8 that compared with pure NTO 
systems, the engineering modulus of PBXs with binders, 
such as E, K, and G, are significantly reduced. This also 
means that the rigidity of PBXs is weaker, and the flexibility 
is stronger than that of the NTO crystal. In addition, Pois-
son’s ratio γ and K/G of systems were increased by adding 
binders, which indicated that the ductility of systems was 
improved.

There is no doubt that the binder can basically improve 
the mechanical properties of the system regardless of dif-
ferent crystal faces or various binders. By comparing the 
bulk modulus, shear modulus, and tensile modulus of dif-
ferent crystal faces, it can be concluded that the mechani-
cal properties of systems are improved more or less when 
various binders are placed in (1 0 0), (1 0 − 2), and (1 1 − 1) 
crystal faces. Moreover, EVA is the best binder to improve 
the performance of these three crystal faces. For instance, 
the tensile modulus of the (1 0 − 2) crystal face of the pure 
NTO system reaches 17.59 GPa, which demonstrates that its 
rigidity is strong. When a small amount of EVA is placed on 
the NTO (1 0 − 2) surface, the tensile modulus of the system 
decreases to 4.63 GPa, which means that the flexibility of 
this PBX is greatly improved. For the NTO (0 1 1) crystal 
face, HTPB might have no obvious effect on ameliorating 
the ability of shear resistance and tensile resistance of the 
systems. Compared with Poisson’s ratio, it can be observed 
that Poisson’s ratio of all PBX systems is around 0.3–0.4, 
which indicates that all systems are plastic. Compared 
with the pure NTO systems, the plasticity of the systems 
in which the binders are placed on the NTO (1 0 − 2) and 
NTO (1 1 − 1) crystal faces are improved. But for NTO (1 
0 0) and NTO (0 1 1) crystal faces, EVA may have little 
effect on improving the plasticity of the systems. For the 
four crystal faces, Estane5703 can improve the plasticity of 
the system well and stably. In addition, it can be observed 
that the values of K/G of different crystal faces are consist-
ent with the contrast trend of Poisson’s ratio. This means 
that the PBX systems containing Estane5703 have excellent 
formability. The K/G values of different systems are distinct 
from the trend of Cauchy’s pressure, which just vindicates 
that although both of them are used to judge the ductility of 
materials, the judgment basis is different.
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In addition, the weighted averages of mechanical proper-
ties were calculated to characterize and analyze the mechani-
cal properties of the whole composite system structure 
of PBXs, as shown in Fig. 9. It can be clearly seen from 
the figure that the shear modulus (G), bulk modulus (K), 
and tensile modulus (E) of PBXs are lower than those of 
pure NTO systems. This shows that the stiffness, fracture 

strength, and tensile strength of NTO-based PBXs are sig-
nificantly reduced by adding binders. This phenomenon is 
consistent with the fact that adding binders can improve 
the plasticity of PBXs. Furthermore, the order of plastic-
ity is NTO/EVA > NTO/GAP > NTO/Poly-NIMMO > NTO/
Estane5703 > NTO/HTPB. Comparing Poisson’s ratio (γ) 
of different systems, the values of Poisson’s ratio of each 

Table 8   Mechanical properties 
of NTO and NTO-based PBXs

Systems Facet K G E γ K/G Cauchy’s 
pressure 
(C12–C44)

NTO 1 0 0 7.16 3.15 8.25 0.31  − 1.77 2.27
1 0 − 2 8.68 7.57 17.59 0.16 3.71 1.15
1 1 − 1 7.09 2.95 7.77 0.32  − 0.80 2.41
0 1 1 5.57 2.01 5.37 0.34 1.32 2.78

NTO/HTPB 1 0 0 5.42 2.29 6.01 0.32  − 1.30 2.37
1 0 − 2 4.93 1.90 5.06 0.33 1.64 2.59
1 1 − 1 5.28 2.12 5.61 0.32 1.55 2.49
0 1 1 5.49 2.07 5.52 0.33 1.44 2.65

NTO/GAP 1 0 0 4.74 2.25 5.83 0.29  − 1.55 2.10
1 0 − 2 5.25 2.04 5.42 0.33 1.30 2.57
1 1 − 1 4.49 0.79 2.25 0.42 0.32 5.66
0 1 1 4.85 1.66 4.48 0.35 1.72 2.91

NTO/
Estane5703

1 0 0 5.74 2.30 6.08 0.32  − 0.53 2.50
1 0 − 2 5.51 2.06 5.50 0.33 1.64 2.67
1 1 − 1 5.39 1.91 5.12 0.34 1.44 2.82
0 1 1 5.04 1.68 4.55 0.35 1.81 2.99

NTO/EVA 1 0 0 4.01 1.99 5.13 0.29  − 2.06 2.01
1 0 − 2 4.92 1.72 4.63 0.34 1.30 2.85
1 1 − 1 5.08 0.69 1.99 0.43 1.67 7.33
0 1 1 4.77 1.91 5.06 0.32 1.17 2.50

NTO/
Poly-NIMMO

1 0 0 5.89 2.04 5.49 0.34  − 0.55 2.88
1 0 − 2 5.73 2.21 5.89 0.33 1.52 2.59
1 1 − 1 4.80 1.92 5.09 0.32 1.84 2.49
0 1 1 4.87 1.59 4.30 0.35 0.44 3.07

Fig. 9   The weighted average 
mechanical properties of NTO 
and NTO-based PBXs
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NTO-based PBXs are very close. The order of Poisson’s ratio 
of PBX systems is NTO/Poly-NIMMO > NTO/EVA > NTO/
GAP > NTO/Estane5703 > NTO/HTPB > NTO. Generally 
speaking, materials with Poisson’s ratio between 0.2 and 0.4 
are considered plastic. Therefore, both NTO and NTO-based 
PBX systems have plasticity, and the addition of binders 
improves the plasticity of systems. We compare the ratio of 
bulk modulus to shear modulus to judge the toughness of 
the system. It can be clearly seen from Fig. 9 that compared 
with pure NTO systems, the K/G values of PBX systems 
are obviously increased. This indicates that the toughness 
of PBX systems is better than that of pure NTO systems. 
And its toughness is NTO/EVA > NTO/GAP > NTO/Poly-
NIMMO > NTO/Estane5703 > NTO/HTPB > NTO. In 
addition, the Cauchy pressure of different systems is com-
pared to analyze the ductility. It can be seen that the Cauchy 
pressure values of all systems are positive, demonstrating 
that all systems have certain ductility. However, comparing 
the magnitude of its value, NTO/Estane5703 > NTO/Poly-
NIMMO > NTO/HTPB > NTO/GAP > NTO/EVA, it can be 
found that the addition of Estane5703, Poly-NIMMO, and 
HTPB may enhance the ductility of the systems, which is 
beneficial to processing, molding, and application. However, 
the addition of GAP and EVA binders may reduce the form-
ability of the systems.

Conclusions

Molecular dynamics simulations have been conducted for 
NTO models and NTO/HTPB, NTO/EVA, NTO/GAP, NTO/
Poly-NIMMO, and NTO/Estane5703 interface models; it 
can be concluded as follows:

1.	 Comparing the unit binding energy of different systems, 
it can be found that the polymer binder has a high 
probability to interact with the (1 0 0) crystal face of 
NTO no matter which binder. Furthermore, the PBX 
systems composed of GAP and NTO is the most stable 
of all established systems. The comprehensive analysis 
demonstrates that the order of compatibility is NTO/
GAP > NTO/Estane5703 > NTO/HTPB > NTO/Poly-
NIMMO > NTO/EVA.

2.	 The RDF analysis indicates that the interface interac-
tions of different systems are mainly hydrogen bonds. 
Furthermore, it can be found that the hydrogen bond 
is between the H atoms of NTO and the O atoms of 
Estane5703, HTPB, EVA, and Poly-NIMMO or the N 
atoms of GAP. The RDF analysis also verified that the 
NTO (1 0 0) crystal face has the strongest hydrogen 
bond interaction and the NTO-based PBXs with GAP 
binder have the best hydrogen bond interaction.

3.	 The CED analysis demonstrates that the contribution of 
electrostatic force to cohesive energy density is greater 
than van der Waals’ force. The comprehensive analy-
sis shows that the safety of PBXs is NTO/GAP > NTO/
Poly-NIMMO > NTO/HTPB > NTO/EVA > NTO/
Estane5703. On the whole, the composite systems com-
bined with NTO (1 0 0) face have low mechanical sen-
sitivity and good safety.

4.	 The rigidity, stiffness, and plasticity of PBX systems 
composed of different binders placed on (1 0 − 2) and (1 
1 − 1) crystal faces are obviously improved. Consider-
ing the overall mechanical properties of PBX systems, 
the rigidity and stiffness, plasticity, and toughness of 
PBX systems with EVA, GAP, and Poly-NIMMO are all 
improved. The addition of Estane5703, Poly-NIMMO, 
and HTPB is beneficial to the improvement of the ductil-
ity of PBX systems.
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