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Abstract

In this work, we have studied the vacancy formation energy of TiN alloy of
structure B2 of size 10 x 10 x 10 for nitrogen percentages of 45%, 50% and
55% under the influence of temperature at 1320 K, 1420 K and 1520 K using
the Modified Embedded Atom Method MEAM under the calculation code
LAMMPS version 2020. This study has enabled us to understand the behavior
of the TiN alloy under different nitrogen percentages in terms of total energy,
vacancy formation energy, crystalline parameter, occupancy rate and order
parameter. For total energy, we have shown that as temperature increases,
total energy decreases, making it easier to obtain TiN at higher temperatures;
reaching the value of —7344.9169 eV for the 55% nitrogen structure for the
temperature of 1420 K. For the energy of formation, we have shown that the
compounds obtained at 1320 K and 1520 K have a more considerable energy
of formation than that obtained at 1420 K. The study of fractions and the or-
der parameter showed us that the structure of TiN with 55% nitrogen is less
likely, as the composition obtained is at most 53.35%.
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1. Introduction

Titanium nitride is a chemical compound with the formula TiN. It is an ul-
tra-hard, corrosion-resistant ceramic. It is commonly used as a coating for tita-
nium alloys and components made of steel, carbides and aluminum, to improve
their surface properties [1] [2].

The first area of application for TiN deposits is mechanical engineering, and
this remains an important field of application, the aim being to increase the ser-
vice life and working performance of cutting and forming tools. These tools are
generally coated with a protective layer of TiN to improve wear and abrasion re-
sistance [3], hardness [4], chemical stability [5], coefficient of friction [6] and
thermal conductivity for faster heat dissipation.

Its excellent electrical conductivity, adhesion and chemical stability make tita-
nium nitride an ideal material [7]. These properties are also exploited in the de-
sign of other electronic devices, such as gate electrodes in MOS transistors,
low-barrier Schottky diodes and many other applications where silicon is used as
a substrate [8].

Another example is the use of titanium nitride as a gas diffusion barrier in ul-
tra-high vacuum chambers, where TiN deposits reduce hydrogen permeability
and thus improve the ultimate vacuum [9].

Finally, the optical properties of TiN are exploited not only for selective light
transmission [10], but also for aesthetic and decorative reasons. Since stoichi-
ometric titanium nitride is golden yellow in color, it is widely used in jewelry,
where it replaces gold [11]. Its high resistance to scratches and corrosion are
further asset [12].

Antoine PARIS has worked on the study of Phase Transformations in TiN-based
alloys with low silicon alloys [13]. The aim of his work was to increase our know-
ledge of silicide precipitation in titanium aluminides, so as to be in a position to
propose a metallurgical route optimizing this structural transformation and, if
necessary, improving the mechanical properties of these alloys. To this end, he
has contributed to developing knowledge of phase equilibria in the Ti-N-Si ter-
nary system. He then characterized the structural modifications of four alloy
compositions, during solidification and then during solution heat treatment and
precipitation.

Sandrine AMELIO led studies on the microstructural evolution of a TiN-based
alloy [14]. This study investigated the microstructural evolution of a TiN-based
intermetallic alloy under dynamic compressive loading, as well as its perfor-
mance under isothermal heat treatment. The TiN-based alloy studied is charac-
terized by good mechanical properties at high temperatures and low density.

Professor Timothée NSONGO has studied the order-disorder transformation
of the binary TiN alloy system by numerical simulation using the EAM inserted
atom method [15]. The aim of this thesis was mainly to determine the influence
of lattice constant, composition on the type of order-disorder transformation

and order processes in alloys.
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Mohamed BENHAMIDA has worked on the structural, elastic and electronic
properties of transition metal nitride alloys [16]. He studied the structural, elec-
tronic and mechanical properties of transition metal nitrides using DFT density
functional theory and compared them with experimental results.

This work takes the same approach as the previously cited authors, but our
study is much more particular in that it investigates the structure of the TiN al-
loy by computer simulation using the MEAM potential, which is an appropriate
potential for the study of metal alloys. In addition, we focus on the study of va-
cant sites in order to determine the most stable structure of the TiN alloy under

the influence of temperature.

2. Methodology

The aim of this work is to study the TiN alloy system in B2 structure at different
temperatures (1320 K, 1420 K and 1520 K) as a function of different atomic per-
centages of nitrogen (45%, 50% and 55%) in order to determine the influence of
atomic percentage composition and temperature on the lattice parameter and to
determine its vacation formation energy and temperature in order to find out at
which percentage and temperature the TiN alloy is stable.

To do this, we worked with a 10 x 10 x 10 system of the TiN alloy consisting
of a total of 2000 atoms, simulated using the LAMMPS calculation code and the
MEAM (Modified Embedded Atom Method) interatomic potential.

A vacancy was created in the middle of the structure. The energy of the struc-
ture before and after the creation of the vacancy was used to determine the
energy of formation of the vacancy.

In addition to calculating the vacancy formation energy, several different
analysis methods were used to determine how vacancy, temperature and alloying
would affect the overall stability of the atomic structure.

We ran a simulation under the LAMMPS code version 2020 with the executa-
ble Imp_mpi, under the Windows operating system, using the MEAM potentials

found in the database at https://www.ctcms.nist.gov.

The MEAM potentials of titanium, nitrogen and titanium nitride used in this
work were developed respectively by Y.-M. Kim, B.-J. Lee, and M.I. Baskes
(2006) and Y. M. Kim and B. J. Lee, (2008), whose parameters are aligned in the
following Table 1 and Table 2 [17] [18] [19] [20] [21].

These potentials have been used to calculate cohesive energies under different
structures Lammps calculation code and MPC4 software.

Here are the different crystalline structures of TiN alloy (Figure 1).

Table 1. Additional titanium and nitrogen parameters.

elt atwt alat /S, B B, By t, t t, t, esub asub a Z lat  ibar rozero

Ti 4788 292 27 1.0 3.0 1.0 1.0 6.8 -2.0 -12.0 487 0.66 471 12 hep 3.0 1.0
N 14.00 1.10 275 4.0 4.0 4.0 1.0 005 1.0 0.00 488 180 5.96 1 dim 3.0 18
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Table 2. MEAM parameters for Ti, Al and TiN.

Symbols Ti N TiN
rc (A°) 4.8 4.6 4.6
delr 0.1 0.1 0.1
augtl 0 1 0
erose_form 2 0 2
ialloy 2 2 2
bl(1, 1) 0 1 0
nn2(1, 1) 1 0 1
rho0(1) 1.00 1.00 18
Ec(1, 1) 4.870 4.88 6.615
re(1,1) 2.920 1.10 2.121
alpha(1, 1) 4.719 4.330 5.092
repuls(1, 1) 0.00 0.00 0.00
attrac(1, 1) 0.00 0.00 0.00
Cmin(1, 1, 1) 1.00 2.00 0.16
Cmax(1, 1, 1) 1.44 2.80 2.80

Figure 1. Different crystallographic structures of TiN: (a) Bl (NaCl), (b) B2 (CsCl), (c)
B3 (ZnS).

2.1. Molecular Dynamics

Molecular Dynamics is a formidable tool for investigating matter at the atomic
scale. It involves numerically simulating the evolution of a system of particles as
a function of time, with the aim of predicting and understanding experimental
results. It can reveal structural arrangements or dynamic phenomena that are
still inaccessible to current experimental means of observation (NMR, Atom
Probe Tomography), especially in the case of amorphous materials such as
glasses. This move into the digital world requires a discretization of time to solve
the Newtonian equations governing the motion of each particle. The principle of
Molecular Dynamics is then to integrate these discretized equations, under var-
ious physical constraints, using a variety of algorithms.

The potentials used must first and foremost account for known properties, in
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order to be able to predict those that are not, or to explain a phenomenon that is
still poorly understood. These methods and algorithms are finally applied to the
modeling of silica materials, in particular glasses, where certain properties and

experimental behaviors are reproduced with acuity [22] [23].

2.1.1. Principle of Molecular Dynamics

Classical molecular dynamics (DM) is based on Newtonian mechanics: the
properties of a set of atoms or particles are determined by studying the trajectory
of each particle over time. To do this, the laws of classical mechanics are applied
to atoms, which are treated as point masses. The classical equations of motion

are thus solved simultaneously for all the atoms in a system [24] [25]:

f =ma (1)

where f, is the sum of the forces acting on atom 7 m; its mass and a; its

.
acceleration.

The integration of the equations of motion has to be done numerically;
choosing a finite time step J¢ and approximating the differential equations by fi-
nite difference equations. From these calculations, the computer predicts the
new positions, velocities and forces of all the particles at time ¢+ Ot In this way,
we can trace the behavior of a material: for example, the movement and rear-
rangement of atoms/defects.

The input data for a molecular dynamics’ calculation are therefore:

» A set of atoms, representing in our case the system to be studied;
» Interatomic potentials, the determination of which requires prior study;
» Eventually, a series of constraints imposed by the external environment

(pressure, temperature, etc.).

2.1.2. Integration Algorithms for Newton’s Equations

The basic numerical method for solving the equations of motion corresponds to
performing a Taylor series expansion to 2nd order of position x around date £
Le. to t+ Ot (with &t small):

2
x(t+§t)=x(t)+6td—x+£5t2d—;(
dt 2 dt )
dx 1 _,d%x
t-ot)=x(t)-ot—+—-0t"—-
X( ) X( ) dt +2 dtZ
By adding and grouping the terms, we obtain:
d’x 1
—=—| X(t+t)-2x(t)+x(t-ot 3
= x(tra)-21(0) (-] o

We discretize time using a time step Of (of the order of femto seconds in Mo-
lecular Dynamics). At iteration n, the date is expressed by t, =nodt, the position
vector by X the velocity vector by V' and the force vector by F". After this

discretization and digitization, the previous equation becomes, for the date
t,, =t +ot:
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1

m—2 (Xin+1 -2x + Xinil) =F' (4)
ot

In the same way, but subtracting the terms this time, we obtain the velocity

expression:

_ _ n+l _n—l
= X(t+5t)-x(t-ot) _x" -x 5)
20t 25t

This is the standard form of the Stérmer-Verlet method for integrating New-

ton’s equations:

. L, ot
xh=2x" - Xt - F"
n+l n-1 I (6)
Vv = X —X%
' 20t

2.2. Interaction Potentials and the MEAM Method

To model a material, we select and parameterize an interatomic potential, from
which we derive the forces interacting between the different particles present in
the simulation box. This is usually an effective potential. Its parameterization is
such that, through its effects, the model reproduces known properties of the si-
mulated material (crystalline structures, elastic properties, X-ray diffraction pat-
tern, infrared spectrum, NMR, etc.). A correctly parameterized interaction po-
tential is crucial for predicting or interpreting as yet unexplained properties of
the material being modeled. This parameterization is often tedious, which is why
some authors publish their parameters, enabling a large number of modelers to
use them, which also offers a consistent common basis for studying and com-
paring materials [26] [27]. For modeling silica-based glasses, there are, for ex-
ample, the MEAM potential and Buckingham potential described below and

used in this dissertation work.

MEAM Formalism and MEAM Potential

Interatomic potentials are of vital importance for simulations that model the
properties of materials. The basis for these potentials is Density Function Theory
(DFT), which postulates that energy is a function of electron density. By know-
ing the electron density of an entire system, we can determine the potential

energy of a system:
E[p(r)]=Ts[p(r)]+3[p(r)]+E.[p(r)]+Ex[p(r)]+Ei[ p(r)] @)

where E'is the total energy, 7sis the kinetic energy of the single particle, /is the
Hartree electron-electron energy, E,. is the exchange correlation function, E,,, is
the electron-ion coulombic interaction, and Ej; is the ion-ion energy.

On this basis, the Embedded Atom Method (EAM) was created on the as-
sumption that an atom can be embedded in a homogeneous electron gas and
that the change in potential energy is a function of the electron density of the

embedded atom, which can be approximated by an embedding function. In a
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crystal, however, the electron density is not homogeneous, so the EAM potential
replaces the background electron density with the electron densities of individu-
al atoms, and supplements the embedding energy with a repulsive pair potential
to represent the core-core interactions of the atoms.

However, EAM does not do an excellent job of simulating materials with sig-
nificant directional binding, which includes most metals. In order to simulate
metals correctly, the modified embedded atom method was created, which al-
lows the background electron density to depend on the local environment in-
stead of assuming a linear superposition.

In the MEAM formalism, we consider a set of atoms forming a cluster. Each
atom is immersed in the electron density created by the other atoms. The total
energy depends on two factors: the immersion potential and the pair interaction

potential:
1
E=>.F (pi)+52j¢1¢li (Ry) (8)

For an atom 7 F, is the immersion potential, p, is the fundamental electron
density. ¢ (Rij) is the pair interaction potential between two atoms 7 and j, at
distance R;.

Immersion potential is calculated as follows:

Fi(,Bi):AEcﬂln[ﬂj 9)
Po \Po
where

A is a parameter that can be adjusted according to experimental data;

E_is the sublimation energy:

P, the electron density in the reference structure;

P, the electron density in the real structure.

In MEAML1, the consideration of interactions in the reference structure is li-
mited to the first neighborhood. Under these conditions, atomic positions and
bond directions are fixed. The immersion potential depends only on the distance
to the first neighbor and the number of first neighbors. Consequently, the energy

of an atom can be written as a function of R as follows:
" _ Z
E'(R)=F[7(R)]+-4(R) (10)

where Z, is the number of the atom’s first neighbors.
By calculating E"(R) from Rose’s equation of state, we can derive the ex-

pression for the interaction potential of the pairs as follows:
2y —
¢(R):Z—[E (R)-F[2°(R)]] (11)
1

In MEAM2, we consider second-neighbor interactions in the reference struc-
ture, and this can be achieved by adding a screen parameter S. From this, the

energy of an atom in a reference structure can then be written:
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E'(R)= F[,Bf(R)]+%¢(R)+%¢(aR) (12)

where

Z, is the number of first neighbors in the reference structure;

Z, is the number of second neighbors in the reference structure;

ais the ratio of the distances of second and first neighbors a=R,/R, ;

S is the screen function for a given reference structure, the screen factor S is
constant.

The above equation can be written as:

E'(R)= F[ﬁio(R)]+%y/(R) (13)
with
v (R) = $(R)+ 22> g(aR) (14)

1

From the value y/(R) the pair interaction potential is iteratively calculated

using the following formula:

n
#UR) =y (R)+ 2,0 22| v (arm) 19
1

The main difference between the potential energy equation for EAM and

MEAM is the inclusion of S, which reflects the shielding effect.
For a MEAM interatomic potential that describes the relationship for alloys
with two or more components, each of the components needs 13 individual ad-
justable parameters. In addition, each binary interaction requires at least 14 ad-

justable parameters.

2.3. Vacancy Formation Energy

To calculate the vacancy formation energy, a single vacancy was introduced into
a perfect lattice with equilibrium lattice constants and structural relaxation of
atomic positions. Only isolated, non-interacting defects were taken into account
when calculating defect formation energy.

In general, the energy of formation of a vacancy in a homogeneous bulk crys-

tal that does not change phase can be described by:

_h-1 E, (16)

By = E(n—l) n

E, , is the total energy of an atomic supercell containing a vacancy, while E, is
the total energy of this supercell before the vacancy was created. In this research,
the energy of vacancy formation was calculated by taking averages in two dif-
ferent ways illustrated in the results section.

In this research, vacancy formation energy was calculated by taking averages

in two different ways. In the first case, the total energy of the last 10,000 MD
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steps of each stage was averaged before integration.

The energy per atom of each step is then averaged. For the error, the variance
of the energy per atom of each step was calculated. In the final method, the dif-
ference in total energy was calculated for each individual step.

Next, we calculate the total energy required to create the vacancy:

Etotal = z Efv (17)

3. Results

In this section, we present the results obtained for the total energy before and
after the creation of the vacancy, the crystalline parameter under the effect of
temperature, the occupancy rate and the short-range order parameter—all these
physical quantities under the effect of the operational temperatures 1320 K, 1420
Kand 1520 K.

3.1. Total Energy and Energy of Vacancy Formation

As we saw in the method section, vacancy formation energy was calculated using
two different methods; the first and second methods used the total energy of the
atomic structure.

As a result, these two methods provide incredibly similar results, which are
also of the same order of magnitude as previous literature on the vacancy forma-
tion energy of titanium.

The results for total energy before and after vacancy creation are shown in
Table 2 and Table 3.

3.1.1. Total Energy

We present here the results of methods 1 and 2 on total energy in Table 3 and
Table 4. We note that total energy decreases with temperature and also with the
percentage of nitrogen, regardless of the method used.

This table shows that:
» For a given percentage, as the temperature increases, the energy of formation
decreases, making it easier to obtain TiN at higher temperatures;

> For a constant temperature, the energy of formation increases with the per-

centage of nitrogen.

Table 3. Total energy.

Total energy (method 1)

Temperature (K) %N
45 50 55
1320 —8324.8537 -7863.1167 —7356.1984
1420 —8354.4795 —7872.7571 —7344.9169
1520 —8330.5641 —7749.336 —7442.5377
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Table 4. Formation energy (method 2).

Training energy

Temperature
%N
(K)
45 50 55

Energy Ei Ef E, Ei Ef E, Ei Ef E,
1320 —8324.853 —6791.218 1529.472 -7863.116 -6411.154 1448.030 -7356.198 -5568.170 1784.349
1420 -8354.479 -6649.229 1701.072 -7872.757 -6113.016 1755.804 —--7344.916 -5808.660 1532.583
1520 -8330.564 -6521.081 1805.317 -7749.335 -6104.785 1640.675 —7442.537 -5375.422 2063.394

3.1.2. Total Energy and Formation Energy

The second method enabled us to evaluate the energy of formation simulta-
neously by calculating the initial and final energies before and after the creation
of the vacancy, randomly removing either the titanium or nitrogen atom. The
results are shown in Table 4.

These results from the second method are consistent with the results from the
first method. The formation energy values obtained interpret the possibility of
obtaining the structure at any temperature.

Figure 2 shows a double monotonicity: one part decreasing, the other in-
creasing.

» Decreasing part; ranging from 44% to 50%, the dominant compound is likely
to form at 1420 K ahead of that obtained at 1520 K;

> For the decreasing part: from 50% to 55%, the compounds obtained at 1320
K and 1520 K have a more considerable formation energy than that obtained
at 1420 K.

1520 K is an excellent temperature for TiN production.

3.1.3. Mesh Parameter Evolution

During the course of this work, we also monitored the evolution of the mesh

parameter of the 10 x 10 x 10 structure of the TiN alloy as a function of percen-

tage and temperature. The results are shown in Table 5.

These results led to Figure 3 below:

» The behavior of the evolution of the mesh parameter is remarkable for the
structure obtained at 1320 K, first increasing between 45% and 50% N then
decreasing thereafter;

» The structures obtained at 1420 K and 1520 K show the same behavior, de-
creasing as the percentage of nitrogen increases.

However, although different in some cases, it is remarkable to see that all the
structures, whatever their operating temperature, have the same mesh parameter

around 1520 K.

3.1.4. Atomic Fraction of Nitrogen
We monitored the composition of TiN as a function of temperature and percen-

tage of nitrogen, and the results are shown in Table 6 below.
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Formation energy

2100
2000
1900
1800
1700
1600
1500
1400

44% 46% 48% 50% 52% 54% 56%

——1320 ——1420 1520

Figure 2. Energy of formation by percentage of nitrogen.

Mesh parameter evolution

0.014
0.012

0.01
0.008
0.006
0.004

0.002 e

44% 46% 48% 50% 52% 54% 56%
—0—1320 —e—1420 1520

Figure 3. Mesh parameter variation vs %N.

Table 5. Formation energy.

Temperature and parameter

Temperature

%N
X)

45 50 55
Init.  Final Diff. Init. Final Diff. Init. Final Diff.
1320 32.7 32.7029 0.0029 32.7 32.7012 0.0129 32.7 32.7007 0.0007
1420 32.7 32.7026 0.0026 32.7 32.7012 0.0012 32.7 32.7005 0.0005
1520 32.7 32.7029 0.0029 32.7 32.7011 0.0011 32.7 32.7006 0.0006

In most cases, we can see from Table 6 that the filling ratio is close to the
percentages of nitrogen in the titanium alloy.
Figure 4 shows us that:
® Whatever the temperature, the percentage takes precedence over the evolu-
tion of the structure;
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Table 6. Fraction by percentage of nitrogen.

Training energy

Temperature(K) %N
45 50 55
1320 0.449 0.492 0.533
1420 0.449 0.4925 0.5335
1520 0.4485 0.4925 0.5335

Atomic fraction
0.54
0.53
0.52
0.51
0.5

0.49 /

0.48 g
0.47
0.46
0.45
0.44
44% 46% 48% 50% 52% 54% 56%

—0—1320 1420 1520

Figure 4. Atomic fraction as a function of %N.

® The structures obtained with 45% and 50% nitrogen have a high probability
of being formed with the same parameters, as their compositions are close to
the proposed percentages;

® The TiN structure with 55% nitrogen is less likely, as the composition ob-

tained is at most 53.35%.

3.1.5. Order Parameter

The filling ratio is closely linked to the configurations and therefore to the order
parameter we wanted to observe in order to understand the behavior of the tita-
nium alloy structure for different nitrogen percentages.

Thus, for the SRO parameter, for a system with an equal number of atom
types

A and B, a perfectly ordered network has o= 1, a phase-separated system has
o= -1, and a totally random solid solution has o= 0.

Although it is a simple quantified representation of a potentially complex or-
der, the order parameter is generally interpreted in terms of three values: nega-
tive, zero and positive (Table 7).

Figure 5 shows that TiN structures obtained at 1320 K have the highest

probability of being formed, whatever the percentage used.
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Table 7. Order parameter and formation energy.

Order parameter-formation energy

Temperature %N
(K)
45 Ef 50 Ef 55 Ef
1320 0.00181 1529.4726 0.01574 1448.0305 0.036402 1784.3494
1420 0.00181 1701.0728 0.01477 1755.8042 0.035369 1532.5835
1520 0.00271 1805.3176  0.01477 1640.6757 0.03536 2063.3942
Order parameter
0.04
0.035
0.03
0.025
0.02
0.015
0.01
0.005 / /
0
44% 46% 48% 50% 52% 54% 56%

——1320 1420 1520

Figure 5. Order parameter.

4. Conclusions

In this work, we used the MEAM potential of TiN to track the structural beha-
vior of the B2-type cubic-centered phase TiN alloy in terms of the formation
energy of the randomly created central gap, at operational temperatures 1320 K,
1420 K and 1520 K.

This study highlighted the consequences of the central gap on the probability
of obtaining a new TiN phase.

The energy of formation shows us that it is more practical to obtain a TiN al-
loy at high temperature.

The compounds obtained at 1320 K are more stable than the others; this is
confirmed by the order parameter.

The best stoichiometric composition of TiN is in the range of 44.9% to 53.35%

nitrogen for it to be stable in B1 structure.
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