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Boride ceramics are materials of choice in extreme conditions. Among them, titanium borides have many
applications due to their high hardnesses and melting points. The behavior of titanium borides may not
be easily studied at very high pressures and temperatures by experimental means. Alternatively, molecular
dynamics (MD) is a powerful computational tool to investigate the desired behavior of materials in certain
conditions. In this study, we develop an interatomic potential for the Ti-B system based on the second
nearest-neighbor modified embedded atom method (2NN-MEAM) formulation. With the developed potential,
MD simulations reproduce many physical, mechanical, and thermal properties of titanium borides with
good accuracy. As an application of the developed potential, a series of nanoindentation simulations is also
conducted to investigate the temperature dependence of the nanochardness of TiB, up to 1500 K. The results

illustrate a linear dependence between nanohardness and temperature.

1. Introduction

Metal matrix borides have many properties, such as high melting
point, elastic modulus, hardness, and thermal conductivity, that make
them interesting for technological applications [1]. Among these com-
pounds, titanium borides have been the focus of increasing interest in
recent years [2,3]. The Ti-B phase diagram has three compounds [4]
TiB, TiB,, and an intermediate compound, Ti;B,. TiB is usually pro-
duced by the in situ reaction between Ti and TiB, particles, and
the resulting metal-ceramic composite (Ti/TiB) has many current and
prospective applications in the automotive, aerospace, and biomedical
industries [5,6]. TiB, is an ultra-high-temperature ceramic that is used
in impact-resistant armors [7], cutting tools [8], and crucibles [9],
and due to its good electrical conductivity, it is also used as an elec-
trode [10]. One of the recent promising applications of TiB, is to use
it as a coating on other materials [11-13]. Due to the importance
of the hardness of TiB, coatings and thin films, several studies have
been focused on testing the nanohardness of TiB, films, and a range
of values from 28 GPa to 73 GPa have been reported [14-21]. These
experiments differed in many factors including the deposition method
of the TiB, layer, deposition variables such as temperature and negative
bias voltage, microstructure, and texture of the deposited TiB,. Most
of these experimental studies were limited to room temperature, but
many of the intended applications of TiB, are at high temperatures.
Therefore, it is necessary to investigate the properties of TiB, at higher
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temperatures, up to 1500 K (the maximum temperature), at which TiB,
can operate well in oxidizing atmospheres [14].

An alternative way to investigate the properties of materials at con-
ditions inaccessible to experimental studies is with molecular dynamics
(MD) simulations. Nanoindentation simulations have been performed
on many materials with comparable results to experimental studies.
Abdeslam [22] investigated the influence of silver inclusion on the
mechanical behavior of Cu-Ag nanocomposites using nanoindentation
simulation. Xiang et al. [23] studied the orientation dependence of de-
formation in monocrystalline AIN during nanoindentation simulation.
Patil et al. [24] studied the mechanical properties and deformation
behavior of nanoporous silica aerogels by means of nanoindentation
simulations, and Zhao et al. [25] conducted nanoindentation simu-
lations to study the temperature-dependent mechanical properties of
MoS,.

To perform MD simulations, interatomic potentials between all the
atoms involved in the simulation are required. There are many unary
interatomic potentials for titanium reported in the literature, including
the embedded atom method (EAM) [26], the second nearest-neighbor
modified embedded atom method (2NN-MEAM) [27], and the charge-
optimized many-body (COMB3) potential [28]. In addition, several
binary potentials such as Ti-Al [29], Ti-C [28], and Ti-O [30] have
been developed. However, the potential functions for boron are rare
and only parametrized for specific binary systems, e.g., B-N [31-33].
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To simulate compounds such as TiB,, where Ti-Ti, Ti-B, and B-B bonds
exist, interatomic potentials for all three combinations are needed. In
a recent article [34], we discussed the difficulties in developing an
interatomic potential for boron according to the currently available
potential formulations and reviewed several available potentials for
boron with their shortcomings. We also developed a new potential for
boron, based on the 2NN-MEAM [35] formulation. Although the de-
veloped potential successfully reproduces the mechanical and thermal
properties of boron polymorphs, we had difficulties in extending it to
a binary potential for Ti-B.

This study aims to develop an interatomic potential for the Ti-B
system based on the 2NN-MEAM formulation, including a new param-
eter set for B-B to be functional within the Ti-B system. In Section 2,
the procedure of choosing and fitting the interatomic potential is
reviewed. In Section 3, the potential is implemented in MD simula-
tions to calculate the mechanical and thermal properties of various
titanium borides, which are compared with the experimental or density
functional theory (DFT) results. Section 4 presents an application of
the developed potential by performing nanoindentation simulations to
obtain the nanohardness of TiB, at various temperatures, and Section 5
presents conclusions.

2. Potential development
2.1. 2NN-MEAM potential function

Fig. 1 shows the unit cells of TiB-B27 (which for simplicity will
be referred to as TiB), TiB,, and Ti;B,. The Ti-B bonds in all three
compounds are covalent with partial ionicities [36]; the B-B bonds are
covalent, and the Ti-Ti bonds are metallic. To develop an interatomic
potential function, a proper formalism should be chosen based on the
bonding nature of the material in focus. At first, we tried to build the
potential based on the COMB3 formulation [37], which already has
a developed Ti-Ti potential [38] and is known to be more suitable
for compounds with multiple bonding natures. However, our efforts to
develop a potential for the B-B bond were unsuccessful. Since the 2NN-
MEAM formulation worked well for B-B bonding in boron polymorphs
in our previous study [34], and it has also performed well for other
similar ceramics such as TiN or TiC [39], we chose 2NN-MEAM for
this research. To account for the ionicity, we also considered 2NN-
MEAM+Qeq [40], but the results were not noticeably better than
the regular 2NN-MEAM except for higher run times. Therefore, we
proceeded with the regular 2NN-MEAM.

The total energy of a unary system in the 2NN-MEAM formalism is
calculated by:

E=YIFG)+5 Y #(Ry) (1)
i JFD)

where F is the embedding function, which calculates the amount of
energy needed to embed an atom of type i in the background electron
density p;. g; can be obtained based on the partial background electron
densities p? ~ p?, which are functions of the relative position of atoms
within the cut-off radius from atom i. ¢(R;;) is the pair interaction
between atoms i and j by a distance R;;, which depends on the Rose
energy function [41]. The 2NN-MEAM formulation has been described
extensively in the literature, and readers are referred to the original pa-
pers [35,42] for detailed information. Overall, there are 14 adjustable
parameters in unary 2NN-MEAM: *g07, «pgl» «p27 «p3» «l» <27 and
“37 are used to calculate the partial background electron densities; “A”
is used in the embedding function formulation; “E.”, “R,”, “a”, and
“d” are part of the Rose energy function; and “C,,;,” and “C,,,,” are
screening parameters for the second nearest neighbors.

For binary systems, the 2NN-MEAM has a similar form and includes
all the energy contributions from type i and type j atoms and their
interactions. It has 13 adjustable parameters: “p? : p?” accounts for
the ratio between the zeroth partial background electron density of
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type i atom and type j atom; “E.”, “R,”, “a”, and “d” are used for
the pairwise interaction between atoms i and j; and eight screening
parameters (four pairs of C,;, and C,,, for Ti-B-B, Ti-Ti-B, B-Ti-B,
and Ti-B-Ti).

Besides the above-mentioned parameters, the 2NN-MEAM is formu-
lated based on a few reference structures. Some parameters such as the
number of the nearest neighbors, their relative position, etc., are set
in the formulation based on the selected reference structure. For unary
systems the conventional structures (fcc, bee, hep, diamond, or dimer)
are available and for binary systems, a few structures such as NaCl type,
CsCl type, etc. can be selected.

2.2. Parameter fitting

There are a total of 27 parameters to be fit (14 for boron unary po-
tential and 13 for Ti-B binary potential). Ideally, the task of optimizing
the unary and binary potentials could be done separately. However,
as we mentioned in Section 1, our previously developed unary po-
tential for boron did not help us to further fit potential parameters
for Ti-B that would reproduce acceptable results for titanium borides.
Therefore, we fitted all of 27 parameters simultaneously through the
optimization procedure developed in this work. The main goal of the
potential parametrization was to reproduce the physical and mechan-
ical properties of titanium borides. For a better approximation of the
interatomic interaction of B-B bonds, we also considered the energies
of a series of stable molecular structures of boron as done previously
by other authors to develop the potentials for other compounds of
boron [31,43]. The selected structures, shown in Fig. 2, consist of «-B
and f-B, which are stable polymorphs of boron in ambient conditions,
and a few nanoclusters and nanosheets of boron that have been shown
to be stable in previous studies [44-47].

To parameterize the 2NN-MEAM, an optimization procedure was
carried out with the following objective function:

! AM — 7D
_ i i
P= z w,.|7AD | (2
i i

where »n is the number of objectives, w; is the weight coefficient of
objective i, AM is the physical or material property i resulting from MD
simulations with the developed potential, and AiD is the same property
obtained from DFT calculations. Overall, 32 physical and material
properties were used in the objective function: 3 lattice constants of
TiB, 2 lattice constants of TiB,, formation energies of TiB and TiB,, 9
elastic constants of TiB, 5 elastic constants of TiB,, 2 lattice constants
of a-B and 9 cohesive energies of the boron structures presented in
Tables 2 and 3.

In each optimization iteration, the physical and material properties
were evaluated after MD simulations. At first, the energies and the
lattice constants of TiB and TiB, were derived after full relaxation of
the unit cell and atomic positions. Then, the elastic constants were
calculated by deforming the relaxed unit cell with 0.5% and —0.5%
strains in different directions (normal and shear deformations), further
relaxing the atomic positions of the unit cell and measuring the stress,
and finally averaging the results. In addition, the energy and lattice
constants of a-B were derived after full relaxation of the unit cell
and atomic positions. The energies of the other boron structures were
derived in their original configurations without relaxation.

Since A,M in (2) were calculated from MD simulations, the objective
function did not have an explicit form so the derivative-based opti-
mization methods could not be used for this problem, and we needed
to use a derivative-free algorithm as was done in other works [48] .
Guided by the no free lunch theorem [49] that states there is no single
optimization algorithm that performs the best in every problem, we
tried several optimization algorithms and assessed their performances
on this problem.

First, we considered multi-objective approaches based on the Pareto
optimality where the objective function was calculated for each objec-
tive separately without the summation. We used the non-dominated
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Fig. 1. Crystal structures of (a) TiB with 8 atoms, (b) TiB, with 3 atoms, and (c) Ti;B, with 14 atoms in their respective unit cells. Some of the atoms at the edges of TiB, and
Ti;B, belong to the neighboring unit cells. Blue atoms represent titanium, and green atoms represent boron.

sorting genetic algorithm II [50] which is a well-established opti-
mization algorithm. Because of the multitude of the objectives, every
offspring within the population became non-dominated and was con-
sidered as a Pareto optimal solution after a few generations. There-
fore, such an approach did not generate useful results. Decreasing the
number of the objectives by combining them in groups did not help
either.

Next, we used a single objective function based on the weighted
sum of the normalized errors of each objective as is presented in (2).
Among many available swarm-based global optimization algorithms,
we tried the original particle swarm optimization (PSO) [51], quan-
tum particle swarm optimization (QPSO) [52], gray wolf optimizer
(GWO) [53], firefly algorithm [54], and one algorithm based on the
evolutionary strategies (CMA-ES [55]). Overall, the PSO, QPSO, and
GWO did not perform well compared to the firefly algorithm in finding
high-quality solutions within the same number of iterations. CMA-ES
showed a considerably fast convergence rate (under 100 iterations) but
it would mostly converge to the same solution in each run with the
loss of diversity. On the other hand, the firefly algorithm showed a
good performance in exploring the search space and provided a differ-
ent solution in each run although it was slow and mostly converged
somewhere between 1000 to 1500 iterations. The convergence was
deemed to be achieved when there were no improvements after 100
iterations. Both firefly algorithm and CMA-ES have a time complexity
of O(n?) where n is the population size. Based on these observations
we proposed the following 4-step strategy to develop the 2NN-MEAM
potential functions in this study:

1. The firefly algorithm was used at the beginning of the optimiza-
tion where the search space is wide to find different possible regions
for optimal solutions

2. After narrowing down the search space to a couple of regions,
CMA-ES was used to find the optimum in each selected region.

3. Steps 1 and 2 were repeated many times, and many local optima
were recorded. Each of these solutions was examined to obtain the
material properties of TiyB,4, which were not considered in the main
objective function in (2). The solutions that reproduced acceptable
results were kept.

4. The solution candidates from Step 3 were used in MD simulations
to calculate the thermal properties of TiB, that were not considered in
the main objective function either. The best performing solution was
selected as the final solution.

Such a procedure ensures that out of the many possible local minima
that the optimization algorithm finds, the one that has more pre-
dictability power is chosen. As can be seen in Tables 4 and 5, the

derived potentials have been also used to calculate the material prop-
erties of TiB-B and the thermal properties and the surface energies of
TiB to assess its performance.

Choosing the initial bounds of the search space was also carried
out differently for different parameters. The first step in developing a
2NN-MEAM potential is choosing a reference structure. If the reference
structure is a stable phase of the element, the parameters E, and R,
become the cohesive energy and the nearest neighbor distance of the
atoms in the reference structure. The parameter « is then calculated
via a = 4/9BQ/E,, where B is the bulk modulus of the element
and @ is the atomic volume. Since neither boron nor any of the Ti-B
ceramics have a crystal structure for which the 2NN-MEAM algorithm
has a special treatment, we chose fcc as the reference structure for
boron and B1 structure, i.e., NaCl type, for Ti-B. Then, by performing
several DFT simulations, we obtained the parameters E., R,, and B
(and subsequently «) for boron and TiB in their respective reference
structures. The obtained values were used to set the initial ranges
for the aforementioned parameters. For the rest of the parameters,
we chose initial bounds based on the developed 2NN-MEAM potential
functions for other materials available in the literature [29,39,56].

Although all the material properties were affected by changes in
each parameter, some material properties were more sensitive to some
parameters than the others. Based on our simulations, the cohesive
energies of borons were mostly affected by changing E_, R,, f, and
A of the unary potential. The formation energies of Ti-B ceramics
were mostly affected by changing E. and R, of both unary and binary
potentials. The elastic constants were mostly affected by the changes in
a of both unary and binary potentials. On the other hand, the material
properties were less sensitive to the values of t;, t,, t; and the screening
parameters (C,,, and C,;,) of both unary and binary potentials.

The weight coefficients were initially set to 1 for all the objectives,
but by observing the errors of the objectives during the optimization
these weights were adjusted. For instance, we observed that in many
regions of the search space the material properties of TiB, can be
reproduced correctly while the situation was not the same for the
material properties of TiB. Therefore, the weight coefficients for the
material properties of TiB were set to higher values, so the optimization
algorithm would mostly explore the regions of the search space that
agreed with TiB. The off-diagonal elements of the elastic tensors of
both TiB and TiB, were somewhat inconsistent with the rest of the
objectives during the optimization. It was observed that when the
optimization algorithm tries to decrease their errors at the beginning
of the optimization, it would result in high errors for the other objec-
tives. Lowering their weight coefficients would help the optimization
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The 2NN-MEAM parameters of boron (B) developed in this work and titanium (Ti) [27]. The reference structure for boron and titanium are fcc and hep, respectively. A cutoff

radius of 5 A is used.

a E_ R, A e A 72 M 1! 2 2 d Chin Crax
B 5.407 5.734 1.86 1.843 0.424 0.024 -0.803 1.418 16.255 4.521 -11.674 0 0.164 2.377
Ti 4.718 4.87 2.92 0.66 2.70 1.00 3.00 1.00 6.80 —-2.00 —-12.00 0 1.00 1.44
Table 2

Comparison of the energies (eV/atom) and lattice constants (A) of boron structures (shown in Fig. 2) obtained from MD and
DFT. The energies from DFT are rescaled based on the formation energy of boron from experimental studies [57].

Energy from MD

Rescaled target

Relaxed lattice Lattice constant

unrelaxed, relaxed energy from DFT constants from MD from DFT

a-B —5.650, —5.872 —5.858 a=4.9, a =49,
¢ =1255 ¢ =12.55

p-B —6.014, —-6.091 —5.832 a = 11.10, a = 1092,
¢ = 23.82 ¢ = 2375

Nano sheet (c) -5.421, -5.687 —5.457 - -

Nano sheet (d) —5.442, -5.716 —-5.443

Cluster (e) —5.134, -5.538 —-5.186 - -

Cluster (f) -5.123, -5.597 -5.174 - -

Cluster (g) —5.175, —5.490 —5.143 - -

Cluster (h) —5.176, —5.551 —5.122 - -

By, (i) —5.428, —-5.676 —5.280 - -

algorithm to efficiently locate the optimal regions of the search space.
The energies of borons and titanium borides were not sensitive to their
weight coefficients, so their weight coefficients were kept unchanged.
The DFT calculations to obtain the objectives were performed using
Quantum ESPRESSO code [58] and the projector-augmented wave
(PAW) [59] method within the generalized gradient approximation of
Perdew—Burke-Ernzerhof (PBE-GGA) [60] for the exchange and corre-
lation functional. A cutoff energy of 585 eV (43 Ry) for the plane-wave
basis set was used. For boron structures a k-point mesh of 8 x 8 x 8
and for titanium borides a k-point mesh of 12 x 12 x 12 was chosen to
sample the Brillouin zone. To calculate the energy of a single isolated
atom, we used spin polarization. The elastic constants were calculated
based on the stresses of fully relaxed unit cells deformed in different
directions by 0.5% strain. Since the cohesive energies obtained from
DFT calculations are usually different than experimental results, we
rescaled all the energies based on the most recent formation energy
obtained for boron [57] and used the rescaled values as optimization
targets. Such corrections are common when developing interatomic po-
tentials [61,62]. LAMMPS code [63] was used for MD simulations, and
Vesta [64] and OVITO [65] were used for graphical representations.

3. Potential validation
3.1. Borons

Table 1 shows the parameters of the 2NN-MEAM potential de-
veloped in this work for boron. The parameters developed by Kim
et al. [27] for titanium are also listed in Table 1.

Table 2 compares the energies of boron structures (shown in Fig. 2)
obtained from MD simulation using the developed potential with the
energies obtained from DFT calculations. All the DFT values are for
relaxed structures. It shall be noted that a-B is assumed to be the most
stable structure of boron. Since the cohesive energy of a-B is used to
calculate the formation energy of titanium borides, it is important to
predict the lattice constants and cohesive energy of relaxed a-B with
good accuracy.

3.2. Ti-B Compounds

Table 3 lists the developed 2NN-MEAM parameters for the Ti-B
system, and Table 4 presents the physical, mechanical, and thermal
properties of TiB and TiB, calculated by the MD simulation using
the developed potential. The results are compared with the experi-
mental and DFT results, if available, as shown in Table 4. The bulk

modulus is calculated by fitting the parameters of the third-order Birch—
Murnaghan equation [66] using pressures and volumes of the unit
cells that were under hydrostatic strains in the range -5% ~ 5%. The
elasticity modulus and Poisson’s ratio are obtained based on Hill’s
approximation [67,68].

To calculate the thermal properties, we used a 10 x 10 x 10 super-
cell for each ceramic (8000 atoms for TiB and 3000 atoms for TiB,).
NPT simulations at 1 bar were conducted from temperature 0.1 K up
to 3500 K. The time step was 1 fs. During the simulations, at each 25 K
interval we let the system equilibrate by 30000 steps, and then through
another 30000 steps the system moved to the next temperature. The
entire duration of each simulation was 4.23 ns. Quantities such as
lattice constants and enthalpy were recorded and later averaged at
each stationary step (every 25 K). They were used to calculate the
thermal expansion coefficients and the specific heat respectively. The
linear thermal expansion coefficient is calculated using the following
equation:

o = I = o3k (3)
g3 (T —293)

where [ is the lattice constant at the temperature 7. The specific heat
(C, = dH /dT), where H is the enthalpy, is calculated at temperatures
above the Debye temperature. It is because the quantum mechanical
effects greatly influence the value of the specific heat at the temper-
atures below the Debye temperature so that it cannot be captured by
MD simulations [69-71] . The melting temperature is calculated as the
temperature where the volume has an instantaneous increase during
each NPT simulation.

The physical and mechanical properties of TiB are predicted very
well as shown in Table 4. The predicted surface energies are within
the accuracies obtainable by MD simulations. The thermal expansion of
TiB in the @ and b directions (see Fig. 1) are reported at temperatures
between 293 K and 1500 K and compared with the results of [72]. The
specific heat is reported for temperatures between 954 K (its Debye
temperature [73]) and 2000 K. The predicted melting point is also close
to its actual value. Overall, the thermal properties of TiB calculated via
MD simulations agree with the reference values. It is worth mentioning
that experimental results for TiB are rare and are mostly obtained by
indirect measurements based on Ti/TiB composites.

The physical and mechanical properties of TiB, are also in good
agreement with the experiments. We could not find a stoichiometric
surface of TiB, to compare the surface energies. The thermal expansion
coefficient is calculated at temperatures between 293 K and 2000 K and
compared to the experimental results of Fendler et al. [88]. The specific
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Fig. 2. (a) a-B with 36 atoms, (b) f-B with 315 atoms, (c, d) boron nanosheets with 14 atoms in a unit cell [45], (e, f, g, h) dome-shaped and flat boron clusters with 35 and

36 atoms [44], (i) Bg, fullerene [46].

Table 3

The 2NN-MEAM parameters for the
Ti-B binary system. The reference
structure is B1 (NacCl) type.

p:] : p‘]’ 1.737
a 4.173
E, 5.521
R, 2.288
d 0
C,,.(B,B,Ti) 1.136
C,,.,(Ti,Ti,B) 0.915
C,.:.(B,Ti,B) 1.095
C,,;,(Ti,B,Ti) 2.0
C,,..(B,B,Ti) 2.311
C,.(Ti,Ti,B) 2.708
C,,..(B,Ti,B) 3.263
C,,.(B,B,Ti) 2.8

heat is measured at temperatures above its Debye temperature (1204
K [89]) up to 2000 K. Our MD simulation predicted the melting point of
TiB, at about 25% below the actual value. Considering the limitation of
the 2NN-MEAM, which is mainly formulated for metallic bonding, and
the need to fit the potential to predict different properties of different
compounds of titanium and boron, such inaccuracies are acceptable.
Overall, the thermal properties of TiB, predicted from MD simulations
are close to experimental values.

Besides the main titanium borides (TiB and TiB,), we checked the
applicability of the potential for other experimentally verified com-
pounds. Table 5 shows the physical and mechanical properties of Ti;B,4
and TiB-B - TiB-B r (which has a CrB-type structure) is an unstable
compound of Ti and B that is produced sporadically as the stacking
faults during the in situ production of TiB whiskers (TiB-B27 whiskers).
There are no experimental results for the thermal properties of Ti;By4
and TiB-B, in the literature. As can be seen in Table 5, the potential
works quite well for both compounds in calculating the physical and
mechanical properties.

4. Nanoindentation simulation
The developed 2NN-MEAM potential is then used in nanoindenta-

tion simulations to study the nanohardness of TiB,. Fig. 3 shows the
simulated model of nanoindentation. The indentation is carried out on

NVE

Fixed layer (1.5 nm)
Thermostat layer NVT (1.5 nm)

¢ [0001]

b (2107~ —a [2170]

Fig. 3. The simulated model for the nanoindentation.

the (0001) surface, which is the desired direction for the deposition
of TiB, films [17,90]. The simulation domain is a rhombic prism with
an edge length of 27.3 nm (¢ and b directions in the hexagonal crystal
system) and a thickness of 16.1 nm (¢ direction), and it includes over
one million atoms. The domain is periodic in the ¢ and b directions and
nonperiodic in ¢, which is the indentation direction. The bottom layer,
with a thickness of 1.5 nm, is fixed to prevent movement of the model
during the indentation. A thermostat layer with a thickness of 1.5 nm
is used above the fixed layer to dissipate the excessive heat generated
by the indentation. The rest of the atoms are modeled with the NVE
ensemble. The interaction between the indenter and the atoms of TiB,
is modeled with a dummy indenter, which exerts a fully repulsive force
using the following formula:

F(r)=—K(r — R)? for r<R; F(r)=0 for r>R “4)

where R is the radius of the indenter, r is the distance of each atom
to the center of the indenter, and K is the force constant. The indenter
has a radius of R=6 nm, which is large enough to reduce the pileup
effect [91]. We use K =100 eV/A3 as the force constant, and the effect
of the force constant greater than 10 eV/A> has been shown to be
negligible in nanoindentation simulations [25].
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Comparison of the mechanical and physical properties of TiB and TiB, calculated by MD, DFT, and experimental works. The parameters marked
with * have been used in the optimization procedure. a, b, and ¢ are the lattice parameters and are in A. The formation energies (E,) are in

eV/atom, and surface energies (E,

wry) Are in J/m?. The bulk moduli (B), elastic constants (C;)), and Young’s moduli (E) are in GPa. The melting

points (T,,) are in K, linear thermal expansion coefficients (a,) are in (10=% K-1), and specific heats (C‘P) are in J.(mol.K)~!. For calculation of

the formation energy, the cohesive energies of hep titanium and « boron are used.

2NN-MEAM DFT (This Other DFT works Experimental works
(This work) work)
TiB a* 6.01 6.12 6.11 [72] 6.12 [74]
b* 3.05 3.05 3.05 [72] 3.06 [74]
" 4.50 4.57 4.57 [72] 4.56 [74]
E} -0.90 -0.83 -0.84 [72], -0.832 -
[75]
B 210 209 205.4 [72], 205.5 [76] -
E 433 437 427 [77] 371 [78], 450 [79],
406 [80]
G 187 190 - 140 [78]
v 0.16 0.14 0.15 [77] 0.16 [78], 0.16 [80]
(o 394 417 420 [72] -
<, 512 518 517.8 [72] -
s 408 415 412.7 [72] -
C:.a 204 196 197.7 [72] -
CZ 171 180 178.8 [72] -
C;ﬁ 231 222 222.7 [72] -
cy, 89 90 85.5 [72] -
Cry 105 110 103.3 [72] -
C, 100 60 60 [72] -
E,,.;(100) 3.99 4.51 4.43 [81] -
B terminated
E,,;(100) 3.94 353 3.52 [81] -
Ti terminated
E,,.;(001) 4.23 2.95 2,93 [81] -
a, 9~12.0 - 8.7~10.9 [72] -
a 9~11.2 - 7.0~8.8 [72] -
c, 50~57 - - 51~53 [82]
T 2660 - - 2463 [83]
TiB, a* 3.05 3.03 3.03 [72] 3.038 [84]
¢t 3.18 3.23 3.22 [72] 3.239 [84]
E} -1.01 -1.06 -1.07 [72], -1.056 -1.11 [85]
[75]
B 256 254 253.7 [72], 256 [75] 250 [84]
E 554 580 - 585 [80], 565 [86]
G 238 258 - 255 [86]
v 0.17 0.12 - 0.108 [86]
c 659 653 654 [72] 660 [87], 654.5 [84]
L 473 453 459 [72] 432 [87], 454.5 [84]
c, 217 260 258.1 [72] 260 [87], 263.2 [84]
cr, 56 64 64.2 [72] 48 [87], 56.5 [84]
cr, 148 104 96.9 [72] 93 [87], 98.4 [84]
a, 6.2~9.7 - - 5.8~9.2 [88]
a, 6.6~10.4 - - 8.3~11.9 [88]
C, 74~110 - - 81~99 [82]
T, 2595 - - 3498 [86]

During the simulations, the indenter moves down at a speed of 10
m/s. The time step is 1 fs. The simulations are performed at tempera-
tures T=1, 300, 600, 900, 1200, and 1500 K. The indenter is initially
2 nm above the surface of TiB,. At the beginning of each simulation,
the whole system is relaxed for 10 ps at the desired temperature in
the NVT ensemble, then the indenter moves down by 2.5 nm into the
surface while the main part of the system is kept at NVE. The force
of the indenter, P, is recorded during the simulation, and the contact
pressure is calculated by H = P/A. A is the projected area of contact
on the indentation plane and is calculated by A = z6(2R — §), where §
is the indentation depth.

Fig. 4 shows the force of the indenter vs indentation depth for
the simulation at 1 K. Initially, the material deforms elastically, and
the force is increased smoothly as the indenter moves down. The first
dislocation is observed at § = 1.3 nm, where there is a sudden drop
in the force. The currently available methods for automatic analysis
of dislocations are limited to common crystal structures such as bee,
fee, ete. [95], so we attempted to spot the dislocations visually. Fig. 5

includes snapshots of the indentation process at three different depths
(6=0.5, 1.3, 1.75 nm) in planes (0110) and (1210) as shown in Fig. 5(a).

It can be seen in Fig. 5(b) and (e) that at 6= 0.5 nm there is no
change in the structure of TiB,. At § = 1.3 nm (Fig. 5(c) and (), it is
observed that a cone-shaped region is directly below the indenter. This
region is gradually formed after the indentation depth passed 0.5 nm. A
closer look at this region reveals that the titanium atoms still reside at
their original positions in the lattice but the boron atoms have moved
slightly away from their original positions and this has made a visually
noticeable cone-shaped region. Although this region grows between 5=
0.5 nm and 1.3 nm, the indentation force follows its previous trend
and has a smooth increase. Another observation at §= 1.3 nm is the
distinct vertical lines. These lines are caused by slip in the [0001]
direction, which could be due to the slip of either the {1010} or the
{1210} family of planes. In the literature, {1010} has been assumed to
be a possible slip plane in the [0001] direction for TiB, since it has
a wider planar distance [96]. For ZrB,, which has a similar crystal
structure, both {1010} and {1210} have been suggested as possible slip
planes in [0001] [97]. At § = 1.75 nm (Fig. 5(d) and Fig. 5(g)), we
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Table 5
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Comparison of the mechanical and physical properties of Ti;B4 and TiB-B, calculated by MD, DFT, and experimental works.

2NN-MEAM DFT (This Other DFT works Experimental works
(This work) work)
TiyB, a 3.22 3.26 3.258 [92] 3.260 [93]
b 13.64 13.79 13.76 [92] 13.72 [93]
¢ 3.01 3.04 3.041 [92] 3.041 [93]
E, -0.91 -0.94 -0.94 [72], —0.933 -
[75]
B 250 223 224.3 [81], 226 [75] -
E 450 487 488 [36] 394.4 529.9 [92]
G 190 214 213 [36] -
v 0.18 0.14 0.149 [36] -
[o 442 412 420.3 [92], 415 [75] -
Gy 463 504 509.3 [92], 508 [75] -
Cy 541 576 576.5 [92], 578 [75] -
Cy 234 223 217.6 [92], 221 [75] -
Css 216 241 222.2 [92], 239 [75] -
Ces 150 210 223.2 [92], 207 [75] -
Cp 132 116 113.9 [92], 114 [75] -
Cpy 138 100 94.9 [92], 98 [75] -
Cyy 70 52 50.0 [92], 52 [75] -
TiB-B, a 3.20 3.29 3.283 [36] 3.27 [94]
b 8.49 8.49 8.48 [36] 8.46 [94]
¢ 3.01 3.05 3.051 [36] 3.05 [94]
E, -0.79 -0.83 —0.814 [36] -
B 212 207 214 [36] -
E 401 438 438 [36] -
G 169 191 189 [36] -
v 0.19 0.15 0.159 [36] -
[o 398 405 409 [36], 409.5 [73] -
Cy 368 426 434 [36], 430.3 [73] -
Cy 474 516 521 [36], 520.2 [73] -
Cy 212 185 183 [36], 189.4 [73] -
Css 186 229 229 [36], 230 [73] -
Ces 162 187 182 [36], 189 [73] -
Cp 135 110 121 [36], 104.3 [73] -
Cps 120 88 97 [36], 85.5 [73] -
Cyy 86 62 65 [361, 56.7 [73] -
nanohardness of TiB, in the temperature range of 1~1500 K. It shall be
. noted that all the available experimental measurements of nanohard-
ness of TiB, in the literature are done at room temperature. Based
on different methods of production of TiB,, several values, such as
4 46.8 [20], 48.6 [16], 50 [19], 53 [98] and 57 and 73 GPa [21], are
= reported. In our simulation, the hardness at room temperature is 64
=3 GPa, which falls in the range of experimental values. For ZrB,, which
g is a compound similar to TiB,, an experimental nanoindentation test
8 has shown that there is about a 30% drop in nanohardness if the
<2 temperature is increased from room temperature to 600 °C [99]. In our
simulation for the same temperature range, we obtained a 20% drop in
1 nanohardness, which is reasonable. At 1500 K, our measured hardness
is 43 GPa, which shows that TiB, keeps its high hardness at elevated
0 temperatures.
0.0 0.5 1.0 L5 20 25

Indentation depth (<10 mn)

Fig. 4. Force vs. indentation depth of the simulation in 1 K. Snapshots of the simulation
at the specified points in this figure are shown in Fig. 5.

see more dislocation lines in the [0001] direction, but no dislocation is
detectable in the other directions. In addition, some parts of TiB, below
the indenter are amorphized due to high pressure.

Fig. 6 shows the contact pressure of the indenter vs. indentation
depth at different temperatures. The nanohardness of TiB, at each
temperature is calculated by averaging the value of the contact pressure
between 1.5 nm and 2.5 nm where the pressure is stabilized. Fig. 7
shows the temperature dependence of the nanohardness of TiB,. As
can be seen, there is a linear dependence between temperature and

5. Conclusions

In this study, we developed a 2NN-MEAM potential for the Ti-B
system. This potential reproduces the physical and mechanical prop-
erties of several titanium borides, including TiB, TiB,, Ti3B,, and
TiB-B,. It also predicts the thermal properties of TiB and TiB, very
well. As an application of this potential, several nanoindentation sim-
ulations have been conducted to obtain the nanohardness of TiB2
in the [0001] direction at different temperatures. It was observed
that dislocations occur due to plane slip in the [0001] direction. The
calculated nanohardness of TiB, at room temperature is consistent with
the reported experimental data. In addition, our results showed that
there is a linear dependence between temperature and nanohardness of
TiB, in the temperature range of 1~1500 K and that TiB, maintains a
good hardness at temperatures up to 1500 K. The 2NN-MEAM potential
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