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ABSTRACT

Molybdenum carbide has various applications for which studying the material using classical molecular dynamics simulations would be valu-
able. Here, we develop an empirical potential within the Tersoff formalism using particle swarm optimization for the orthorhombic phase
of Mo,C. The developed potential is shown to predict lattice constants, elastic properties, and equation of state results that are consistent
with current and previously reported results from experiments and first principles calculations. We demonstrate the potential with simu-
lations of indentation using multiple indenter sizes that load and unload in three different directions relative to the crystallographic lattice
of orthorhombic Mo,C. Direction-dependent force-displacement trends are analyzed and explained in terms of the spatial distributions of
stress and strain within the material during indentation. This study reveals the anisotropic elasticity of orthorhombic Mo,C and, more gen-
erally, provides researchers with a new empirical potential that can be used to explore the properties and behavior of the material going
forward.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0150030

Molybdenum carbide is a transition metal carbide with high
melting temperature and hardness, good thermal and mechanical
stability, and excellent corrosion resistance. These properties make
the material ideal for applications such as wear-resistant coatings.
It also is a promising material for catalysis, particularly hydrogen
evolution reactions, for which it is both cheaper and more readily
available than the typical noble metals.” There are multiple crys-
tallographic phases of molybdenum carbide, but here we focus on
the orthogonal phase, which has been reported to be more stable
than the hexagonal phases.’ In many applications, ortho-Mo,C is the
functional component of coatings, so the mechanical properties of
the near-surface material are important. One way to characterize the
mechanical properties and investigate the deformation mechanisms
of a material, particularly near surfaces, is using indentation tech-
niques.* These techniques also enable directional mechanical testing
and can be used to characterize the anisotropic properties.”” How-
ever, relationships between the atomic structure and the measured
properties cannot be explained by indentation experiments alone.
Molecular dynamics (MD) simulations have been used to provide

insight into the direction-dependent response to indentation of
various materials, including metals,® polymers,” semiconductors,’
and nanomaterials.” However, this approach requires the avail-
ability of an interatomic potential, or force field, for the material
of interest.

Many different formalisms can be used to describe interaction
energies in terms of atomic spatial coordinates.'” For molybdenum
carbide, the universal force field (UFF)!! has been used to study
the absorption of CO. However, accurate modeling of indentation
and mechanical properties usually requires parameterization tai-
lored to characterize the properties of interest.'” From the different
formalisms available, optimized Tersoff potentials have previously
demonstrated high accuracy in describing the mechanical properties
of various materials, for example, Fe-C systems,13 silicon carbide, '’
boron nitride,'” and graphene.'®

Here, we developed an empirical Tersoff potential for
ortho-Mo,C based on density functional theory (DFT) energies. The
elastic mechanical properties of ortho-Mo,C predicted by the new
potential were compared to the results from DFT and previously
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reported experiments. Then, the potential was used to simulate
indentation on three different ortho-Mo,C surface facets with vari-
able sized nanoscale indenters. The resulting force vs displacement
trends showed surface facet anisotropy, which was then explained in
terms of the atomic distributions of stress and strain in the material
during indentation.

The orthorhombic phase has been previously denoted
a-Mo,C""* but, following the notation convention defined by the
Joint Committee on Power Diffraction Standards’ data files and
based on its {-Fe,N-like structure, this phase was later denoted
B-Mo,C."” Here, we call the phase ortho-Mo,C, following a
recent example.”’ A summary of lattice parameters and nomen-
clatures used for orthorhombic Mo,C is given in Sec. S1 of the
supplementary material. The ortho-Mo,C (a < b < ¢) simulated
structure is shown in Fig. 1(a).

We developed a set of parameters with the formalism of the
Tersoff empirical interatomic potential (EIAP), see Sec. S2. In this
study, the particle swarm optimization (PSO) method™ >’ was used
to obtain two one-body terms, n and j3, for Mo and C atoms, four
two-body terms, A, B, A1, and s, for Mo-C (or C-Mo) interac-
tions, and four three-body terms A3, ¢, d, and h, for Mo-C-C (and
C-Mo-Mo). The fitness function for PSO that correlates with the
calculated parameters with the desired physical characteristics is
defined as

F(M, M, nC, B, A, B A, A, 1Y, MO, a0 MO, A8, ¢ d K

(4.

I=1

al
o

[GP
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where d; denotes the desired value of the characteristic / obtained
by DFT (first-principles calculations), 4; denotes the actual value of
the characteristic / obtained via a given Tersoff potential parameter
set, and L is the total number of certain physical characteristics of
the Mo, C crystal structure to be optimized simultaneously. Here,
the lattice constants and equation of states (EOS) defined as the
deviation from the equilibrium energy via isotropic tensile and
compressive strain, stiffness constants, bulk and shear moduli are
considered. The values are determined by using the General Utility
Lattice Program (GULP) code” throughout the EIAP parameter set
optimization process. The Tersoff potential parameters optimized
for ortho-Mo,C are given in Table I.

To calculate the desired values of the variables, in the first-
principles calculations, we use the pseudopotential plane-wave
method based on DFT within the Perdew-Burke-Ernzerhof (PBE)
formulation by means of the Vienna Ab initio Simulation Pack-
age (VASP).” " A plane-wave basis set with an energy cut-off of
700 eV and a mesh of 12 x 12 x 12 k-point grids centered at I within
the Monkhorst-Pack scheme in the Brillouin zone are used. Once
the atomic positions and cell parameters of the Mo,C unit cell are
relaxed, we obtain the cell parameters as a = 4.7387 A, b = 5.2331 A,
and ¢ = 6.0601 A for an external pressure of 0.00 kbar. To obtain the
phonon dispersion, the phonopy” code is employed by using the
force constants computed from the density-functional perturbation
theory.”* Phonon dispersion results, although not the focus of this
study, are provided in Fig. 1(b). The calculation is carried out with
a2 x 2 x 2 conventional supercell structure, considering I centered
6 x 6 x 6 k-point grids for Brillouin-zone sampling. Obtaining the
phonon dispersion with the lowest deviation rates by means of the

Frequency (THz)

(d)

_7Cy, [GPa]

s E) [GPa]
44
Cgy [GPa]

~

FIG. 1. (a) Atomic structure of ortho-Mo,C. (b) Spinel phonon dispersion from DFT calculations. (c) Compressibility of the normalized unit cell volumes fitted to the third-
order Birch-Murnaghan equation of state (EOS) for ortho-Mo,C. Blue solid line: experimental calculations with ultrasonic elastic wave interferometry;?’ red dashed line:
DFT calculations;?! yellow dashed-dotted line: experimental calculations with x-ray diffraction in a diamond anvil;2? green dotted line: DFT calculations; black asterisks: MD
simulations. (d) Radar plots summarizing the accuracy of MD calculations based on comparisons to experimental values and DFT calculations.

AIP Advances 13, 065125 (2023); doi: 10.1063/5.0150030
© Author(s) 2023

13, 065125-2

1pd'0£00510°S L~ 5Z1.590/1.868008 L/0£00G10°6/£901 "0 /10p/spd-sjoe/ape/die/Bio-die sqnd;/:dny wouy pepeojumoq


https://scitation.org/journal/adv

AIP Advances ARTICLE

TABLE I. Optimized Tersoff-type EIAP parameters obtained for ortho-Mo,C.

EIAP Mo (Mo-C C (C-Mo
parameters and Mo-C-C) and C-Mo-Mo)
n 0.8440 1.1230

B 36.8372 x 107° 30.9220 x 107
A (eV) 7 041.471 4 7041.471 4
B (eV) 2694.029 1 2694.029 1
A (ATH 2.943 3 29433

A (A™H 23171 23171

A (A™H 43978 2.1670

c 53270.797 8 112 790.042 8
d 28.203 1 28.478 0

h -0.916 6 —0.2410
R(A) 2.75 2.75

D (A) 0.15 0.15

developed empirical potentials is especially important for the accu-
rate estimation of the lattice thermal conductivity of the materials.”’
In this respect, two alternative Tersoff-type EIAP parameter sets,
which give more consistent phonon dispersion curves and thus are
believed to allow a more accurate estimation of the thermal proper-
ties of the ortho-Mo,C, are presented in Sec. S3 of the supplementary
material.

Simulations of the structural and mechanical properties of
ortho-Mo,C with the developed set of Tersoff parameters were
performed using the Large-scale Atomic/Molecular Massively Par-
allel Simulator (LAMMPS).** We calculated the equilibrium lat-
tice constants, elastic constants, and Birch-Murnaghan equation of
state,””° as described in Sec. S4. The pressure vs relative volume
curve calculated using the Tersoff potential was in very good agree-
ment with the experimental”"** and DFT data’' up to 25 GPa, as
shown in Fig. 1(c). In addition, the mechanical properties and lattice
parameters calculated with MD were compared with the expected
values obtained from DFT calculations, and a radar plot was created,
as shown in Fig. 1(d). The perimeter of the radar plot corresponds
to zero error, while the center point corresponds to 100% error. The
optimized potential accurately predicted the lattice parameters of the
crystal (a, b, and c), the elastic constants (Cij), the bulk modulus K,
and the Poisson ratio (v) of ortho-Mo,C. The calculated properties
are reported in Table IT.

The new Tersoff potential was then demonstrated with simu-
lations of indentation of ortho-Mo,C. To create the model material,
the primitive cell was replicated up to a size of ~16 nm in the direc-
tions perpendicular to the indentation and 11 nm in the direction of
the load. Figure 2(a) shows the indentation model. Periodic bound-
ary conditions were applied in the two directions perpendicular to
the indentation. A free boundary was applied to the face in contact
with the indenter. The structures were geometrically optimized and
the temperature and pressure were equilibrated following the steps
described in Sec. S4.

The simulation process followed the protocols for modeling
indentation reported in the literature.”” The atoms were divided into
three regions. The positions of atoms in the bottommost atomic
layers were fixed. Above that, several atomic layers of atoms were

scitation.org/journal/adv

TABLE II. Summary of the lattice parameters and elastic properties for the orthorhom-
bic Mo,C phase calculated using molecular dynamics with the developed Tersoff
potential and density functional theory.

MD DFT
Ci1 (GPa) 444311 464.952
Ci2 (GPa) 205.543 234.814
Ci3 (GPa) 252.702 225.983
Cx (GPa) 510.200 501.418
Cz; (GPa) 171.444 176.644
Css (GPa) 508.717 499.027
Cy4 (GPa) 178.735 171.253
Css (GPa) 146.453 142.965
Css (GPa) 217.261 188.121
K (GPa) 305.586 304.410
v 0.301 0.284
a(A) 4.733 4.739
b (A) 5214 5.233
c(A) 6.058 6.060

subject to the Langevin thermostat that maintained a constant tem-
perature of 300 K using the canonical ensemble (NVT). The remain-
der of the atoms were unconstrained and free to deform under a
microcanonical ensemble (NVE). The interactions of the indenter
with the atoms were modeled using a repulsive force F that follows
the equation F(r) = k(R — r)?, where k is the force constant with a
fixed value of 10 eV/A?, R is the indenter radius, and r is the distance

(@) (b) 3%
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o e

Displacement [nm]
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FIG. 2. (a) Schematic of the nanoindentation simulations where the atom color
corresponds to the following: teal—unconstrained Mo, gray—unconstrained C,
orange—thermostatted Mo and C, and magenta—fixed Mo and C. The virtual
indenter is represented by a rigid sphere of radius R. Close-up images of the sur-
face as viewed from the three different loading directions are shown below. Force
vs displacement curves for (b) 1 nm, (c) 4 nm, and (d) 8 nm radius indenters. In (b),
for each case, the loading data (symbols) are at a higher force than the unloading
data (lines); in (c) and (d), the loading and unloading data overlap.
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from the ortho-Mo,C atoms to the indenter center. Three differ-
ent sized spherical indenters were modeled having radii of 1, 4, and
8 nm. To model indentation, the sphere was displaced toward the
sample at a constant speed of 0.5 m/s in three different orientations
relative to the crystallographic lattice—[100], [010], and [001]. The
system was subjected to indentation loading for 1.6 ns, followed by
a holding period at the maximum tip displacement of 0.8 nm below
the original ortho-Mo,C surface for 0.15 ns, and finally unloading at
0.5 m/s for 1.6 ns.

The force-displacement results for indentation with 1, 4, and
8 nm radius indenters loading in the [100], [010], and [001] direc-
tions are shown in Figs. 2(b)-2(d). Hysteresis between loading and
unloading curves is observed only when the 1 nm radius inden-
ter is used, indicating plastic deformation. This confirms that the
force field can model the plastic response of the material, although
it was trained only for elastic behavior. However, here, we are
focused on elasticity and therefore subsequently analyzed only
the behavior of ortho-Mo,C in response to interactions with the
4 and 8 nm indenters. For the two larger indenters, there is a
consistent effect of orientation, with the largest force response to
indentation in the [010] direction. For the other two orientations,
at small displacements (<0.5 nm), the force is slightly higher in
[100], but, at larger displacements, the force is similar in [100]
and [001].

The elastic constants calculated using the Tersoff potential and
DEFT are given in Table II. In bulk ortho-Mo,C, the elastic constants
Ci1, Cx, and Cs3 should correspond to the [100], [010], and [001]
loading directions. However, per Table S4, Cs33 ~ Cy; > Cy1, which
is inconsistent with the indentation force in Fig. 2 that is highest
for [010] and lowest (at least at low strain) for [001]. Therefore, the
force response to indentation in the three different directions can-
not be explained by the direction-dependent elastic constants. This

ARTICLE scitation.org/journall/adv

is partially due to the fact that the compression caused by spherical
indentation is not uniaxial.”® In addition, the response to indenta-
tion at the nanoscale is affected by both surface accommodation and
the local stress atomic behavior.

To understand the directional anisotropy of the indentation
response, we analyzed the distributions of per-atom von Mises stress
and strain, as well as the atom displacement vectors, at the maxi-
mum indentation depth with the 8 nm indenter, as shown in Fig. 3.
The strain patterns shown in Fig. 3(a) are visually quite different
for the three different orientations. For example, the high-strain
regions (red color) extend furthest below the contact in the [010]
case and appears to be most isolated near the contact for [100]. In
addition, there are regions of localized high strain that reflect the
lattice pattern in the [010] case. Additional information is provided
by the displacement vectors in Fig. 3(b), which shows that the atoms
moved predominantly in the direction of indentation for the [001]
case. This indicates that, in [001], atoms are easier to compress and
hydrostatic loading from the spherical tip plays a smaller role in the
deformation than the other orientations. The most lateral movement
is exhibited by atoms in response to loading in the [100] direction.
In the [010] case, displacement is in the direction of the indenta-
tion below the center of the contact, and there is atom movement in
the lateral direction only near the corners of the contact area. Com-
pression in the [010] direction is accommodated by the layer-like
distribution of the atoms in this orientation [see Fig. 2(a)]. Finally,
the stress distributions shown in Fig. 3(c) qualitatively differ for the
three different orientations.

The visual trends seen in Fig. 3(c) were quantified by analyz-
ing the von Mises stress as a function of depth along the centerline
of the contact and as a function of radial position at the maximum
stress depth. The results for the 8 nm indenter are shown in Figs. 4(a)
and 4(b). Generally, the shape of the stress profiles is consistent

Indentation [100], View [010] Indentation [010], View [001] Indentation [001], View [100]
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FIG. 3. Cross section snapshots of the ortho-Mo,C simulation with the 8 nm indenter at an indenter displacement of 0.8 nm in the [100], [010], and [001] directions with atoms
colored based on their (a) von Mises strain, (b) displacement vectors, and (c) von Mises stress.
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with the approximation to the biaxial stress state predicted by
continuum theory for a spherical indenter. For all loading direc-
tions, the maximum stress is just below and at the center of the
contact. In addition, at the region of highest stress, the stress is
largest for [010], consistent with the force-displacement trends

in Fig. 2(d).

The most significant component of the von Mises stress is
compression in the loading direction and, consistent with contin-
uum theory, this stress is several times larger than the shear stress
and the normal stresses in the two directions orthogonal to load-
ing. However, closer analysis of the orthogonal stresses reveals an
important difference between the response of the material to load-
ing in different directions. In an ideal biaxial stress state, the stress
in the two directions orthogonal to the loading direction is the
same. However, due to the asymmetry of the ortho-Mo,C struc-
ture, this is not observed in the simulations. The ratio of the normal
virial stresses in the two non-loading directions is 1.4 for [100],
4.0 for [010], and 1.6 for [001]. For all three loading directions,
there is some asymmetry, and this effect is most significant for load-
ing in [010] where the stress in the [100] direction is several times
larger than that in the [001] direction. This emphasizes that the
elastic behavior of near-surface material differs from continuum
predictions and is instead correlated with the local arrangement of
atoms.”

The atomic configurations within the material, as viewed from
the three loading directions are, even visually, quite different,
as shown in Fig. 2(a). To understand how the atomic structure
determines the direction-dependent force-displacement response of

(@)

von Mises Stress [GPa]
(2]
o

Vertical position [nm]

(b)
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Mo,C, we isolated the repeating unit load-bearing atom groups for
each loading direction, as shown in Fig. 4(c). The ability of the
repeating atom groups to resist deformation can be quantified in
terms of the distance between neighboring atoms and the orienta-
tion of those atoms with respect to the direction of the load. Based on
this concept, we calculated a resistance parameter R, from the prod-
uct of the distance and orientation of atom pairs (see supplementary
material Sec. S5). A small value of R, corresponds to short bonds
that are highly aligned with the loading direction and, therefore,
a large force response to displacement. This parameter was calcu-
lated to be 0.68 for loading in [010], 0.94 in [100], and 1.27 in [001].
The R,, for [010] is the smallest, consistent with the observation
that the force response to indentation is largest in this direction
in Figs. 2(b)-2(d). Similarly, R, is slightly smaller for [100] than
for [001], consistent with the higher force for [100] at small dis-
placements. Although this parameter is only a rough approximation
and does not capture the non-linear effect of distance on the force
between atoms, it effectively quantifies the relationship between
the atomic structure and the initial anisotropic force-displacement
response of the material for different loading directions.

In summary, parameters for a Tersoff potential for molyb-
denum carbide were developed. The parameterization was able to
accurately model the lattice constants, elastic mechanical proper-
ties, and the equation of state of ortho-Mo,C. Classical MD models
of indentation with different indenter radii using the new poten-
tial showed that ortho-Mo,C is anisotropic. The ortho-Mo,C model
was stiffer in the [010] direction followed by the [100] and then
[001]. The anisotropy was analyzed in terms of the distribution

Q(Y 100, = Indentation [100]
g 80} — Indentation [010]
» L ---- Indentation [001]
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2 60f
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@ 40}
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‘ }
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FIG. 4. Line profiles of the average von Mises stress with the 8 nm indenter at an indenter displacement of 0.8 nm (a) at the center of the contact as a function of depth below
the surface and (b) at a depth of 0.35 nm below the original surface as a function of radial position. (c) Snapshots of the repeating unit load-bearing atom groups for loading
in the [100], [010], and [001] directions. Atoms not in the repeating units are shown faded for context. The direction of load is identified by a black arrow.
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of atomic stress and strain within the material and correlated
with the alignment of the atoms with respect to the direction of
indentation.

The supplementary material document contains an explana-
tion of the naming convention for the Mo,C structure, a summary
of the Tersoff formalism and equations, the parameters for two alter-
nate Tersoff potentials for ortho-Mo,C, description of how the new
parameter sets were evaluated in MD simulations, and details of the
calculation of the resistance metric used to quantify bond distance
and alignment with the loading direction.
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