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Molecular dynamics simulation approach is used to study nanoindentation of the 共100兲 crystal
surface of cyclotrimethylenetrintramine 共RDX兲 by a diamond indenter. The indenter and substrate
atoms interact via reactive force fields. Nanoindentation causes significant heating of the RDX
substrate in the proximity of the indenter, resulting in the release of molecular fragments and
subsequent “walking” motion of these molecules on the indenter surfaces. © 2008 American
Institute of Physics. 关DOI: 10.1063/1.3006428兴
Over the past two decades, research on energetic materials has focused on structural properties,1 defects,2–4 decomposition, combustion, and detonation chemistry.5,6 Indentation experiments have been performed to study structural
characteristics and chemical decomposition7 of energetic
materials.7–11 Armstrong and Elban8 investigated the role
of dislocations in fracture of cyclotrimethylenetrintramine
共RDX兲 crystals. Their microindentation experiment reveals
temperature enhancement due to dislocation pileup and a
well-localized damage zone of cracks that cannot propagate
because the orthorhombic crystal structure of RDX offers
intrinsic resistance to dislocation motion.
It has been shown that the hardness of a material varies
with the indenter size. At the submicron level, nanoindentation has become a highly effective tool in exploring fundamental materials physics. High resolution load-displacement
data obtained with atomic force microscopy measurements
of contact area can provide valuable insights into the onset of
dislocation processes, shear instabilities, and phase transformations.
In this letter, we report molecular dynamics 共MD兲 simulation of nanoindentation of the RDX 共100兲 crystal surface.
The RDX unit cell is orthorhombic and contains eight covalently bonded 关CH2N共NO2兲兴3 molecules.9,11 In the simulation, the RDX substrate contains 133 056 atoms in a MD cell
of volume of 127.26⫻ 128.52⫻ 99.08 Å3. Periodic boundary
conditions are applied in the plane of the substrate. The diamond indenter is constructed by removing atoms from the
共111兲 surface and passivating dangling atoms with hydrogen
atoms. The pyramidal shape diamond indenter contains
43 342 atoms and its dimensions are 108.37⫻ 108.37
⫻ 88.66 Å3. In our simulation, the indenter and substrate atoms interact via reactive force fields whose parameters were
optimized through comparison with quantum mechanical
calculations and validated against various experiments.12,13
In the simulation, the indenter and RDX substrate are
first relaxed for 11 ps and then their energies are minimized.
Atoms close to the bottom layer of the RDX substrate
共within 2 nm兲 are frozen. The initial temperature of the rest
of the substrate and the indenter is 150 K. The indenter depth
in the substrate is increased in steps of 5 Å over 2.5 ps and
then the indenter and substrate are relaxed for 1.5 ps. 关The
simulation time step is 0.15 fs, and the effective indentation
a兲
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speed is about 2% of the sound speed in RDX14
共2.78 km/ s兲.兴
The simulation reveals significant heating under the indenter. The temperature distributions at various indentation
depths 共from 5.2 to 31.6 Å兲 are shown in Fig. 1. 共Here the
temperature is calculated from the kinetic energy of atoms
averaged over 0.15 ps.兲 Initially, the RDX substrate directly
under the diamond indenter deforms without any significant
increase in the thermal energy. When the indentation depth
exceeds 10 Å, the temperature of the contact region in RDX
rises dramatically due to the conversion of the plastic deformation energy into heat. As the indentation depth increases,
the indentation impression grows and the substrate molecules
around and underneath the indenter heat up. The temperature
in the damage zone is at least 200 K higher than in the rest of
the sample. There is a limited amount of pileup, and the
RDX molecules display translational and rotational motions.
Outside the deformed region, the RDX substrate retains its
original crystal structure. Hardness is calculated from the
ratio of the applied load to the projected area of the residual
impression. At small indentation depths, the calculated value
of the hardness is 391 MPa, which compares favorably with
the experimental value 共between 313.6 and 431.2 MPa兲. As
the indentation size increases, the MD value of hardness
drops because of the growth of the plastic deformation region in the RDX substrate.

FIG. 1. 共Color兲 Temperature distributions in the RDX substrate at different
indentation depths. 共a兲 At 5.2 Å, hardly any heating is observed. 共b兲 At
15.7 Å, the temperature of some of the molecules exceeds 500 K. At indentation depths of 共c兲 26.35 Å and 共d兲 31.6 Å, we observe “hot” RDX molecules within ⬃10 Å from the indenter. The inset shows the RDX substrate
共blue兲 and the indenter 共gray兲 schematically.

93, 171908-1

© 2008 American Institute of Physics

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp

171908-2

Appl. Phys. Lett. 93, 171908 共2008兲

Chen et al.

FIG. 2. 共Color兲 Magnitude of the center-of-mass displacement 兩r៝⌬c.m.兩 of
RDX molecules. For clarity, only half of the system is shown. Panels 共a兲 and
共b兲 are snapshots of 兩r៝⌬c.m.兩 at indentation depths of 10.45 and 25.15 Å,
respectively.

For a RDX molecule, the dipole moment dជ is calculated
21
qi共rជi − rជc.m.兲, where qi is the charge of atom i, rជi
from dជ = 兺i=1
is the atomic position, and rជc.m. is the center of mass of the
molecule. The negatively charged oxygen atoms and positively charged hydrogen atoms contribute to the orientation
of the RDX dipole moment, which is perpendicular to the
C3N3 ring and points inward from the NO2 group. The RDX
molecules with the excess energy tend to rotate until their
dipole moments point away from the indenter. The hydrogen
atoms on the surface of the indenter attract oxygen atoms in
the RDX molecules, causing the oxygen atoms to orient towards the indenter surface.
To study the dynamics of the RDX molecules affected
by nanoindentation, we calculate the magnitude of the
21
mir៝i共t兲
center-of-mass
displacement:
兩r៝⌬c.m.兩 = 兩关兺i=1
21
21
− 兺i=1mir៝i共0兲兴 / 兺i=1mi兩. Figure 2 shows 兩r៝⌬c.m.兩 at two indentation depths. Initially, there is hardly any change in 兩r៝⌬c.m.兩
关see Fig. 2共a兲兴. However, 兩r៝⌬c.m.兩 increases dramatically with
the indentation depth; see Fig. 2共b兲. Large values of 兩r៝⌬c.m.兩
are found close to the indenter surface and the RDX molecules move along the indenter surface.
We find that changes in the center of mass are mostly in
the 关1̄20兴 direction 共see Fig. 3兲, where the slip is apparent at
the maximum indentation depth. Figure 3共b兲 is a schematic
view of the displaced molecules. For clarity, only their centers of mass are shown. Molecules above the 共210兲 plane
migrate more than 5 Å from their original positions, but
those below the 共210兲 plane hardly move at all.
The simulation also reveals that in order to release the
mechanical stress, the RDX molecules “walk” on the indenter surface; see Figs. 4共a兲 and 4共b兲. The dynamics of
these molecules is a combination of translational and rota-

FIG. 3. 共Color兲 Panel 共a兲 shows that the indentation damage is localized in
the yellow dashed region. Panel 共b兲 illustrates how the molecules in that
region are displaced. Each sphere represents a RDX molecule.

FIG. 4. 共Color兲 共a兲 and 共b兲 show RDX molecules 共A and B兲 on the indenter
surface at 14.5 and 19.65 ps. Red, dark blue, light blue, and white spheres
represent oxygen, nitrogen, carbon, and hydrogen atoms, respectively. Panel
共c兲 shows the time dependence of the mean square displacements for a few
RDX molecules, including those of molecules A and B.

tional motions, which are reflected in the mean square displacement of molecules as a function of time 关see Fig. 4共c兲兴.
This dynamic behavior is similar to 9,10-dithioanthracene
and 9-thioanthracene molecules walking on a copper
surface.15,16
In summary, our MD simulation reveals dramatic heating and decomposition of RDX molecules from the substrate.
Molecular heating and the released RDX molecules are well
localized in a damage zone around the indenter. The RDX
substrate outside the damage zone remains intact. Our analysis reveals that molecules undergo both translational and rotational motions on the indenter surfaces and that the maximum displacement of RDX molecules is in the 共210兲 plane.
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