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Molecular dynamics simulations have been performed to investigate well-known energetic material cyclotrimethylene trinitramine (RDX) crystal, 3-azidomethyl-3-methyloxetane
(AMMO) and RDX/AMMO propellant. The results show that the binding energies on different crystalline surface of RDX changes in the order of (010)>(100)>(001). The interactions
between RDX and AMMO have been analyzed by means of pair correlation functions. The
mechanical properties of RDX/AMMO propellant, i.e. elastic coefficients, modulus, Cauchy
pressure, and Poisson’s ratio, etc., have been obtained. It is found that mechanical properties
are effectively improved by adding some amounts of AMMO polymers, and the overall effect
of AMMO on three crystalline surfaces of RDX changes in the order of (100)>(010)>(001).
The energetic properties of RDX/AMMO propellant have also been calculated and the results
show that compared with the pure RDX crystal, the standard theoretical specific impulse
of RDX/AMMO propellant decrease, but they are still superior to those of double base
propellant.
Key words: Cyclotrimethylene trinitramine, 3-Azidomethyl-3-methyloxetane, Molecular
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nitramine/azide propellant, there are few reports on
the structure performance for nitramine/azide using the
molecular dynamics (MD) simulation. In this work, we
chose RDX/AMMO propellant as an example to investigate the correlations between the structure and per-

I. INTRODUCTION

Cyclotrimethylene trinitramine (RDX, Fig.1), an important modern molecular explosive, has been widely
used for the propellant ingredients in applications such
as gun and rocket motors. It offers many advantages for
advanced propulsion, including high energy, high specific impulse, low sensitivity, and environment friendliness. In particular, RDX is also attractive because of its
low cost. However, RDX has low burning rate (about
1.19 cm/s at 6.08 MPa) coupled with a relatively high
and undesirable burning rate exponent (about 0.74) [1].
In the search for new binder materials for the nitramine
propellant, a great deal of interest has recently centered on azido compounds, which contain −N3 bonds
in their chemical structure, such as 3-azidomethyl-3methyloxetane (AMMO, Fig.2). This nitramine/azide
combination propellant is characterized by high velocity of combustion, low vulnerability, and good thermal
stability. These characteristics are especially useful as
rocket propellants, since these provide high specific impulse while generating minimum smoke. Heretofore, a
number of experimental measurements and theoretical
studies have paid attention to this kind of propellant
[2−7].
However, previous researches mainly focused on thermal decomposition and combustion characteristics of
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FIG. 1 Molecular configurations of RDX (a) and crystal
RDX (b).
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FIG. 2 Molecular configuration of AMMO.

formance for propellants.
II. MODELING AND SIMULATION
A. Computational model

The initial models were built using materials studio
(MS) package [8]. The initial RDX structure used in the
condensed phase simulations was taken from the experiment by Choi et al. [9], which crystallized in the orthorhombic space group of P bca with four independent
lattice parameters a=13.182 Å, b=11.574 Å, c=10.709 Å
and α=β=γ=90◦ . There are eight irreducible molecules
in the unit cell, see Fig.1(b). A periodic MD simulation
cell consisting of 96 molecules, corresponding to 2×2×3
unit cells, was selected for RDX to make the simulation model approach the practice sufficiently. Then, to
investigate the differences among the properties of various crystalline surfaces, taking an example, the supercell was cleaved along three crystalline surfaces (100),
(010), and (001), respectively. Then, the periodic supercells were further separated from the repeated replicas
by a vacuum layer of 20 Å along the c crystallographic
axis, respectively. AMMO involving six chain segments
was simulated for 2.5 ns with the MD method to get
the equilibrium conformations. According to the practical formulation of nitramine/binder propellant, we embed six equilibrium chains of AMMO into the supercell
model in parallel with different RDX crystalline surfaces. A total of three different initial RDX/AMMO
configurations with 2682 atoms, and with mass percentage of 82.0% RDX and 18.0% AMMO, respectively,
were obtained.
B. MD simulations

The COMPASS force field is used to study the
structures and properties of the RDX, AMMO, and
RDX+AMMO [10]. Its parameters have been debugged
and ascertained from the ab initio calculations, optimized according to the experimental values, and parameterized using extensive data for molecules in condensed phase. Its nonbonded parameters have been further amended and validated by the thermal physical
properties of the molecules in liquid and solid phases
obtained using the MD method. Consequently, COMPASS is able to accurately predict the structural, conDOI:10.1088/1674-0068/24/02/199-205
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formational, vibrational, and thermophysical properties
for a broad range of compounds in both isolation and
condensed phases. Extensive validations have been performed [11, 12]. The results are in good agreement with
those from experiments. On the other hand, this force
field has been successfully employed to investigate the
nitramine [10, 13−17]. It is therefore suitable for performing MD simulations on them.
The present MD simulations of RDX, AMMO, and
RDX+AMMO were performed using the COMPASS
force field and periodic boundary conditions. Minimizations are initially carried out for 5×103 iterations to
equilibrate the RDX/AMMO models and then the simulation boxes are compressed slightly (0.3%) along the c
direction. Afterward, another 5×103 iterations of minimizations are carried out to reach the equilibrium state
and the boxes are compressed further along the c direction. The above processes are repeated step by step
(the configuration in each step should be minimized to
reach the equilibrium) until the density approaches the
theoretical maximum value, which can be predicted according to the weight percent of each component in the
propellant. Starting from the above-minimized structures, 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 properties and pair correlation functions were
obtained. Considering the condition of equilibrium and
spend of CPU time, all the simulation time is added to
0.4 ns. In the above-mentioned MD simulations, temperature controls were treated using Andersen method
[18]. Nonbonded interactions, spline width, and buffer
width were truncated at 0.95, 0.1, and 0.05 nm, respectively. All the calculations were implemented on a
Pentium IV PC.

III. RESULTS AND DISCUSSION
A. 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. For instance, Fig.3 shows
the fluctuation curves of temperature and energy in
the MD simulation of AMMO on the molecule layers
parallel to (100) crystalline surface of RDX. It can be
found that both the fluctuation curves of temperature
and energy trend to be smooth, and the temperature
reaches equilibrium state indeed as it is fluctuating 10
K or so.
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FIG. 3 Plot of temperature and energy vs. simulation time for RDX/AMMO with AMMO on RDX(100) crystalline surface
at the temperature of 298 K.

(b)

(a)

(c)

FIG. 4 Equilibrium structures of RDX/AMMO with AMMO on different crystalline surfaces of RDX at 298 K. (a) (100),
(b) (010), and (c) (001).

TABLE I Binding energies for RDX/AMMO with AMMO on three different crystalline surfaces of RDX at 298 K.
Surface
(100)
(010)
(001)

Etotal /(MJ/mol)
−72.00
−72.01
−72.29

ERDX /(MJ/mol)
−71.14
−70.82
−71.60

B. Equilibrium configuration and interactions between
constituents

After the MD simulations, one can get the equilibrium configurations of the models. Figure 4 illustrates
the equilibrium configurations of RDX/AMMO with
AMMO on RDX crystalline surfaces (100), (010), and
(001), respectively. As can be seen from Fig.4, AMMO
polymer binder is closely contacted with the RDX crystalline surface; consequently extensive interactions exist
between AMMO polymers and RDX. Binding energy
(Ebinding ) can well reflect the capacity of the two components blended with each other, which is defined as the
negative value of the intermolecular interaction energy
(Einter ), Ebinding =−Einter . The intermolecular interacDOI:10.1088/1674-0068/24/02/199-205

EAMMO /(kJ/mol)
659.10
664.70
294.90

Ebinding /(kJ/mol)
1519.39
1857.05
985.27

tion energy can be evaluated by the total energies of the
composite and each component in the equilibrium state.
So the Ebinding between RDX and AMMO polymer can
be determined as follows:
Ebinding = −Einter = −(Etotal − ERDX − EAMMO ) (1)
where Etotal is the total energy of RDX/AMMO mixed
system. ERDX and EAMMO are the total energies of
RDX and AMMO polymer, respectively.
For visualization, Etotal , ERDX , EAMMO , and Ebinding
for different crystalline surface are presented in Table I.
It can be found that RDX(010) surface has a stronger
capability to blend with AMMO than (100) and (001)
surfaces due to the larger binding energies. In other
words, when AMMO polymers are put into the RDX
c
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FIG. 5 Radial distribution function of RDX(100)/AMMO propellant. (a) N1-O2, (b) O1-N2, (c) H1-O2, and (d) O1-H2.

crystal, it tends to concentrate on the RDX(010) surface
due to their stronger intermolecular interactions.
The interactions between each constituent can be further analyzed by examining pair correlation function
g(r). The pair correlation 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.
To be compact, only g(r)-r with important interaction of the cystalline surfaces (100) are described in
Fig.5. The corresponding atoms are named as follows:
(i) O and N atoms in RDX are noted as O1 and N1; (ii)
O (−OH), N, and H in AMMO are noted as O2, N2,
and H2.
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 Å, or above 5.0 Å, 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.
DOI:10.1088/1674-0068/24/02/199-205

From Fig.5(a), it is found that probability for N1 in
RDX and O2 in AMMO to simultaneously arise in the
distance of 3.35−4.85 Å is high to 2.6 Å or so, predicting the strong vdW interaction between them. In the
region of 3.05−5.05 Å, a comparative high peak arises
in the g(r) describing the O1-N2 atom pair, predicting the strong vdW interaction. See from Fig.5(c), in
the region of 2.35−3.05 Å, the high peak value arises in
the g(r) curve of H1-O2, indicating the strong hydrogen bonds interaction between this atom pair; in the
region of vdWs, high peak arises again, predicting that
certain vdW interaction exists between them. Figure
5(d) shows that main hydrogen bonds exist in O1-H2.
In all, vdWs and hydrogen bonds are the main interactions between RDX and AMMO, especially the vdW
interation in N1-O2.

C. Mechanical properties

The material stress and strain tensors are denoted by
σ and ε, respectively. From the statistical mechanics
of elasticity [19], the generalized Hooke’s law is often
written as
σi = Cij εj

(2)
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TABLE II Elastic constants (GPa) of
surfaces at 298 K.
RDX/AMMO C11
C22
C33
RDX
13.8
9.2
10.8
(100)
7.4
7.8
7.3
(010)
8.1
10.8
7.2
(001)
11.8
7.2
7.3
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pure crystal RDX and RDX/AMMO propellant with AMMO on different crystalline
C44
4.8
1.6
2.0
2.4

C55
1.5
1.7
1.8
1.3

C66
3.3
1.9
1.8
1.5

Cij (i, j=1, 2,. . ., 6) is symmetric, and hence a maximum of 21 constants is required to fully describe the
stress-strain behavior of an arbitrary material.
The effective isotropic compliances in terms of singlecrystal compliances averaged over all orientations can
be obtained by Reuss average. The effective bulk and
shear moduli are given by:
KR = [S11 + S22 + S33 + 2(S12 + S23 + S31 )]−1 (3)
GR = 5[4(S11 + S22 + S33 ) − 4(S12 + S23 + S31 ) +
(S44 + S55 + S66 )]−1
(4)
The subscript R denotes the Reuss average. The compliance matrix S is equal to the inverse matrix of elastic coefficient matrix C, i.e., S=C −1 . Note that for the
most general crystal structure (all 21 constants are independent) the Reuss modulus depends on only nine of the
single-crystal compliances. From the rules of isotropic
linear elasticity we have
E = 2G(1 + ν) = 3K(1 − 2ν)

(5)

where E is tensile modulus and ν is the Poisson’s ratio,
so that after the bulk and shear moduli are calculated,
the tensile modulus and Poisson’s ratio can be obtained.
Such plastic properties as hardness, tensile strength,
fracture strength, and elongation in tension, can be related to the elastic moduli [20]. Hardness and tensile
strength representing the resistance to plastic deformation are proportional to the shear modulus G. Fracture
strength is proportional to the bulk modulus K. The
quotient K/G indicates the extent of the plastic range
(elongation in tension), so that a high value of K/G is
associated with ductibility and a low value with brittleness.
The predicted elastic constants and effective isotropic
mechanical properties (tensile modulus, bulk modulus,
shear modulus, and Poisson’s ratio) are summarized in
Tables II and III, respectively.
From the elastic coefficients matrices for RDX in Table II, it can be found that the diagonal elements Cii
and C12 , C13 , C23 (nine elements totally) are larger but
the other coefficients are smaller, which indicate that
the crystal has anisotropy to some extent. In addition,
the larger C11 , C22 , and C33 imply that, to reach the
same strain, RDX needs a larger stress. This characteristic can also be further validated by the differences
of elastic coefficients of the RDX/AMMO propellant
DOI:10.1088/1674-0068/24/02/199-205
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C12
5.4
3.7
4.3
4.4

C13
4.0
3.5
3.9
3.3

C23
4.5
3.6
3.8
2.6

C15
0.0
0.2
0.1
−0.1

C25
0.0
−0.3
−0.1
0.0

C35
0.0
−0.1
−0.1
−0.3

C46
0.0
0.2
−0.1
0.1

C12 -C44
0.6
1.9
2.3
2.0

TABLE III Elastic properties of RDX crystal and
RDX/AMMO mixture system with AMMO on different
crystalline surfaces of at 298 K.
RDX
(100)
(010)
(001)

E/GPa
8.6
5.1
6.2
6.8

K/GPa
6.9
4.9
5.6
5.2

G/GPa
3.3
1.9
2.4
2.7

ν
0.3
0.32
0.31
0.28

K/G
2.09
2.52
2.36
1.95

with AMMO on different crystalline surfaces. Compared with the pure RDX, the smaller diagonal element
C55 increase for RDX/AMMO except (001), while other
diagonal elements Cii all decrease except C22 for (010).
Moreover, the off-diagonal elements C12 , C13 , and C23
all decrease to some extent while C15 , C25 , C35 , and C46
increase or decrease slightly. This evolution tendency of
elastic coefficients shows that adding some amounts of
AMMO can reduce the anisotropy of the system.
Cauchy pressure C12 -C44 can be used as a criterion
to evaluate the ductibility or brittleness of a material.
As a rule, the value of C12 -C44 for a ductile material is
positive; on the contrary, that is negative for a brittle
material. Meanwhile, the more positive C12 -C44 value
is the more ductile the material is. According to this,
the data in the last column of Table II indicate that the
pure RDX and the obtained RDX/AMMO are all ductile due to their positive C12 -C44 . But, the Cauchy pressures C12 -C44 of the RDX/AMMO are all larger than
that of the pure RDX crystal. This indicates that the
ductibility of RDX is greatly improved by adding some
quantities of AMMO polymer. Comparing the values of
(C12 -C44 ), we find that the ductibility of RDX/AMMO
depends on different surfaces, and it changes in the following order: (010)>(001)≈(100).
As can be also seen from Table III, all moduli of
the obtained RDX/AMMO decrease in comparison with
the pure crystal. For example, the E decreases from
8.6 GPa to less than 6.8 GPa as the system changes
from the pure crystal to the RDX/AMMO mixture, the
G decreases from 3.3 GPa to less than 2.7 GPa, and
the K decreases from 6.9 GPa to less than 5.6 GPa.
This further indicates that the rigidity and brittleness
of RDX/AMMO propellant decrease, while its elasticity
and plasticity strengthen. Meanwhile, these variations
also suggest that the materials will deform more easily
when they are subjected to an external force, because
c
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TABLE IV The energetic properties of RDX/AMMO propellant.
RDX
AMMO
RDX/AMMO

ρ/(g/cm3 )
1.82
1.06
1.60

∆Hf /(J/g)
277.2
345.3
289.5

the resistance to plastic deformation is proportional to
G and the fracture strength for materials is proportional
to K [21]. As a whole, the effect of AMMO on improving the mechanical properties of different cystal surfaces is somewhat different and changes in the order of
(100)>(010)>(001).
In addition, the ratio K/G can be used to evaluate
the tenacity of a material. A higher value of K/G is associated with malleability and a lower value with brittleness. According to this, it can be deduced from the
K/G values in Table III that RDX/AMMO has better
malleability than the pure RDX except (001). On the
whole, the malleability of RDX/AMMO propellant with
AMMO on three different crystalline surfaces decreases
as (100)>(010)>(001).
D. Energetic properties

Energetic properties are the much important factors
to evaluate the propellant performances. The calculations of propellant energetic properties can be approximately divided into four steps. Firstly, calculate the assumed chemical formula, oxygen balances (OB100 ) and
initial total enthalpy of 1 kg propellant. For 1 kg RDX,
the assumed chemical formula is C13.506 (HON)27.013 ,
and for 1 kg RDX/AMMO (82.0/18.0) propellant,
that is C17.998 H35.047 O23.766 N26.305 . Next, compute
the thermochemical properties of propellant combustion process in the combustion chamber. Propellant
isenthalpic combustion decomposes into high temperature working fluid, which is heat balance and chemical equilibrium (energy conservation and mass conservation). According to the principle of minimum free energy function of balance system, the equilibrium composition, chamber temperatures (Tc ) and other thermodynamic functions in the combustion chamber can
be further calculated. Thirdly, calculate the thermochemical properties of combustion products expansion
process (isentropic expansion) in the nozzle. Using the
entropy difference inserting method, one can get the
outlet temperature (Te) , outlet species composition ect.
Lastly, calculate specific heat ratio, standard theoretical
specific impulse (Isp ), ect.
Among above parameters, Isp equal to units of thrust
per unit weight of propellant consumed per unit time, is
the most important parameter to evaluate energy characteristics of propellants. Isp has great influence on the
rocket range, the higher Isp , the farther rocket range.
The calculation standard of Isp is as follows: (i) the
DOI:10.1088/1674-0068/24/02/199-205

OB100
−21.6
−166.2
−47.6

Tc /K
3283
1110
2441

Te /K
1554
740
965

Isp /(N·s/kg)
2608
1736
2343

combustion chamber pressure equals 6.86 MPa; (ii) environment pressure equals 0.1 MPa; (iii) nozzle expansion ratio is optimal, that exit pressure equals environment pressure; (iv) nozzle exit spread angle equals 0◦ .
The predicted energetic properties are listed in Table
IV.
From Table IV, it can be seen that Isp of RDX is relatively high (2608 N·s/kg) due to its high density (ρ),
OB100 and Tc . Compared with RDX, AMMO has positive heat of formation (345.3 J/g), yet it also has large
negative oxygen balances (OB100 =−166.2), which will
cause the incomplete combustion and reduce Tc , and
so AMMO has lower Isp (1736 N·s/kg). When adding
AMMO polymer to RDX crystal, the OB100 , Tc and Isp
of RDX/AMMO propellant are smaller than those of
the pure RDX crystal. But, compared with the famous
double base (DB) propellant (Isp =2100−2270 N·s/kg)
[22], it is obvious that RDX/AMMO propellant has better energetic performances than DB propellant.
IV. CONCLUSION

In this study, we have performed MD simulations
to study the binding energies, mechanical properties,
and energetic properties of RDX/AMMO propellant.
The effects of AMMO on different crystalline surfaces
of RDX are investigated, the major findings can be
summarized as follows: (i) The binding energies between RDX and AMMO are obtained, and the order of
binding energies is (010)>(100)>(001). (ii) The pair
correlation function g(r) analysis shows that hydrogen bonds and van der Waals interaction exist between
RDX and AMMO. (iii) The mechanical properties of
the pure RDX can be effectively improved by adding
AMMO ploymer. On three different cyrstalline srufaces, the effect of AMMO on improving the mechanical properties is approximately (100)>(010)>(001),
whereas the improvement in the ductibility C12 -C44
made by AMMO polymers changes in the sequence of
(010)>(001)≈(100). (iv) The calculations on energetic
properties for RDX/AMMO propellant show that its
energetic properties can be lowered by blending some
amount of AMMO polymer, but it is still superior the
double base propellant and can be used as advanced
propellant.
In a word, the MD simulations on the RDX and
RDX/AMMO propellant provide us much information
about its mechanical properties, binding energies, and
energetic properties. These may be useful for guiding
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composite propellant design.
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