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Abstract—This work investigates the mechanical properties of B2-type CoTi material, using the density func-
tional theory within the pseudopotential method and a plane waves basis set as implemented in the Quantum
Espresso code. Our calculation yielded values of Debye temperature 6 = 414.6 K and elastic constants
Cy; =226.50 GPa, Cy, =129.55 GPa, and Cy, = 226.50 GPa, respectively. To test the incertitude of calculated
elastic constants C;; for B2-type CoTi intermetallic compound, we compared our obtained results with the
experimental values of the literature. Our findings show a good agreement with experimental data. Further-
more, using an approximation based on the quasi-harmonic model, we explore various thermodynamic
properties of the B2-type CoTli intermetallic compound. The thermodynamic properties obtained in this
study reveal that the free energy decreases gradually with the augmentation of the temperature, while both the
heat capacity as well as the entropy increase with the raising of the temperature. At 7= 298 K, our calculation
yielded values of entropy S = 68.35 J mol~! K~! and heat capacity Cy=46.61J mol~! K=, respectively. To

the authors’ knowledge, no previous study has reported theoretical data on the thermodynamic properties for
CoTi material.
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1. INTRODUCTION

Intermetallic compounds with binary constituents,
as well as several ordered binary and ternary alloys,
have been the subject of research for several decades
[1—-5]. These compounds have attracted much atten-
tion as practical materials in different technological
fields [6—9]. The Co—Ti binary system includes five
distinct intermetallic compounds, which are: Co;Ti
(L1,-type), Co,Ti (C36-type), Co,Ti (Cl5-type),
CoTi, (E9;-type), and CoTi (B2-type) [1]. The Co—Ti
system in B2-type structure exhibits several interesting
mechanical properties. The elastic constants C;; of the
intermetallic compounds Coli and (Co, Ni);Ti were
measured experimentally using the rectangular paral-
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lelepiped resonance (RPR) method, and it is found
that the rigidity is more pronounced in (Co, Ni);Ti
than in CoTi [1]. The structural parameters, elastic
stiffness constants, band structure, density of states
and thermal properties of intermetallic compounds
(CoTi, CoZr, and CoHY) in the B2-type are studied by
an ab initio approach [8]. Liu et al. treated the effect of
adding vanadium, germanium, aluminum, chro-
mium, molybdenum, tantalum, iron, nickel and tung-
sten to L12 type Co;Ti polycrystals having a concen-
tration of 23 at % Ti on the mechanical properties of
these alloys [10]. Their observation lies in an abnormal
increase in the yield strength with the increase of tem-
perature in the range from 473 to 973 K. A separate
study was carried out by Takasugi and Izumi [11] on
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Table 1. Elastic constants C; (in GPa), bulk modulus B (in GPa), C' (in GPa), and Z for B2-type CoTi along the experi-

mental ones [1] and other theoretical values [8, 26]

Parameter Cll C12 C44 B C Z
This work 226.50 129.55 64.69 161.87 48.48 1.33
[1] 203 129 68 154 54 1.83
[8] 286.51 113.79 74.66 171.36 86.36 0.86
[26] 261 176 99 204 43 2.29

investigating the high temperature effect on both duc-
tility and strength of Co;Ti-L12 type polycrystalline
material. Takasugi and Izumi [11] mentioned that the
yield stresses of Co;Ti increase with temperature up to
800°C. This is consistent with previous work present in
the literature, while the ultimate tensile stresses
decrease monotonically with increasing temperature.
Xue et al. made an elastic, electronic and thermody-
namic study of binary compounds Co,Ti and Co,Zr at
high pressure and temperature using first principles
calculations [12].

Since very little is known both experimentally and
theoretically about the thermodynamic properties of
CoTi material, the principle of the present contribu-
tion lies in the study of thermodynamic and mechani-
cal properties of Co—Ti in B2 phase using the pro-
jected augmented wave (PAW) pseudopotential
method [13—16].

2. DESCRIPTION
OF COMPUTATION METHOD

We employed in our calculations the Quantum
Espresso code with thermopw tool [13—16]. The
Ultra-Soft Pseudo  Potentials (USPP) [17]
Co_pbe_vl.2.uspp.FEUPF and ti_pbe vl1.4.uspp.F.UPF
are used for cobalt (Co) and titanium (Ti) atoms,
respectively. The exchange-correlation potential was
treated using the PBE-GGA [18]. The wave functions
were enlarged for the plane wave basis set with an
energy cut-off of 50 Ry; however, the charge density
cut-off was set at 400 Ry, resulting in a convergence
with an energy threshold of 1 X 10~* Ry. The 11 X 11 x
11 k-points Monkhorst—Pack mesh was used to
achieve the integration over the Brillouin zone [19].
Because the obtained values of the cut-off energy and
the k-points are used in the calculation of the ground
state parameters. It is noticed that the convergence
tests on other physical properties are crucial to achiev-
ing a good result in the subsequent computations.

3. DISCUSSION OF RESULTS
3.1. Elastic Constants
Many fundamental solid-state properties of solids
are closely related the elastic constants [20]. The num-
ber of elements decrypting the matrix of the elastic
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constants C depends on the symmetry of the crystal. In
crystals with cubic structures, there are three indepen-
dent elements in the matrix of the elastic constants,
they named C,;, C,, and C,, [21]. From the Quantum
Espresso code, the elastic constants of B2-type CoTi
were obtained using the same method used in [21].
The anisotropy factor de notedisa crucial parameter
[8] in crystallography, allowing us to understand the
elastic behavior of crystalline materials. In particular
for cubic crystals, this factor named the Zener anisot-
ropy factor [22—24], it is defined as follows: Z =
2C4/(Cyy — Cpp) [23—25]. For completely isotropic
material, Z is equal to 1, otherwise for material which
is mechanically anisotropic. The bulk modulus B of
cubic crystal is linearly expressed to the elastic con-
stants C;; and Cy, [25], so B= (C; + 2C},)/3 [23-25].
The values of Cy;, C},, Cu4, B, as well as those of single-
crystal shear modulus C' and the elastic anisotropy
factor Z of B2-type Coli, along with their experi-
mental ones [1] and other theoretical data [8, 26] pres-
ent in the literature are listed in Table 1. The crystals
with cubic structures are mechanically stable if their
elastic constants stiffness C; satisfies the following
conditions [25]:

(C11 + 2C12)/3 > 0,
C, < B<(y,

(Cll - Clz)/2 > 0,

Cy > 0. 1
Our elastic constants C; calculated for B2-type CoTi
material obey to these mechanical stability conditions.
If C,, is larger than that C,,, the material presents a
stronger resistance to the unidirectional than resis-
tance to the pure shear deformation [25]. From
Table 1, we can remark that the value (226.5 GPa) of
C,, is larger than that (64.69 GPa) of C,, for CoTi
intermetallic compound. It should be noted that a
comparable tendency has been observed for some
half-Heusler LiCaGe, LiSrGe, and LiBaGe ternary
compounds [25]. We can observe also that our results
of the C; are agreed well with experimental results
reported by Yasuda et al. [1]. The deviations between
our values of the C; and the experimental ones
reported by Yasuda et al. [1] are around 10.38% for C,,
0.42% for Cy,, 5.12% for Cy,, and 4.86% for B, respec-
tively. On the other hand, our calculated value (1.33)
of the Zener anisotropy factor Z is lower than the
experimental result (1.83) reported by Yasuda et al. [1].
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In single crystals, macroscopic elastic moduli like
Young’s modulus FE, shear modulus G and Poisson
ratio v as well as wave speeds are strongly related to
crystallographic direction; while in the aggregate
material, all the elastic moduli arise due to an averag-
ing over different elastic constants. As the ratio
between linear stress and the corresponding strain,
Young’s modulus F is used to evaluate the stiffness of
the solid (such as in tensile and compressive tractions
testing for example). Both E and v could deduce from
B and G as follows: E=9BG/(3B+ G)andv = (3B —
2G)/(6B + 2G) [6]. The values of G, E, and v for
B2-type Coli intermetallic compound were classified
in Table 2. They are analyzed and compared with the
measured values [1] and the theoretically calculated
data [8]. The deviations between our values for G and
E and those of Yasuda et al. [1] are around 6.3% for G
and 7.47% for E, respectively.

The Cauchy pressure defined by (Cp = C,, — Cyy) is
parameter used to inform on the ductility and brittle-
ness of a material [25]. Our achieved Cp value for CoTi
intermetallic compound was also ranked in Table 2,
with other data present in the literature [1, 8]. Materi-
als with positive Cauchy’s pressure C}, > C,4 (such as
CoT’i) have metallic bonds [8]. Else, it is related to the
ionic character. The positive values of Cp involve that
the material resists volume changes more than the
changes in shape [8]. Else, it indicates that the materi-
als more resistant to shear deformations than to vol-
ume changes. The ductile-brittle nature of the mate-
rial could be estimated using two parameters; Pois-
son’s ratio v and Pugh’s ratio (B/G). When v < (.26,
the material is brittle, otherwise it is considered as
ductile. Furthermore, material with a B/G value
greater than 1.75 is ductile, whereas material with a
B/G value less than 1.75 is brittle [24]. Our obtained
values of v and B/G of Coli are also classified in
Table 2, along with other data from the literature [1,
8]. The value (0.34) of v is greater than 0.26, that
(2.81) of B/G is higher than 1.75, hence B2-type
CoTi intermetallic compound is considered as ductile
material.

The microhardness parameter is of considerable
importance, thus because it characterizes the
mechanical properties of solid-state surfaces [27]. This
parameter is largely affected by the dislocations and
other defects containing in the solid. The Vickers
hardness Hy can be calculated from the formula:
Hy = 2(k*G)*%-3 [28, 29], with kK = G/B. Our result
for the Hy is 3.4 GPa for Coli intermetallic com-
pound. No data on B2-type CoTi Vickers hardness Hy,
could be found in the literature to make a comparison.

To assess the machinability of CoTi intermetallic
compound, a calculation using the machinability
index (U, = B/C,,) is performed. This index is one of
the most important indicators that are used to charac-
terize the bulk material [30], it evaluates the suitability
of a material for industrial applications [29]. A good
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Table 2. Mechanical moduli of CoTi, along with the exper-
imental [1] and theoretical [8] data. Experimental result
with * is obtained for (100) direction and not for the aggre-
gate material

Parameter |Cp (GPa)| G (GPa) | E (GPa) % B/G
This work 64.86 57.63 | 154.55 | 0.34 2.81
[1] 61 54 143 0.387*| 2.85
[8] 39.13 79.13 | 205.74 | 0.29 2.16

machinability of material is marked by a combination
of high tensile strength (B) to a low shear resistance
(C44) of the (100) plane along the [010] direction. Our
calculation yields a |, value of approximately 2.5 for
CoTli intermetallic compound. The machinability
level of CoTi intermetallic compound is slightly higher
than that of the perovskite Pb(Mg,;Nb,,;)O; sub-
stances and the MAX phases [29]. To analyze the
acoustic impedance (Z) for Coli intermetallic com-
pound, we have used this formula: Z = (pG)'/? [31,
32]. This quantity has been found at around 19.64 x
10° Rayl, this value is of the same order of magnitude
as that (19.24 x 10° Rayl) reported for Ti,GaB mate-
rial [31] and slightly higher than the result (17.88 X
10° Rayl) reported for Zr,GaB [32], respectively.

3.2. Thermal Properties

For various solids that crystallize in a cubic phase,
the melting point 7, correlates linearly with C}; by the
following expression: 7,, (K) = 553 (K) + 5.91C|,
(K/GPa) [29], where the C}; is in GPa. The value of
T,, for our material of interest; B2-type Col1i interme-
tallic compound is equal to 1892 K, which is larger
than the value (1763 K) of Co and slightly lower than
the value (2073 K) of Ti [33]. We think that there is no
data on T, exists in the literature for CoT1i intermetal-
lic compound. The Debye temperature 0, of material
is one of the interesting thermophysical parameters in
solid-state physics. This quantity is directly linked to
the melting temperature and specific heat [34]. Often
the O was deduced from the speed of the sound v,, as
follows [21]:

0, = E[(_W"N H/s v 2
D kB v m»

where ky denotes the constant of Boltzmann, »
denotes the number of atoms in the unit cell,
fi = h/2m, h denotes the Planck constant and finally N
denotes the number of unit cells in the volume V. The
details on the determination of v,, and 0 in cubic
crystals could be found in [34, 35]. Our calculated val-
ues of the acoustic wave velocities and 0, for B2-type
CoTi were presented in Table 3, in comparison with
the theoretical data of Acharya et al. [8].
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Table 3. Mass density p, longitudinal v;, transversal v,, and
average v,, sound velocities and Debye temperature 0, for
CoTi along other data [8]

p v, 1% 1%
Parameter ! ! m 0p (K)
(kg/m3)| (m/s) | (m/s) | (m/s) | °
This work 6695 5971 2934 3295 414.6
[8] 5091 7377 3947 4405 314.08

One can notice that the calculated value of crystal
density p (6.41 g/cm?) for the CoTi is comparable with
the experimental result (6.41 g/cm?) [1], the percent-
age deviation is around 4.26%. Likewise, it is notice-
able that our calculated value (414.6 K) of the 0, for
CoTi material is in good agreement, particularly with
the experimental results (400 K) reported by Siethoff
[2] and (387 K) reported by Wang and Luck [5],
respectively. The discrepancy between the value
(414.6 K) of 6, obtained in this work and the value
(400 K) measured experimentally by Siethoff [2] is
only around 3.52%. Our obtained value of O for
B2-type CoTi is slightly lower than the values 445 K of
Coand 420 K of Ti [36], respectively. Compared to the
half-Heusler NiMnSb, NiMnAs, NiMnSi materials
and IrMnAs compound [24], the Debye temperature
0p of Coli intermetallic compound is slightly higher
than those of NiMnSb, NiMnAs, and IrMnAs, and it
is slightly lower than that (434 K) calculated for
NiMnSi, respectively [24].

We note that the value 314.08 K of O, obtained by
Acharya et al. [8] is incorrectly calculated. If the values
of p (5091 kg/cm?) and v,, (4405 m/s) obtained by the
authors of [8] are introduced in the equation that gives
0p, we obtain a value of around 505 K, which is much
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Fig. 1. Vibrational energy Uph of CoTi intermetallic com-

pound versus temperature 7.
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different than that of 314.08 K reported by Acharya
et al. [8].

3.3. Effect of Temperature
on Thermodynamic Properties

3.3.1. Debye’s vibrational energy. Because of the
application of materials at elevated temperatures, it is
almost always an interesting effort to investigate their
behavior and the temperature dependent thermody-
namic properties [37]. From the above, it is clear that
there has been very little works including experimental
measurements and theoretical predictions on the CoTi
intermetallic compound, as well as no studies regard-
ing its thermodynamic properties have been reported.
The total internal energy of a solid is defined, in the
context of the quasi-harmonic approximation, as the
product of three discrete contributions: the electronic
energy U, resulting from the finite temperature of
electrons, the ground state energy U, and the vibra-
tional energy U, resulting from the phonons contribu-
tion. The total intern energy can be expressed mathe-
matically as follows for a given temperature (7) and
volume (V): U =U, +U, +U,, [38]. According to
[38], the vibrational energy is given as follows:

10

_1 h@, 7R

qn

where @, , denotes the phonon frequencies, N denotes
the number of cells containing the crystal, 7 denotes
the reduced Planck constant, ¢ denotes the wave-vec-
tor, M denotes the phonon mode and &y denotes the
Boltzmann constant.

The temperature dependence of the vibrational
energy Uy, of B2-type CoTi intermetallic compound is
illustrated in Fig. 1. From 0 to 50 K, U, is nearly con-
stant and decreases linearly with the augmentation
temperature from 7" > 100 K. At temperature 7 =
298 K, the vibrational energy U,, of B2-type CoTi
material was found at 15.45 kJ mol~!; this result is
almost equal to that ~15.44 kJ mol~! estimated for
B2-type YRh material [39]. We can observe that a sim-
ilar qualitative behavior was reported also for PtAsP
mixed pyrite phase [37] and for both mercury selenide
(HgSe) and cadmium selenide (CdSe) materials in the
zinc-blende phase [40].

3.3.2. Vibrational free energy. We investigate our
material of interest’s vibrational free energy F.,;, further,
which is provided by the following expression [38]:

Fup (eT) = jzh(’)ﬂ (¢:m)
g

4)
kT _(_ hoy (q,n)ﬂ
+ _N ; In {1 exp( kT A
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Fig. 2. Variation of the vibrational free energy F;, for CoTi
as a function of temperature 7

The effect of the temperature on the vibrational
free energy F,;, for B2-type CoTli material is shown in
Fig. 2. We observe that the F,;, regresses non-linearly
with the augmentation of the temperature 7. We note
also that a similar qualitative behavior was observed
for PtAsP material [37]. Due to the zero-point
motion, values F;,y and U,y are equal and do not van-
ish at zero-temperature [40]. For CoTi intermetallic
compound, F,o = U, = 6.36 kJ/mol, it is higher than
the value 4.65 kJ/mol reported for YRh rare earth
intermetallic compound [39] and the values 3.81 and
4.55 kJ/mol obtained for cubic zinc-blende HgSe
and CdSe, respectively [40]. At 7= 298 K, it is found
at around —4.91 kJ/mol for Coli compared to
—7.40 kJ/mol for YRh material [39].

3.3.3. Vibrational entropy and constant volume heat
capacity. Figure 3 displays the changes in the CoTi
material’s vibrational entropy S with temperature T
across a range of 0 to 800 K. The entropy S of B2-type
CoTi grows monotonically with temperature 7. At low
temperatures, it can be seen that as temperature 7
rises, vibrational entropy .S grows swiftly. Entropy S
was calculated at 298 K and found to be around
68.35Jmol~! K-! for the Coli compound and
76.42 J mol~! K~! for YRh [39]. It should be empha-
sized that comparable qualitative tendencies have been
documented for the cubic rock-salt scandium mono-
phosphate (ScP) entropy S versus temperature [21].

One important characteristic that indicates a solid
material’s ability to store or release heat is its heat
capacity [38]. Knowledge of the heat capacity of sub-
stance is essential for analyzing its vibrational proper-
ties and is vital for various industrial applications [38].
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Fig. 3. Entropy S of CoTi intermetallic compound versus
temperature 7.

Equation (5), provides the isochoric heat capacity
within the harmonic approximation.

o/ kT

_ ks h%(q)f 5
& Nz[ ksT (ehw)/ksr_l)z' ©)

qv

The variation of the B2-type Coli compound’s
constant volume heat capacity (Cy) as a function of
temperature 7 and pressure is shown in Fig. 4. This
figure shows that, for temperatures 7' < 400 K, the Cy,
of CoTi increases exponentially with the augmentation
of the temperature; at higher temperatures, however, it
approaches the DulLong—Petit limit, which is a prop-
erty shared by all solids at high temperatures [41—48],
resulting from the thermal energy which sufficiently
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Fig. 4. Heat capacity Cy of Col'i material versus tempera-
ture T.
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excites all phonon modes at high temperatures [41]. At
normal temperature (298 K), the B2-type Coli com-
pound’s Cy reached the value 46.61 J mol~! K=!. From
the quantitative point of view, we can observe that a
similar qualitative behavior for Cy, versus the augmen-
tation of the temperature was reported for PtPAs
material [37], Cu,ZnSnS, material [38], both mercury
selenide (HgSe) and cadmium selenide (CdSe) mate-
rials in the cubic zinc-blende phase [40], molybdenum
nitrides materials [43], cubic rock salt copper iodide
(Cul) material [44], AsTh compound in both B1 and
B2 phases [45], cubic zinc-blende silicon carbide
(3C-SiC) material [47] and for aluminum phosphide
(AIP) semiconductor [49, 50].

4. CONCLUSIONS

In the present work, we investigate the physical
properties of B2-type Coli material using first princi-
pal calculations; including elastic constants, elastic
anisotropy factor, macroscopic elastic moduli, melt-
ing point, elastic wave speed and Debye temperature.
Our calculation yielded values of Vickers hardness
H,, = 3.4 GPa, Young’s modulus £ = 154.55 GPa and
Debye temperature 0, = 414.6 K, respectively. Our
data of the elastic constants and other macroscopic
elastic moduli concord well with the values measured
experimentally existing in the literature. For instance,
our calculated values of the elastic constant C},, the
bulk modulus B and the Debye temperature 0, deviate
from the experimental results by only 0.42, 4.86 and
3.52%, respectively. Moreover, we explore the effect of
temperature on the thermodynamic properties of our
material of interest. At 7 = 298 K, our calculation
yielded value heat capacity Cy = 46.61 J mol~! K,
while at 7= 800 K, it approaches the DulLong—Petit
limit (~47.93 J mol~' K~'). To the best of our knowl-
edge, this investigation presents the first analysis of the
thermodynamic properties as a function of tempera-
ture 7" of B2-type Coli due to the non-existence of
experimental or theoretical data in the literature,
which means that these first-principles predictions at
high temperatures represent important new infor-
mation.
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