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Abstract

To investigate the structure and performance of simple and double bases propellants, the nitrocellulose (NC), nitroglycerin (NG), and double
mixed system (NC + NG) have been simulated by using the molecular dynamics (MD) method with the COMPASS force field. The interactions
between NC and NG have been analyzed by means of pair correlation functions. The mechanical properties of the three model systems, i.e. elastic
coefficients, modulus, Cauchy pressure, and Poisson’s ratio, etc., have been obtained. It is found that the rigidity, ductibility, and tenacity of the
double bases propellants (NC + NG) are stronger than those of simple base propellants (NC), which attributes to the effect of NG and the strong
interactions between NC and NG. The detonation properties of the three systems have also been calculated and the results show that compared
with the simple base propellant (NC), the detonation heat and detonation velocity of the double base propellants (NC + NG) are increased.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Propellant, known as a kind of energetic materials for launch-
ing, usually contains fuel and oxidizer components. It has
widespread application in weapon equipment, space navigation,
and industrial and agricultural production, so researches on pro-
pellant have received great attention for a long time. A typical
simple base propellant consists of a simple compound, usually
nitrocellulose (NC), and a double bases propellant usually con-
sists of NC and nitroglycerin (NG), to which a plasticizer is
added [1-4]. Both simple base and double bases propellants
are homogeneous. Modern composite propellants are heteroge-
neous mixtures, which use a crystallized salt as an oxidizer and
aluminum as fuel. For a composite propellant, the relationship
between its formulation and performance plays a key role in
its formulation design. Therefore, much experimental work has
been done to investigate the issues related to the structure, formu-
lation, and properties of propellants. Computer simulations have
increasingly played an important role in this field. They can make
it possible to screen candidate formulation designs, thereby
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avoiding expensive experimental tests. In addition, simulations
may provide an understanding of the structure—performance
relationships in propellants, which in turn can help design better
and more efficient laboratory tests.

A force field method, especially molecular dynamics (MD)
method, is an important and effective method to study the struc-
ture and performance of materials at present. Recently, our
institute firstly utilizes MD method to study the polymer-bonded
explosive (PBX), a composite material [5—12]. Yet there is no
MD-based studies reported on this kind of propellant. In this
study we choose simple and double bases propellants as an
example to investigate the structure—performance relationships.
The destination in this study is to test the force field, method, and
model, and to understand the correlations between the structure
and performance for propellants. It is hoped that our studies pro-
vide some information and guidance for composite formulation
design.

2. Computational approach and details
2.1. Computational model

The initial models were built by using materials studio (MS)
package [13]. As for NC, the backbone conformation is critical to


mailto:xiao@mail.njust.edu.cn
dx.doi.org/10.1016/j.jhazmat.2007.12.068

202 X. Ma et al. / Journal of Hazardous Materials 156 (2008) 201-207

Fig. 1. The primitive cell of NC and its supercell (3 x 2 x 1) (C). (A) Top view, (B) side view and (C) initial model of simple base propellant.

its performance. Due to lacking of the whole bulk cell parameters
and space group of NC, we built its molecular chain with 5; helix
conformation suggested by Meader et al. [14]. Two chains of
polymer NC were placed in a periodic box with the lattice vectors
of a=0.90nm, b=1.46nm, and ¢ =2.54 nm, the lattice angles
of a=B=y=90° and the density of 1.49 gcm™>. Therefore,
the primitive cell of NC was obtained (see Fig. 1A and B) and
the initial model of simple base propellant was established and
shown in Fig. 1C.

The initial B-nitroglycerin (NG) structure was built based on
X-ray diffraction data [15], with four molecules in a cell and
Fig. 2 shows its primitive cell and supercell. When the hydroxyl
groups (~OH) of cellulose are replaced by nitro groups (-NOy),
the products are obtained with one, two or three substitutions
and their nitrogen containing (N%) is 6.75, 11.11, and 14.14%,
respectively. In fact, we always get their mixture with diverse
substitution products due to difficulty in being nitrified com-
pletely. The simple base propellant with nitrogen containing of
13.0% or above, was built from cellulose trinitrate in order to
simplify the model.

(")

As for the double bases propellant with its nitrogen contain-
ing of 12.0%, we built the initial model as follows in order to
meet the practical requirement of composite design. To empha-
size the interaction between NC and NG, we choose the side
of NC, not the end groups, to contact NG because of the nitro
groups existing in outer side of the helix chain of NC. The dou-
ble bases propellant model contains 10 helix NC chains and
43 NG molecules, with mass percentage of 58.1 and 41.9%,
respectively, and is shown in Fig. 3.

Therefore, we get the three initial models for the MD simu-
lations, as shown in Figs. 1C, 2B and 3.

2.2. MD simulations

The COMPASS force field [16] is used to study the structures
and properties of the NC, NG, and NC + NG. Its parameters have
been debugged and ascertained from the ab initio calculations,
optimized according to the experimental values, and parame-
terized using extensive data for molecules in condensed phase.
Its nonbonded parameters have been further amended and val-

Fig. 2. The primitive cell and supercell of B-nitroglycerin (NG). (A) Primitive cell and (B) supercell (3 x 2 x 4) of NG.
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Fig. 3. The initial model of double bases propellant. The left is NG and the right
is NC.

idated by the thermal physical properties of the molecules in
liquid and solid phases obtained using the MD method. Conse-
quently, COMPASS is able to accurately predict the structural,
conformational, vibrational, and thermophysical properties for
a broad range of compounds in both isolation and condensed
phases. Extensive validations have been performed [16—18]. The
results are in good agreement with those from experiments. On
the other hand, this force field has been successfully employed
to investigate the nitrate esters [16]. It is therefore suitable for
performing MD simulations on them.

The present molecular dynamics simulations of NC, NG,
and NC + NG were performed using the COMPASS force field
and periodic boundary conditions. The MD simulations were
conducted at constant volume and constant temperature (NVT)
conditions. After an equilibrium run, the module allows one to
collect the results of the dynamics simulation in a trajectory
file. Through analyzing trajectory files, the static elastic proper-
ties and pair correlation functions were obtained. Considering
the condition of equilibrium and spend of CPU time, all the
simulation time is added to 0.2-0.3 ns. In the above-mentioned
MD simulations, temperature controls were treated using Ander-
sen method [19]. Nonbonded interactions, spline width, and
buffer width were truncated at 0.95, 0.1 and 0.05 nm, respec-
tively. All the calculations were implemented on a Pentium IV
PC.

2.3. Calculations of mechanical properties

Mechanical properties are estimated by using the loading
experiments of MD simulation in MS. The loading experi-
ment is the simplest but the most important and extensive
method to measure the mechanical properties, such as elastic
and plastic property, strain hardening and ductility, and so on
[20]. By means of small deform loading experiment, the elas-
tic tensile stress can be accomplished. A total of three loading
experiments is performed, in which a uniaxial tensile stress
is applied stepwise along the x, y or z directions. For each
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loading direction, constant stress dynamics is performed in a
series of up to 10 stages, each of duration 1ps. At the end
of each stage, the values of the internal stress tensor and the
strain tensor are recorded. So the Hooke’s law is easy to get,
which explicitly describes the stress—strain behavior of a mate-
rial. When more than one frame is analyzed, stress—strain data
are averaged for all the frames. The Young’s modulus (tensile
modulus, E) and Poisson’s ratio (v) are computed from the least-
squares fits of the averaged tensile stress versus tensile strain,
and of the (negative) average lateral strain versus tensile strain
[21].

The Young’s modulus (E) and Poisson’s ratio (v) may be
written in terms of the Lamé coefficients (u and A) as follows:
E=pu@Br+2wW)/(A+ 1), v=A2(A+ ). From this two formu-
las, one can calculate u and A, while bulk modulus (K) and
shear modulus (G) can be extracted through K=A +2u/3 and
G=pu.

3. Results and discussion
3.1. Criteria of system equilibrium

There are two criteria to judge the equilibrium: one is the
equilibrium of temperature and the other is the equilibrium of
energy. The fluctuations of temperature and energy are in the
range of 5-10%, that is to say, the fluctuation of temperature is
within +15 K and the energy is invariable or small fluctuation
around the average energy value. The MD systems here have
reached the equilibrium, as shown in Figs. 4 and 5.
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Fig. 5. Plot of energy vs. simulation time for NC + NG.
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Fig. 6. The equilibrium configurations after MD. (A), (B) and (C) are the equilibrium configurations of NC, NG, and NC + NG, respectively.

3.2. Equilibrium configuration and interactions between
constituents

After the MD simulations, one can get the equilibrium con-
figurations of the three models. Fig. 6 illustrates the equilibrium
configurations of NC (A), NG (B), and double constituents sys-
tem (NC + NG) (C), respectively.

Comparing the equilibrium configuration of NC with that
before MD (Fig. 1C), part of the helix backbone of NC after MD
is slightly uncoiled due to the rotation and torsion of flexible
chain. The configuration of NG is hardly changed after MD,
while the interface of double constituents system NC + NG is
changed much owing to the interactions between NC and NG.

From the equilibrium configuration of trajectory files
after MD, the energy of the system NC+NG (Eipal)
reaches —12,189.8kJmol~!. The energy of NC (Enc) is
—1542.3kJ mol~! by moving NG from the equilibrium system
NC + NG. When NC is removed from the system, the energy of
NG (Eng) can be got. So the binding energy between NC and

NG can be calculated according to AE = —(Eiota] — ENc — ENG),
which is shown in Table 1. It can be seen that there exist the
interactions between NC and NG.

The interactions between each constituent can be further
analyzed by examining pair correlation function. The pair cor-
relation function gives a measure of the probability of finding
another atom at a distance r from a specific atom. It has many
applications in structural investigations of both solid and liquid
packing (local structure), in studying specific interactions such
as hydrogen bonding, and in statistical mechanical theories of
liquids and mixtures.

Table 1
Binding energy between NC and NG in double constituents system (kJ mol~,
298 K)

Erotal —12189.8
Exc —1542.3
Exg —8281.5
AE 2366.0
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Fig. 7. The pair correlation functions for HINC) and O(NG) (A and B).

In general, intermolecular actions include hydrogen bonding
action and van der Waals (vdw) force, in which the vdw force is
composed of dipole—dipole, induction, and dispersion force. If
the distance between atoms is 2.6-3.1, 3.1-5.0 or above 5.0 A,
the interaction belongs to hydrogen bonding, strong vdw, or
weak vdw force, respectively. Although the hydrogen bonding
action is weaker than chemical bond, it is the strongest force
among intermolecular actions and can strengthen them.

As for NC and NG, the hydrogen bonding may exist between
H(O) of NC and O(H) of NG, so the pair correlation functions
should be analyzed separately. When the pair correlation func-
tions of HINC) and O(NG) are analyzed, HINC) and O(NG)
are sets 1 and 2, respectively. Then the pair correlation function
analysis can be performed on two sets and the results are shown
in Fig. 7. When these of O(NC) and H(NG) are analyzed, the
formeris set 1 and the latter set 2. The results are shown in Fig. 8.

Fig. 7 shows the pair correlation function results of H(NC)
and O(NG). Fig. 7A presents three total results of set 1, set
2, and two sets, i.e. g11(r) total, go2(r) total, and g12(r) total.
Each result includes inter- and intra-molecular interactions, that
is, g11(r) total =g11(r) inter+ g11(7) intra, go2(r) total =g2(r)
inter + g2o(7) intra, g12(r) total = g12(r) inter + g12(7) intra. But
the g1o(r) inter is closely related to the interactions of double
constituents. So we draw g1»(r) inter from the total results and
made further analysis on it. The result of g12() inter is shown
in Fig. 7B.

From Fig. 7B, we can see the probability distribution for
H(NC) and O(NG) atoms. Within the scope of 0-5.0 A a peak
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Fig. 8. The pair correlation functions for O(NC) and H(NG) (A and B).

locates in 2.3-2.8 A, which suggests that there is a high probabil-
ity for the two atoms in the distance and the interaction between
them belongs to hydrogen bonding action. Part of the peaks lies
in 4.0-5.0 A and the interaction belongs to strong vdw force.
So, there are the hydrogen bonding action and strong vdw force
between H(NC) and O(NG).

Similarly, Fig. 8 illustrates the pair correlation function
results for O(NC) and H(NG). Within the scope of 0-5.0A in
Fig. 8B, the peaks locate in 2.0-3.0 A or 4.0-5.0 A, the interac-
tion between them belongs to hydrogen bonding and strong vdw
force, separately.

Therefore, there is the hydrogen bonding action and strong
vdw force between NC and NG, which is the main cause of
the strong interactions between them. Moreover, most of the
hydrogen bonding actions exist between O(NC) and HING).

3.3. Mechanical property

It is known from elastic mechanics that the generalized
Hooke’s law can be written as follows [19]

O Cii Cnn Ciz Cuu Ci5 Cie| [ &x ]
oy Co1 Con Co3 Coy Crs Cy €y
o: | |G Cxn C33 Cu C35 Cz| | &
Ty | |Cst Cao Cazs Cas Cas Cag| | ¥z
Tox Cs1 Csy Cs3 Csa Css Csg | | Vax
L Txy | 1Ce1 Ce2 Ce3 Coa Cos Ceol L¥xyd
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Table 2
Mechanical properties of NC, NG and (NC + NG) (GPa, 298 K)

NC NG NC+NG
Cn 34 12.7 7.2
Cxn 4.6 26.4 7.0
C33 55 13.1 10.3
Cua 1.2 4.1 1.7
Css 1.3 5.9 1.8
Ceo 1.4 4.8 1.7
Ci2 1.1 34 34
Ci3 0.6 7.7 2.5
Cor 0.7 0.8 2.6
Cis —-0.2 0.0 —-0.2
Cas —0.1 0.0 0.2
C3s 0.3 0.0 —-0.3
Cu6 0.0 0.0 0.0
Tensile modulus (E) 4.2 16.0 6.7
Poisson’s ratio (v) 0.15 0.19 0.26
Bulk modulus (K) 2.0 8.5 4.6
Shear modulus (G) 1.8 6.7 2.7
KIG 1.11 1.27 1.70
Ci12—Cuyy —0.1 —-0.7 1.7
Density, p (gcm ™) 1.49 1.84 1.60

Because of the existence of the strain energy, the elastic coef-
ficient matrix of a material should satisfy the formula: C, ii = Cii,
even for an extremely anisotropic body and there are 21 inde-
pendent elastic coefficients. For an isotropic solid, there are only
two independent elastic coefficients (C11 and C13). Accordingly,
each modulus and Poisson’s ratio can be obtained based on two
Lamé coefficients (C;; — Cj2 =2u and Cip =2X). The program
can assume a material as isotropic and calculate the effective
isotropic mechanical properties.

The static mechanical properties including elastic coeffi-
cients, elastic modulus, Cauchy pressure, and Poisson’s ratio
of NC, NG, and (NC + NG) are shown in Table 2. Elastic coef-
ficients Cj; (i, j=1-6) manifest that there are different elastic
effects everywhere in materials. Elastic modulus, a measure-
ment of rigidity, is the ratio of stress to strain. The larger the
tensile modulus of a material is, the stronger its rigidity is [19].
The increase of Poisson’s ratio suggests that the plastic property
increases. Cauchy pressure (C12—Ca4), shown in Table 2, can be
used as a criterion to evaluate the ductibility and brittleness of a
material. Usually, the value of (C12—C44) for a ductile material
is positive, contrarily, that is negative for a brittle material. In
addition, the ratio (bulk modulus/shear modulus, K/G) can be
used to evaluate the tenacity of a material. Usually, the greater
the value of K/G is, the better tenacity a material possesses
[22].

According to this, in Table 2, the elastic coefficients and mod-
ulus of NC are much smaller than those of NG, which suggests
the elasticity of NC is stronger than that of NG due to the con-
formation switch of polymer NC. The tensile modulus of pure
NG is 16.0 GPa, which predicts that NG has the strong rigid-
ity to resist deformation, but when an amount of NC is put
on it, the tensile modulus decreases to 6.7 GPa, which shows
that the elasticity of the obtained double constituents system
greatly strengthens. That is, the NC+NG possesses stronger

rigidity compared with NC. The Cauchy pressure (C12—Ca4)
of pure NC is —0.1 GPa, and the (C12—C44) of NC+NG is
1.7 GPa, which suggests the ductibility of NC + NG are greatly
improved. As for K/G, the value of NC (1.11) is smaller than
that of NC+NG (1.70), which manifests the latter has better
tenacity than the former. This predicts that the impact tenac-
ity of the double bases propellant has been improved. Thus,
the double bases propellant is easy to meet explosive load-
ing.

From Table 2, it can be seen that the tensile modulus of NC
is 4.2 GPa, but that of NC + NG is 6.7 GPa, which attributes to
the rigid NG. The data in Table 2 predict that pure NC and NG
are brittle due to their negative Cauchy pressure, and the Cauchy
pressure of NC + NG increases to 1.7 GPa and the ductibility of
NC + NG is stronger than that of NC and NG. So, the strength-
ened ductibility results from the interactions between NC and
NG. Similar analysis on K/G illustrates that the strong inter-
action is the main cause of strengthened tenacity. Therefore,
the strong interactions between NC and NG make interface
molecule conformation change and do ductibility and tenacity
strengthen.

3.4. Detonation heat, detonation velocity, and detonation
pressure

Detonation heat, detonation velocity, and detonation pressure
are important parameters of an explosive. For pure NC and NG,
the detonation velocity and pressure can be obtained accord-
ing to Kamlet formulas [23], in which the other parameters are
from literatures (for instance, Ref. [24]). For the double bases
explosive, NC + NG, detonation heat can be obtained based on
Oy =0yim1 + Qvomy + Qyzms (m; is the percentage of mass) and
detonation velocity can be got according to w—1I" formulas [25],
Vb= 33.05Q1/2 +243.2wp, where Q, w, and p denotes the char-
acteristic heat, heat factor, and density of explosive, respectively.
p can be obtained from MD equilibrium configuration. So, the
detonation properties of NC, NG, and NC + NG are gotten and
listed in Table 3.

From Table 3, it can be seen that the detonation heat, detona-
tion velocity, and pressure of NC are smaller than those of NG
but the detonation heat and velocity of NC + NG is larger than
those of NC due to the effect of NG.

Therefore, double bases propellant possesses large detona-
tion heat and velocity with improved mechanical properties,
strengthened ductibility, and tenacity, which predicts that it
has the better comprehensive performance than simple base
one.

Table 3
Detonation properties of NC, NG and (NC + NG)

NC NG NC+NG
Density, p (gcm™3) 1.49 1.84 1.60
Heat of formation, AHy (kcal mol~!) —762.9 —82.4 -
Detonation heat, Qy (kJ kg_l) 4427 6318 5128
Detonation velocity, Vp (m s7h) 7297 7700 7573
Detonation pressure, Pp (GPa) 20.9 25.3 -
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4. Conclusions

By the MD simulations and theoretical calculations of the
title substances, several conclusions can be drawn:

(1) The COMPASS force field is fit for the simulations of NC,
NG, and NG + NG systems.

(2) Compared with simple base propellant (NC), the elasticity
of double bases one (NC + NG) decreases and its rigidity
increases, which attributes to the effect of NG; moreover,
its ductibility and tenacity increase, which attributes to the
strong interactions between NC and NG.

(3) The detonation heat and velocity of double bases propellant
is larger than those of simple base one due to the effect of
NG.

(4) Complex effects in the constituents should be taken into
account in the design of composite propellants. MD simula-
tion may provide some theoretical information and guidance
for composite propellant design.
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