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Abstract: 2,4-Dinitroanisole (DNAN) has excellent properties as a replacement 
for 1,3,5-trinitrotoluene (TNT) in melt-cast explosives, and the polymeric modifier 
used is critical to the mechanical modification of the DNAN/RDX energetic 
composite.  In our research, the typical polymeric modifier acrolein-pentaerythritol 
resin (APER) was successfully added experimentally to the DNAN/RDX system, 
and the effects of interfacial interactions on the mechanical properties of these 
polymers in reinforcing the DNAN/RDX energetic composites were investigated 
by molecular dynamics simulations, scanning electron microscopy (SEM) and 
mechanical testing.  The results showed that strong attractive interactions exist 
between the polymer and the explosives, wherein van der Waals forces were found 
to play the main role.  The morphological micro-images also showed tight binding 
between the polymer/explosive interfaces, which supported the calculated strong 
interfacial interactions.  The mechanical tests confirmed that adding the polymers 
can obviously reinforce the mechanical strength and toughness of DNAN/RDX 
systems.  The above observations revealed that the cooperative effects of the 
APER polymer can help to reinforce the interfacial interactions and mechanical 
properties of DNAN/RDX composites, which is of importance in the formulation 
and mechanical evaluation of advanced energetic composites.

Keywords: energetic composites, dinitroanisole, molecular dynamics, 
interfacial interaction, mechanical property

1	 Introduction

As one of the most suitable candidates for the continuous phase replacement of 
1,3,5-trinitrotoluene (TNT) in melt-cast composite explosives, 2,4-dinitroanisole 
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(DNAN) has attracted researchers’ attention because of its excellent properties, 
such as low-melting-point, low-sensitivity, and low-shrinkage [1-3].  As shown 
in Table 1, compared with the molecular structure of TNT, a DNAN molecule has 
an anisole (methoxybenzene) core with two nitro groups attached, and exhibits 
a low-melting-point and high-energy, similar to TNT.  Moreover, DNAN can 
reduce the sensitivity, with little energy or density loss, for energetic composites 
compared with the traditional TNT-based composites [2, 3].  In addition, the 
traditional fabrication equipment and methods used for TNT can been used in 
the fabrication of DNAN [4-6].  A series of DNAN-based energetic composites 
has been developed, such as the PAX series, and PAX charged weapons have 
been utilized in military ordnance; other formulations include ARX-4027, 
which contains 39.75% DNAN and 60% 1,3,5-trinitroperhydro-1,3,5-triazine 
(RDX) [7-11].  

Table 1.	 Comparison of DNAN with TNT
Properties TNT DNAN

Structure

CH
3

NO
2

NO
2

O
2
N

O

NO
2

NO
2

H
3
C

Density [g/cm3] 1.654 1.336 
Melting point [K] 355 367 

Heat of formation [kJ/mol] −58.576 −184.096 
Detonation velocity [m/s] 6825 5974 

Shock sensitivitya [cm] 157.0 117.5
Oxygen balanceb [%] −74.0 −96.9

a Drop height for 50% explosion probability (H50), 5 kg;  b OBCO2.

However, because of the low density and low viscosity of DNAN [12-14], 
solid-liquid phase dislocations may appear during processing of a composite when 
using DNAN as the continuous phase, which will induce degradation of the solid 
phase, and affect the mechanical properties of the energetic composite, leading 
to weak dimensional stability, poor toughness and high brittleness [15-17].  
Molecular simulations and mechanical tests of TNT and DNAN show that the 
compressive strength, tensile strength, shear strength and plastic deformation 
of DNAN are all lower than those of TNT, thus DNAN is more prone to brittle 
fracturing compared with TNT [18].  Mechanical modifiers, especially polymeric 
modifiers are key to solving this problem [19].  Thermosetting polymers, such 
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as acrolein-pentaerythritol resin (APER), have excellent mechanical sensitivity, 
good dimensional stability and heat resistance, and explosive products containing 
them are difficult to soften and deform, thus they will have good storability and 
overall performance [20-22].  Combining the advantages of the casting process 
and the plastic bonded effect, we can obtain a  type of insensitive energetic 
composite. 

As for the design and mechanical modification of composite materials, it is 
efficient to combine the advantages of theoretical calculations and experimental 
results, and it is helpful to consider the effects of interfacial interactions and 
morphologies on the mechanical performance of the whole system.  Thus in our 
study, typical polymer modified, APER reinforced DNAN-based composites were 
investigated both theoretically and experimentally, the interfacial interactions and 
mechanical properties were discussed, and the results will be of great importance 
for formulation of advanced melt-cast explosives.

2	 Simulation and Experimental Details

2.1	 Structure modelling
The crystal structures were constructed based on the experimental data from 
Cambridge Crystallographic Data Center (CCDC).  DNAN [23] belongs to the 
monoclinic system and P21/N space group, with lattice parameters a = 0.8772 nm, 
b = 1.2645  nm, c = 1.5429  nm, and β = 81.89 (Figure  1a), and α-RDX [24] 
belongs to the orthorhombic system and PBCA space group, with lattice parameters 
a = 1.3182 nm, b = 1.1574 nm, and c = 1.0709 nm (Figure 1b).  The DNAN 
molecular structure (Figure 1c) was abstracted from the DNAN crystal.

 

  
                          a.                                         b.                                   c. 
Figure 1.	 Molecular structures of the DNAN crystal  (a), RDX crystal  (b), 

DNAN molecule  (c) [Atom colours: Carbon (grey), Hydrogen 
(white), Oxygen (red), Nitrogen (blue)]
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As for polymer modelling, simplified models were constructed as follows: 
the molecular configuration of APER containing two prepolymer structures 
(Figures 2a and 2b) was constructed in the way of a dendrimer [25], then the 
structures were geometrically-optimized and energy-minimized under the 
Condensed-phase Optimized Molecular Potentials for Atomistic Simulation 
Studies (COMPASS) forcefield.  This force field is applicable to various organic 
molecules and groups [26, 27] (Supporting Information, SI).  The optimized 
structure with minimized energy is shown in Figure 2c.
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Figure 2.	 Chemical formulae for two prepolymer structures (a), (b), and the 

molecular model (c) of APER 
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2.2	 Prediction of crystal habits

           
a.                                                 b.

Figure 3.	 Predicted crystal habits for α-RDX (a) and DNAN (b)

In the formed energetic composites, the polymers were mixed with solid 
DNAN and RDX crystals.  Firstly, Bravais-Friedel Donnay-Harker (BFDH) 
[28-30] calculations were carried out on the primitive cells of RDX and DNAN 
at ultra-fine level, and possible growth faces and their relative growth rates, 
depending only on the crystal lattice and symmetry, were predicted, as shown 
in Figure 3 and Table 2.  In order to investigate the interfacial interactions along 
different crystal directions, a 4×3×2 DNAN supercell and a 3×3×3 RDX supercell 
were constructed, based on the primitive cells.  Then the supercell was cleaved 
along the main crystal faces (0 1 1), (1 0 1), (1 1 0), (1 0 -1) and (0 0 2) for 
DNAN, and (0 2 0), (2 0 0), (2 1 0), (1 1 1) and (0 0 2) for RDX, according to 
the BFDH method for predicted crystal habits. 

Table 2.	 Predicted crystal habit for α-RDX and DNAN

RDX (h k l) Multiplicity Dhkl
[nm]

Distance
[nm]

Total facet 
area [nm2]

Facet area 
[%]

(1 1 1) 8 0.675 1.481 28.4979 74.08
(2 0 0) 2 0.659 1.517 4.9574 12.89
(0 2 0) 2 0.579 1.728 2.7744 7.21
(2 1 0) 4 0.573 1.746 1.0030 2.61
(0 0 2) 2 0.535 1.868 1.2359 3.21

DNAN (h k l) Multiplicity
(0 1 1) 4 0.974 1.027 13.0245 53.70
(1 0 1) 2 0.805 1.242 4.0850 16.84
(1 1 0) 4 0.716 1.397 3.1570 13.02
(1 0 -1) 2 0.713 1.403 2.1928 9.04
(0 0 2) 2 0.764 1.309 1.5671 6.46
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2.3	 Calculation of interfacial interactions

Figure 4.	 Polymer/explosive-crystal solid interfacial models [DNAN (1 0 1), 
and RDX (1 1 1) taken as examples]

The optimized polymer segments with the density discussed above, along 
with a 5 nm vacuum layer, was introduced onto each crystal direction to construct 
the solid interfacial models, as shown in Figure 4.  The structures were optimized 
by molecular mechanics (MM) and energy-minimized.  Then molecular dynamics 
(MD) simulations were carried out on the optimized structures under NPT (with 
constant particle number, pressure and temperature) (100 ps), NVT (with constant 
particle number, volume and temperature) (500 ps) and NVE (with constant 
particle number, volume and energy) (500 ps) ensembles, with the COMPASS 
force field.  Velocity Verlet arithmetic [31] was utilized; and the initial velocity 
was sampled by Maxwell distribution; the van der Waals force was calculated 
by the atom-based method and the Coulomb interaction was calculated by the 
Ewald method [32, 33].  To simulate normal conditions, the target temperature 
and pressure were set to 298 K and 100 kPa, and the Anderson method [34] 
was used to control the temperature and the Berendsen method [35] was used 
to control the pressure.  The time increment was 1 fs.  To ensure that the system 
is equilibrated properly, equilibrium both in energy and temperature is needed. 

The interaction energies can be calculated from the final total energies of 
the explosive supercell, the polymer segment and the polymer/explosive-crystal 
model by the simplified equation [36]:



732 W. Qian, X. Chen, G. Luo

Copyright © 2017 Institute of Industrial Organic Chemistry, Poland

Einter = Etotal – (Eexplosive + Epolymer)� (1)

where Einter is the interaction energy, Eexplosive, Epolymer and Etotal are the total 
energies of the pure explosive-crystal, the polymer and the polymer/explosive-
crystal respectively (kJ/mol).  The contributions of van der Waals forces and 
electrostatic interactions (including hydrogen bonds) were given separately; here 
hydrogen bonds were a natural consequence of the standard van der Waals and 
electrostatic parameters and special hydrogen bond functions were not included 
(see SI).  The interaction energies were normalized by the cross-sectional area, 
as shown in Equation 2:

E’inter = Einter / S� (2)

wherein E’inter is the normalized interaction energy (kJ/mol), and S is the cross-
sectional area of the optimized interface model (nm2).  The absolute values of 
the interaction energies can determine the strength of the interfacial interactions 
[37, 38].

2.4	 Experimental section
In order to investigate the mechanical properties of a  DNAN-based system, 
experiments in fabrication and characterization for various DNAN-based 
composites were carried out.  DNAN (purity 99%) was provided by Xiangfan 
Xindongfang Chemical Industry Co., Ltd. RDX (purity 99%, fine crystals 
with particle size 20-45  μm, coarse crystals with particle size 245-350  μm) 
was supplied by Gansu Yinguang Chemical Industry Co., Ltd.  Acrolein-
Pentaerythritol resin (APER) and its solidifier Diethyl sulfate (DES) were 
provided by Liming Research Institute of Chemical Industry. 

The energetic composites consisted of molten DNAN (melted at 363-373 K with 
steam in a casting vessel) and RDX energetic crystals (DNAN : RDX = 35:65 wt.%).  
Considering the effect of adding the polymer on the detonation performance, 0%, 
1% (of wt. of DNAN/RDX) of polymer additives APER/DES were added; samples 
with 2%, 4% and 6% additives (which will not be used in industrial compositions) 
were also fabricated only to be compared with the 0% and 1% samples.  Keeping the 
temperature at 373 K, the mixtures were stirred until the RDX and polymer additives 
were dispersed homogeneously in the molten DNAN slurry.  The blends were then 
poured into preheated moulds and allowed to solidify for 2 h at ambient temperature; 
the polymer cross-linking reactions occurred during the curing process, forming 
test samples as shown in Figure 5.  According to X-ray examination, the casting 
quality of the samples was good, without any obvious defects.
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a.                                        b.
Figure 5.	 The DNAN-based energetic composite specimens (a) DNAN/RDX, 

(b) polymer modified DNAN/RDX

Mechanical tests were then carried out on the DNAN composite specimens 
using a Universal Testing Machine (Instron® 5582, UK) following the GJB-
772A-97 standard method [39]; testing temperature was 293 K, and the cross-head 
speed was 0.1 mm·min−1, the samples should be processed into discs of 10 mm 
diameter and 20 mm thickness, thus the compressive/tensile strength and the 
percentage elongation of the energetic composites can be measured as follows.  
The compressive/tensile strength σ (MPa) is:

σ = F / S� (3)

where F is the total loading force at the point of cracking (kN), S is the cross-
sectional area of the sample (cm2).  The percentage elongation δ (%) is:

δ = (l – l0) / l0 × 100%� (4)

where l0 is the original length of the sample (cm), l is the length of the sample 
after compression (cm).

The morphologies of the fractured surfaces of the samples were examined 
by scanning electron microscopy (SEM, Apollp  300, CamScan, UK) at an 
accelerating voltage of 12 kV, and the prepared surfaces were coated with Au in 
order to prevent charge build up on the specimen surfaces [40].
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3	 Results and Discussion

3.1	 Interfacial interactions

Figure 6.	 Optimized Polymer/DNAN solid interfacial models after molecular 
dynamics simulations [DNAN (1 0 1), and RDX (1 1 1) taken 
as examples]

Table 3.	 Interaction energy between polymeric modifier and RDX or DNAN

Direction Einter 
[kJ/mol]

S
[nm2]

E′inter
[kJ/mol·nm2]

E′vdW
[kJ/mol·nm2]

E′electro
[kJ/mol·nm2]

DNAN (0 1 1) -624.887 17.158 -36.419 -34.010 -1.709
DNAN (1 0 1) -508.171 16.439 -30.913 -28.535 -1.344
DNAN (1 1 0) -509.110 15.946 -31.928 -30.486 -1.439
DNAN (1 0 -1) -477.682 18.925 -25.240 -23.169 -1.839
DNAN (0 0 2) -502.118 13.311 -37.723 -35.661 -2.090
RDX (1 1 1) -345.088 24.103 -14.317 -12.525 -1.619
RDX (2 0 0) -503.599 11.155 -45.145 -43.511 -1.496
RDX (0 2 0) -493.792 12.705 -38.866 -35.844 -1.552
RDX (2 1 0) -481.710 25.674 -18.762 -17.237 -1.176
RDX (0 0 2) -468.442 13.731 -34.115 -32.043 -1.923

According to the optimization and MD simulations of the interfacial 
structures, the distance between the polymer and DNAN system was reduced, 
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and the polymers were absorbed on the crystal face, as shown in Figure  6, 
showing that strong interfacial interactions exist between the polymer and the 
DNAN system.  The interaction energy, normalized by cross-sectional area, can 
be calculated from the total energy of the equilibrium structures.  The results 
are listed in Table 3.

It can be seen that strong interfacial interactions exist between the DNAN 
system and the polymer, where the van der Waals (vdW) forces contribute most to 
the total interactions, and electrostatic interactions contribute little; along different 
crystal faces, as shown in Figure 7, the attraction energies show anisotropy: for 
DNAN (0 1 1) > (1 1 1) > (1 1 0) > (1 0 1) > (0 0 2), while for RDX (2 0 0) > 
(0 2 0) > (2 1 0) > (0 0 2) > (1 1 1), which is caused by the different inter-molecular 
interaction situations along the different DNAN crystal faces.  The layer-like 
structure of the DNAN crystal is the main reason for the anisotropic situations, 
which matches the situations in the equilibrium structures.  In summary, the 
polymers have strong attractive interactions with the DNAN interfaces along 
different crystal directions.

E′electro [kJ/mol·nm2] E′vdW [kJ/mol·nm2] E′inter [kJ/mol·nm2]

                           a.                                                              b.
Figure 7.	 Comparison of the binding energies of the polymers on different 

crystal surfaces: (a) polymer on DNAN crystal surfaces; (b) polymer 
on RDX crystal surfaces
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3.2	 Fractured surface morphology

Figure 8.	 SEM images of DNAN/RDX energetic composites [200 kV, ×500, 20 μm]

The micro-images of the interface can well demonstrate the strong 
interactions between the explosive and the polymeric modifiers.  As shown in 
Figure 8, the molten DNAN solidified and formed the substrate, with different 
sizes of RDX particles inlaid on the DNAN substrate.  The DNAN/RDX 
substrate surfaces were wrapped by the polymeric modifiers, forming strong 
interfacial interactions, which was consistent with the simulation results.  The 
tight interfacial interactions can be the main positive factor for mechanical 
modification of energetic composites [36-38].  APER, which has good thermal 
compatibility with molten DNAN, can be evenly dispersed in the DNAN/RDX 
system, and the cross-linking reactions of the polymers [20-22] can form dense 
cross-linked network structures between the multi-phase systems, playing the 
role of binder in the energetic composites.  Meanwhile, the coating effect of the 
polymers can synergize the DNAN/RDX system, forming energetic particles 
coated with polymers, filling the gaps between the particles and making the 
linking tight and close, modifying the overall mechanical performance.
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3.3	 Mechanical properties and cooperative mechanism

Table 4.	 Mechanical properties of DNAN energetic composites

Formulation
Polymer 
additives
 [wt.%]

Compressive 
strength 
[MPa]

Compressive 
elongation 

[%]

Tensile 
strength
 [MPa]

Tensile 
elongation

 [%]
RHD 0 20.63 0.290 2.16 0.034
D-1 1 27.71 0.433 2.57 0.027
D-2 2 35.16 0.467 3.12 0.047
D-4 4 41.26 0.477 3.33 0.048
D-6 6 43.92 0.634 4.59 0.049

  
a.                                                               b.

  
c.                                                               d.

Figure 9.	 Comparison of the mechanical properties of DNAN energetic 
composites: (a) compressive strength, (b) compressive percentage 
elongation, (c) tensile strength, (d) tensile percentage elongation
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From the mechanical test results shown in Table 4 and Figure 9, it may 
be seen that the addition of polymeric modifiers can significantly modify the 
mechanical properties of the DNAN/RDX system.  Samples with 2%, 4% 
and 6% additives (which will not be used in industry) were compared with 
the 0% and 1% compositions to prove the effect that the polymer had on the 
mechanical properties, and showing that an elevated polymer content can 
increase the compressive/tensile strength and elongation.  When adding APER, 
the compressive/tensile strengths were increased, for example the compressive 
strength of D-4 had increased to twice the value of RHD, demonstrating 
reinforcement of the strength for the energetic composites; and the compressive/
tensile percentage elongation values of D-2, D-4 and D-6 are larger than that of 
RHD, showing improvement in the toughness of the energetic composites.  As 
discussed above, strong interfacial interactions exist between the polymer and the 
DNAN surfaces, as the polymeric modifiers can tightly link with the explosive, 
thus these cooperative effects [20-22] can modify the mechanical performance 
of the whole energetic composite, preventing the DNAN energetic composite 
from being damaged by external loading, and satisfying the charging needs in 
weapon utility.

4	 Conclusions

In this paper, the effects of interactions between the polymer and the explosive 
interfaces on the mechanical properties of the energetic composite were investigated 
both experimentally and theoretically, and conclusions can be drawn as follows: 
(1)	 Interfacial interaction energies were obtained from the MD simulations 

and energy calculations on the polymer/explosive-crystal solid interface 
models.  It was found that strong interactions exist between the polymer 
and the DNAN/RDX interfaces, where van der Waals forces play the main 
part while electrostatic interactions have little effect.  The energies along 
different crystal directions show anisotropy. 

(2)	 The experimental interface morphologies show tight linking between the 
polymers and the explosives, which demonstrates the strong interfacial 
interactions between the polymer and DNAN/RDX. 

(3)	 The mechanical tests show that the addition of APER can improve the 
mechanical strength and toughness, thus reinforcing the mechanical 
properties of the energetic composites for charges. 
The conclusions are helpful in the formulation of DNAN-based energetic 

composites, which may be used in creating insensitive explosive castings.
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