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Abstract

In this work we present the results of our study on the physical and mechani-
cal properties of titanium in volume. The work consisted in determining its
physical and mechanical properties under different crystallographic struc-
tures (HCP, FCC, BCC and SC) using the Modified Embedded Atom Method
(MEAM) and the MEAM potential of titanium. We used the LAMMPS cal-
culation code, based on classical molecular dynamics, to determine the most
stable structure of titanium, which is the hexagonal compact structure (HCP)
with crystal parameters a = 2.952 A and ¢ = 4.821 A and a cohesion energy of
—4.87 eV. This structure is seconded by the cubic centred structure (BCC)
with a lattice parameter a = 3.274 A and a cohesive energy of —4.84 eV. It was
shown that titanium can crystallise into a third structure which is the face-
centred cubic (FCC) structure with a lattice parameter a = 4.143 A and a co-
hesive energy of —4.82 eV. The results obtained in this study were compared
with the theoretical results and showed considerable agreement.

Keywords

MEAM Potential, LAMMPS Code, Molecular Dynamics, Elastic Constants,
Modules, Ovito

1. Introduction

Titanium is a material whose market is perceived quite differently from other
industrial materials. Its use implies high technology, purity, rarity, quality and

unequalled strength. It represents 0.6% of the earth’s crust and is ranked 4th
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among the most abundant metals after iron, aluminum and magnesium [1].

Titanium as a chemical element has been known for more than 200 years, but
it is only since 1920 that its real properties were discovered by Van Arckel and
De Boer [2].

It was in 1791 that William Gregor, a British reverend, mineralogist and chem-
ist discovered titanium. While examining the sand of the Helford River in the
Menachan Valley in Cornwall, he isolated what he called black sand, now known
as ilmenite [3] [4].

Professor Nsongo Timothée studied the structure and adhesion of thin films
of titanium and titanium nitride prepared by sputtering [5]. In this study, he in-
vestigated the growth and structure of titanium and titanium nitride layers pre-
pared on molybdenum, copper and tantalum by radio frequency magnetron and
direct current triode sputtering. He also characterised the adhesion of titanium
and titanium nitride to the different substrates used by the “scratch” method in
order to relate the growth conditions and the resulting structural characteristics
to the adhesion.

Stéphane GROSSO worked on Ti, TiN and TiOx architectural coatings devel-
oped by sputtering on stainless steel wires [6]. The main objective of his thesis
was to understand the effects of the architecture of the coatings and of the
processing parameters on the physicochemical characteristics of the Ti, TiN and
TiO coatings and thus on their properties of use.

Abel Dominique EBOUNGABEKA, under the direction of Professor Timothée
NSONGO, recently conducted a study on the reactivity of titanium dental im-
plants in a salivary environment in the presence of food consumed in the Repub-
lic of Congo [7].

The aim of this work is to carry out a study of the physical and mechanical
properties of titanium using the MEAM method, under the LAMMPS code, in

order to determine its most stable crystal structure.

2. Methodology

We ran a simulation under the LAMMPS code version 2020 with the executable
Imp_mpi, under the Windows operating system, using the MEAM potentials
found in the database at https://www.ctcms.nist.gov/potentials/system (Table 1).

The MEAM potential of Titanium used in this work was developed by Y.-M.
Kim, B.-]. Lee, and M.I. Baskes (2006), and its parameters are aligned in the fol-

lowing table [8].

This potential was used to calculate the cohesive energies under different
crystallographic structures using the MPCV4 application.

The calculations were simulated for periodic crystallographic structures for 2
x 2 x 2 mesh under Lamps (Figure 1).

3. Results and Discussion

In the following paragraphs we present the results obtained under the LAMMPS
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Table 1. Titanium potential and screening parameters.
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delr 0.1

augtl 0
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ialloy 2

zbl(1,1) 0

nn2(1,1) 1

rho(0,1) 1.000

Ec(1,1) 4.870

re(1, 1) 2.9200

alpha(l, 1) 4.71945
repuls(1, 1) 0.00

attrac(1, 1) 0.00
Cmin(1, 1,1) 1.00
Cmax(1, 1, 1) 1.44
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Figure 1. Rose energy of titanium in HCP structure.

code using the MEAM potentials, these results were also calculated by the
MPCV4 application under Windows 10, 64 bits.

The crystalline parameters, elastic constants and structural stability moduli for

different titanium structures are presented.

3.1. Crystalline Parameters

The presented crystal parameters and volumes have been calculated for HCP,
CFC, BCC, SC structures and are presented in Table 2.
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Table 2. Crystal parameters by structure and crystallographic volume.

Structures a(A) b (A) c(A) Volumes (A)*
HCP 2.952 2.952 4.821 35.215
FCC 4.143 4.143 4.143 17.649
BCC 3.274 3.274 3.274 34.842

SC 2.780 2.780 2.780 21.332

The most voluminous structure is the HCP structure followed by the BCC
structure, SC and finally the FCC structure.

3.2. Cohesive Energy

The MEAM potential of Titanium has allowed us, thanks to the MPCV4 applica-
tion, to represent the cohesion energies for different structures as shown in Fig-
ure 2 and Figure 3.

We also calculated the cohesion energies in different crystallographic struc-
tures for titanium; we realised that the HCP structure of the Ti type is the most
stable with a cohesion energy of —4.87 eV followed by the BCC structure with a
cohesion energy of —4.84 eV (Table 3).

The evolution of the cohesion energy per structure is shown in Figure 4 and
Figure 5.

Although the number of atoms per cell increases in some structures, the cohe-
sive energy becomes very large, reflecting the instability of the structure; the

HCP and FCC structures are very similar.

3.3. Mechanical Properties

For the temperature of 298 Kelvin, we calculated the elastic constants of tita-

nium in the hexagonal phase and the corresponding elastic moduli.

3.3.1. Elastic Constants
Elastic constants C;; are essential parameters for predicting the physical prop-
erties and mechanical stability of materials [9] [10].

For elements with a cubic structure, the criterion for predicting structural sta-
bility is as follows [11] [12]:

¢, -C,>0,¢C,>0,C,>0,C,+2C,>0 (1)
For elements that have a tetragonal structure, we have this [13] [14]:
C, > |Gy, Cuy >0, Cg >0, Cyy(C, +Cp) > 2C] )
And for elements with a hexagonal structure, we have [15] [16]:
Cy >0, C,—C, >0, Cyy (G, +Cpy ) >2C] (3)

However, the matrix linking the deformations and the elastic constants is

represented by the following relation.
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Figure 2. Cohesive energies of titanium in HCP and FCC.

2.3 2.8 3.3 3.8

Figure 3. Cohesive energies of BCC and SC titanium.

Table 3. Cohesive energy per structure.

Structures  Parameters (A) Total energy (eV) Ecoh (eV)  Number of atoms

FCC 4.14 -19.29 —4.82 4
HCP 2.95 -19.48 —4.87 4 (more stable)
BCC 3.27 -9.69 -4.84 2

SC 2.78 -3.62 -3.62 1

Figure 4. Cohesion energy by crystal structure.
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Figure 5. Cohesive energy per atom number.
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The elastic constants for the hexagonal structure of titanium have been calcu-
lated and are presented in Table 4.

The exploitation of these data allows us to compare the elastic constants be-
tween them and between the theoretical and experimental data through the Fig-
ure 6 and Figure 7.

The order of magnitude is well defined by C33 > C11 > C12 > C13 > C44 and

is preserved in the theory as well as for experimental data.

3.3.2. Elastic Modules

In this section we present the elastic moduli according to the Voigt-Reuss-Hill

scheme. These moduli reflect the stiffness and flexibility of the material against

external excitations and they reflect the direction of the resulting deformation or

the resulting stress. They are also referred to as elastic coefficients, which are

simply the engineer’s moduli for the properties of nanomaterials. We give here

the mathematical relations between Young’s modulus, Poisson’s ratio and shear

coefficient with the elastic constants [19] [20].

o The H-symbol stiffness is an important parameter for materials that can be
estimated as the ability to resist localized deformation [21] [22]. Defects and
grain size of materials are of great importance with regard to hardness. The

hardness H is given by the following semi-empirical formula [23]:

3 (I—ZV)
H_6(l+v)E ®)

o The elastic moduli (Bulk modulus B, Shear modulus G and Young’s modulus
E) are estimated by the Voigt-Reuss-Hill method. Generally, the larger the B,

the greater the resistance of the material to change in volume.
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Table 4. Comparison of theoretical and experimental constants.

Elastic constants of the HCP reference structure (GPa)

Our work Theory [17] Exp.(298°K) [18]
Cl11 170.046 171.600 176.100
C12 80.415 86.600 86.900
C13 74.7852 72.600 68.300
C33 187.088 190.600 190.500
C44 42.0824 41.100 50.800
200
C33
Cl11
150
100
2 |
30 caa
v
0
0 1 2 3 4 5 6

Figure 6. Elastic constants of titanium in point cloud.
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Figure 7. Values of Elastic constants in a histogram.

o

o The elastic anisotropy A7 plays a vital role in physical/mechanical processes
such as fracture behavior and phase transformations [24]. It is given by the
following formula [25]:

a=usG B ¢ ©6)

R BR

v

where G, and G, represent Voigt and Reuss’ Shear modulus, B, and
R

are the Bulk modulus of Voigt and Reuss.
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Table 5. Mathematical expressions of elastic moduli for a hexagonal structure [26] [27] [28].

 9BG ,_(38-26) 5 Cut2C,
3B+G (6B+2G) 3
3c,, +c, — _
G=2utizte C“_C“ZC'Z M=C, +C,+2C, -4C,
2
By = l(Bkeuw +B,, r) BR = (C” . CIZ)CB - 2C13 B, = 26y +2C, 146, + Gy
2 > “ C,+C,—4C,+2C, 9
5(6,-G,)C C,+C,—4C,+2C, +12C,, +12C
G = l(GReusx + GV()igt) R 4C( “3 CIZ) C4'4 G, =— L e
2 ut ( n- 12) 30
Table 6. Elastic modules.
Elastic modules (Gpa)
Size Symbols Voigt Reuss Hill Theory [29] Exp, 298°K [30]
Bulk modulus B 109.68 109.59 109.64 110.82 109.96
Shear modulus G 45.61 43.14 44.38 44.68 50.16
Young modulus E 117.14 118.15 130.62
Hardness H 5.257 - -
Elastic anisotropy AY 0.287 - -
Fish ratio \'% 0.322 0.322 0.302

In the table below, we present all the elastic moduli in different systems of ap-
proaches for a crystallographic structure (Table 5).

The results obtained from the expressions of the previous modules are pre-
sented in Table 6.

It can be seen from this table that the elastic moduli calculated from the
Lammps code using the MEAM potential is in good agreement with the theoret-
ical and experimental results. Hence the MEAM potential used is an appropriate
potential for the study of metals as it takes into account steric and angular effects

in the system studied.

4. Conclusion

During this study on the physical and mechanical properties of titanium in vo-
lume using the Lammps calculation code and the MEAM potential, we studied
this metal in the four different structures namely BCC (cubic centred), FCC
(face centred cubic), HCP (hexagonal compact) and SC (simple cubic) in order
to determine its most stable structure and its physical and mechanical proper-
ties. We found that the most stable structure is the compact hexagonal structure
with a mesh parameter a = 2.97 A, ¢ = 4.821 A and a cohesive energy Ecoh =
—4.87 eV followed by the face-centred cubic (BCC) structure and then the
face-centred cubic (FCC) structure which is a transient structure. Finally, we
calculated the elastic constants and moduli of elasticity and it was found that our

results are in accordance with the theoretical results and this proves sufficiently
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the effectiveness of the MEAM potential used to carry out this study.
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