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Temperature and pressure investigation
of Hf,Ta,_,C and Zr,Nb,_,C carbide alloys

Structural mechanical and thermal properties of refractory carbides
have been investigated using the Realistic Interaction Potential Approach (RIPA)
model. The study has been extended to mixed crystals of Hf.Ta; ,C (0 <x < 1) and
ZriNb, .C (0 < x < 1) alloys and the effect of composition on structural and elastic
properties are investigated. Phase transition pressure and associated volume collapses
(AV(P,/V(0)) calculated from this approach are in good agreement with available
literature for the parent compounds (x = 0 and x = 1). The results for the mixed crystal
counter parts are also in fair agreement with experimental data generated from the
application of Vegard’s law to data for the parent compounds.

Keywords: alloy, crystal structure, phase transitions, high pressure,
elastic property.

INTRODUCTION

Refractory carbides are useful materials with numerous industrial
applications and are of great interest to the scientific community. The industrial
importance of the refractory carbides is growing rapidly, not only in the traditional
and well-established applications based on the strength and refractory nature of
these materials such as cutting tools and abrasives, but also in new and promising
fields such as electronics and optoelectronics. The refractory carbides have been
known for over one hundred years, while most of their applications are recent.
These carbides have extremely high melting points. In addition to their stability
these compounds are hard materials. Due to this property they are used in cutting
tools, wear-resistant parts and dies. Furthermore, these refractory carbides have
high electrical and thermal conductivity. These properties make these materials to
be potential candidates as hard coating and thin films for electronic devices [1-3],
and for a variety of high-temperature structural applications [4-7]. Among this
group of carbides the four carbides: ZrC, HfC, NbC and TaC have been paid more
attention in theoretical as well as experimental investigations. The melting tem-
perature of TaC is the highest among known materials and it is about 4200 °C.
Besides, these carbides are chemically very stable and have high corrosion resis-
tance [8]. Because of these interesting properties they have potential applications in
information storage technology and high power energy industry. The present
carbides crystallize in simple rock-salt (B1-type) structure at normal conditions. At
high pressure they transform from CsCl (B2-type) structure.

In spite of above studies [1-8] very less experimental studies have been at-
tempted for the present refractory carbides [9, 10]. In the progression of
experimental work Thara et al. [9] have performed the X-ray photoelectron spectra
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and electronic band structure of ZrC, HfC and TaC. Smith et al. [10] have studied
the lattice dynamics of HfC by coherent inelastic neutron scattering. Liermann et
al. [11, 12] found no phase transitions in TaCygg until 76 GPa and in NbC until
57 GPa. The X-ray diffraction patterns were recorded under pressures using
synchrotron radiation. Acchar et al. [13] have studied the properties of sintered
alumina reinforced with niobium carbide using X-ray diffraction. Recent electron
(ESCA) and X-ray emission and absorption spectra for the cubic refractory
carbides of Group IVb (TiC, ZrC, HfC) and Group Vb (VC, NbC, TaC) are
summarized [14]. Based on an interpretation of the experimental data by using self-
consistent-field calculations on free atoms and ions and supported by an
approximately self-consistent augmented-plane-wave calculation.

Furthermore, from the theoretical point of view some studies have been
reported in the literature [15-22]. Recently phase stability of various phases of MX
M =Ti, Zr; X = C, N) is examined under pressure based on first-principles
calculations of the electronic and phonon structures. The results reveal that all B1
(NaCl-type) MX structures undergo a phase transition to the B2-structures under
high pressure in agreement with the previous total-energy calculations by
Ivashchenko et al. [15]. Amriou et al. [16] have studied electronic structure and
bonding mechanism of NbC by means of accurate first principle total energy
calculations using FP-LAPW. Vanderbilt et al. [17] have studied the elastic
properties of cubic ZrC under high pressure by ab initio plane-wave pseudo po-
tential density function theory (DFT) method together with local density ap-
proximation (LDA). Shrivastava et al. [18] reported the high pressure phase
transitions in carbides of Ti, Hf, V, Nb and Ta by using the first principle density
functional approach.

Moreover, keeping in mind various properties of present carbides like high
melting point the mixed carbides show different behavior. The melting points of
the mixed-metal carbides outperform those of the pure-metal carbides. The higher
melting points in the mixed-metal carbides were attributed to composition changes
due to the selective evaporation of carbon during melting. Mixed-metal carbides
have been examined for their melting point and hot-hardness behavior as well [19].
In order to study the alloys of carbide, the first principle calculations on the
electronic structure have been performed on alloys TiC,N,,, Zr,Nb,,C, and
HfC,N, . [20]. Farkas et al. [21] investigated the thermodynamic analysis of
carbide precipitates in a niobium-zirconium carbon alloy. This examination of the
free energies of the formation of different carbide phases, their evolution and
stability at the high temperatures, and a comparison with experimental analysis was
made. Sun Xiao-Wei et al. [22] have investigated the structural, elastic, electronic,
and thermodynamic properties of Zr,Nb,_,C alloys using the first principles method
based on the density functional theory. The modelling for transition metal
compounds is not an easy task. To understand the nature of interatomic forces in
the present compounds, the role of phenomenological models is significant. The
phenomenological models based on various interatomic interaction energies are
used to determine stable structure and mechanical properties. Furthermore, the
phenomenological lattice models have been established very successful in attaining
qualitative and quantitative understanding. Also the reported theoretical
calculations based on the density functional theory have not considered the van-der
Waals interactions. To the best of our knowledge no model calculations including
temperature and covalence effect are reported for the alloy of Zr, Nb, Hf, and Ta
carbides..
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For the most part the available literature reports about pressure by taking
temperature as 7 = 0 K. None of the studies we found about carbides addresses the
progress of their structural, elastic, and thermophysical properties at high
temperatures using model calculations. At the same time experimental
measurements are performed at room temperature. To make the study realistic, it
should be performed by taking temperature effects. To accomplish this gap we are
including the role of temperature in the present investigation. It is distinguished
that the refractory metal carbides are highly covalent due to the presence of two
electrons in the outer most orbits. We therefore apply a Modified Interaction
Potential Model, which includes the covalence and temperature effect in the poten-
tial model.

This paper supplies an inventive study of structural, mechanical, and thermal
properties of ZrC, HfC, NbC, and TaC using the Realistic Interaction Potential
Approach (RIPA) model. Different properties of the alloy of carbides of Zr, Nb,
Hf, and Ta at room and high temperatures have been calculated successfully. In the
following sections we represent the present model and calculation, the results
obtained for present carbides.

PRESENT MODEL AND CALCULATION

A change in the volume of the crystal occurs after applying the pressure and it
revises the charges distribution of the electron shells accordingly. Due to this
reason, a deformation of the overlapping electron shells of the adjacent ions takes
place which leads to an increased charge transfer (or three body interaction (TBI)
[23]). This interaction becomes more important to consider due to the decrease in
inter-ionic spacing of the lattice crystal when pressure gets increased and when
anions experience adequate overlap.

The effect of this charge transfer is introduced in the expressions of Gibbs free
energy (G = U + pV — TS), in order to obtain the stability condition for a crystal
structure. Here, U is the internal energy, which at 7 = 0 K is equivalent to the
lattice energy, p is the pressure, V' is the volume, and S is the entropy.

The Gibbs free energies for rock-salt (NaCl, B1) and caesium-chloride (CsCl,
B2) structures at room temperature 7= 300 K are given by

Gy (r)=Ug(r)+ pVp (1) =TS ; (1

Gy (r")=Upy (') + pVi, (') = TS, . (2)

With Vg = 2.007° and Vey = 1.547" as unit cell volumes S| and S, are the
entropies for B1 and B2 phases, respectively. In fact the condition for a transition is
that the difference in free energy between two phases should approach zero:

AG=AH —-TAS . 3)

The first terms in (2) and (3) are lattice energies for B1 and B2 structures and
they are expressed as

Ug (M) =Uc(r)+Urg(r) +U g (r) +Uyp(r); 4
Ugy (r)=Uc(r') + Urg () + Uy () + Uy () - Q)

Here Uc stands for the long range Coulomb energy, Urg; for three body
interactions corresponding to the nearest neighbor separation, U,qw for van der
Waals’ interaction and Uyr for the energy due to the overlap repulsion represented
by Hafemeister and Flygare (HF) type potential [24], and extended up to the
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second neighbor ions. These contributions can be calculated using the following
expressions:
for B1 structure,
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In the above expressions o,, and o', are the Madelung constants for B1 and B2
structures, respectively. C (C") and D (D') are the overall van der Waals coeffi-
cients of B1 (B2) phases [25, 26], B; (i, j = 1, 2) are the Pauling coefficients
defined as B;= 1 + (Z/n;) + (Z/n)) with Z; (Z), and n; (n;) are the valence and the
number of electrons of the i (j)th ion. Ze is the ionic charge and b (p) are the
hardness (range) parameters, 7 (') are the nearest neighbor separations for B1 (B2)
structure, f,,(r) is the modified three body force parameter, which includes the
covalency effect with three body interaction, ; (r;) are the ionic radii of ions i (j).

The covalency effects have been included in three-body interaction parameter
in the second terms of lattice energies given by equations (1) and (2) [27, 28]. The
modified three body parameter f,,(r) can be obtained using the following steps:

S () = Frp (M) + foon (1), (6)
where the unmodified three body parameter, frgi(7), is determined by the equation

Srei(r) = foe P,

where f; is a constant. Here p is the range parameter. The f{r) due to covalency f.ov
is given by

4V2spc€2 .
f;:ov(r)z—3’
r 4
VSIZ,G 1- e:
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r
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With the Vg, as the transfer matrix between the outer most p orbital of anion
and lowest excited state of cation, E, is the transfer energy of electron from anion
to cation. (In the equation of £, a is the ionic polarizability). By denoting the static
and optical dielectric constants, g, and €, respectively and the transverse optical
phonon frequency at the zone centre by ®,, e, represented as

2 _ 9wy (8o —¢..)

(e 4nN(e, +2)
and (3
(e,)° _ 9vpoog(ey —€..)

& dnePle.+2)

where v denotes the unit cell volume: 2/, r is the equilibrium value of the sepa-
ration of the nearest neighboring ions, € is the static dielectric constants, p is the
reduced mass of the ions, and ®, is the infrared dispersion frequency.

Now the entropy differences in the last term of Egs. (1) and (2) can be
calculated from the relation used by our earlier work [29]:

2
5i-5,=[| 97| ©)
1

here, 1 and 2 stands for the B1 and B2 phases, C; and C; are the specific heats of
the two phases at constant pressure and their values can be calculated by the
knowledge of Gruneisen parameter y and linear isothermal temperature coefficients

B as

C =

i (10)

BV,B},
Yi ’

here, Gruneisen parameter y can be calculated by the well known formula as fol-
lows [28]

. | 1
L TS YORES) (h

From the knowledge of the Ilattice energy and the following equilibrium
conditions three model parameters b (hardness), p (range) and f,,(») (modified three
body force parameter) have been derived [27-29]

du

== =0, 12
{w}mb (12)

and the bulk modulus
2
LA (13)
%y | dr*
r=n

where £ is the crystal structure dependent constant and r is the lattice constant.
According to the virtual crystal approximation (VCA) [30], the mixed crystals

are regarded as any array of average ions whose masses, force constants, and effec-

tive charges are considered to scale linearity with concentration x. The measured
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data on the lattice constants in Hf,Ta; ,C and Zr,Nb, ,C have shown that they vary
linearly with the composition x, and hence they follow Vegard’s law

a(4:B1.C) = (1 — x)a(AC) + xa(BC). (14)

The values of these model parameters are the same for end point members. The
values of these parameters for their mixed crystal components have been
determined from the application of Vegard’s law to the corresponding measured
data for AC and BC. It is instructive to point that the mixed crystals, according to
the virtual crystal approximation, are regarded as an array of average ions whose
masses, force constants, and effective charges are considered to scale linearity with
concentration. It is convenient to find the three parameters for both binary com-
pounds. Furthermore, we assume that these parameters vary linearly with x and
hence follow Vegard’s law

b(4,B1.,C) = (1 — x)b(AC) + xb(BC); (15)

p(4:B1..C) = (1 = x)p(4C) + xp(BC); (16)

f)(A4:B1.C) = (1 = x)fir)(AC) + xfr)(BC). (17)
RESULT AND DISCUSSION

Structural properties

After applying the minimization technique to Ggi(7) and Ggy(#), we have ob-
tained inter ionic separations » and #’, for B1 and B2 phases, respectively at differ-
ent pressures. We have evaluated the corresponding Gibbs free energy differences
AG = (Gg1(r) — Gpa(r")). The pressure at which AG approaches zero is the phase
transition pressure p;, The change in minimized Gibbs free energy of both the
phases has been plotted with pressure in Fig. 1 and 2 for Hf,Ta, ,C and Zr,Nb,_,C,
respectively. The plot represents the variation of Gibbs free energy change at
different concentration x. We have plotted the variation of transition pressures with
composition x in Fig. 3 and compared with their theoretical and pseudo-theoretical
values (interpolated from the others theoretical values of the two end crystals) [31].
It is obvious from Fig. 3 that composition dependence of the transition pressure
obtained presently is in close agreement with their theoretical values. The values of
p, at different compositions have been obtained from the linear interpolation
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—25F CsCl-phase

0 20 40 60 80 100
Pressure, GPa
Fig. 1. Gibbs free energy with the variations of pressure for alloy Hf,Ta, ,C: x = 0 (1), 0.25 (2),
0.5 (3), 0.75 (4), 1.0 (3).
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Fig. 2. Gibbs free energy with the variations of pressure for alloy Zr,Nb, ,C: x =0 (7), 0.25 (2),
0.5 (3), 0.75 (4), 1.0 (9).
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Fig. 3. Variation of phase transition with concentration x for alloys Hf,Ta,_,C (/, 2) and ZrNb;_.C
(3, 4): present (1, 3), others (2, 4).

between the transition pressures of the two end crystals. To study the phase
transition at high temperatures, we have plotted the calculated values of phase
transition pressures at different temperatures in Fig. 4. It is clearly seen from this
figure that there is a linear decrease of p, occur with high temperature. So, we can
decrease phase transition pressure by applying temperature.
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Fig. 4. Variation of phase transition with temperature for the parent compounds ZrC (1), TaC (2),
NbC (3), and HfC (4).
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Phase transition pressures are associated with a sudden collapse in volume. The
values of relative volume have been reported in Table 1. These results have been
compared with other data at different concentrations [31]. Relative volumes
AV(p)/V(0) for different concentrations have been plotted against pressure for
Hf,Ta; ,C and Zr,Nb;,C in Figs. 5 and 6. The values of volume collapses
AV(p,)/V(0) obtained from present calculation are plotted with the variation of
concentration x. At each concentration there is a sudden collapse in volume at the
transition pressure.

Table 1. Phase transition and volume change of Hf,Ta,_,C and Zr,Nb,_,C
alloys at T=300 K

Alloy Phase transition pressure, GPa Volume collapse, %
and concentration x present | others present | others
Hf,Ta,C
0 93 96° 7.8 7.6°
0.25 91.25 93.25% 7.6 7.4
0.50 89.5 90.50%" 7.4 7.2
0.75 87.75 87.75* 7.2 7.0
1.0 86 85° 7.0 6.8
Zr Nb,_C
0 98 99° 7.1 5.6°
0.25 96 98.75" 7.625 6.45"
0.50 94 98.50%" 8.15 7.30%
0.75 92 98.25" 8.675 8.15"
1.0 90 98° 9.2 9.0°

a —ref. [31], a* — pseudo-theoretical values (interpolated from the others theoretical values of the
two end crystals).
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Relative volume change, %

o
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=
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0 20 40 60 80 100 120

Pressure, GPa
Fig. 5. Variation of relative volume (%) with pressure at different concentration x for alloy

Hf,Ta, .C: x=0 (1), 0.25 (2), 0.5 (3), 0.75 (4), 1.0 (5).

Figures 7 and 8 show the variation of the calculated equilibrium lattice constant
and as a function of concentrations x for Hf,Ta, ,C and Zr,Nb, ,C alloys. The ob-
tained results for the composition dependence of the calculated equilibrium lattice
parameter exhibit an agreement with experimental [32] and theoretical results [8,
33]. In going from TaC to HfC and ZrC to NbC, when the Hf and Nb content in-
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creases, the values of the lattice parameters of the Hf\Ta, .C and Zr,Nb, ,C alloys
increase. From Table 2 and Figs. 7 and 8 our results follow the tendency demon-
strated by both experimental measurement and theoretical calculations. Usually, in
the treatment of alloys where the experimental data are rare, it is assumed that the
atoms are located at the ideal lattice sites and the lattice constant varies linearly
with concentrations x according to the Vegard’s law.
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Fig. 6. Variation of relative volume (%) with pressure at different concentration x for alloy
ZrNb; ,C:x=0 (1), 0.25(2), 0.5 (3), 0.75 (4), 1.0 (5).
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Table 2. Lattice constant and bulk modulus of Hf,Ta,_,C and Zr,Nb,_,C
alloys at T=300 K

Alloy Lattice constant, A Bulk modulus, GPa
and conientratlon present er)T(]r;enrtl— others | present e:;r;er:- others
Hf.Ta,_.C
0 4.430 4.456° 4.47° 326 345° 324
0.25 4.478 4501 4515 304.5 324.5 302.5"
0.50 4527 4547 4.560" 283 304 281%
0.75 4575 4593 4.605" 261.5 283.5 259.5%
1.0 4.624 4.639° 4.651° 240 263° 238°
ZrNb_.C
0 4.465 4471°  4476° 33333 331 301°
0.25 4.513 4526 4531 304.66 - 281.25"
0.50 4561 4581 4587  275.99 - 261.5"
0.75 4.609 4636 4643 24732 - 241.75
1.0 4.658 4.692° 4.699° 218.66 - 222°

a—ref .[32], b —ref. [8], ¢ —ref. [33], a* — pseudo-theoretical values (interpolated from the other
theoretical values of the two end crystals, b* and c¢* — pseudo-experimental values (interpolated
from the other experimental values of the two end crystals.

Elastic properties

In order to calculate the modulus of elasticity for present carbides and their
alloys were determined using RIPA model and application of Vegard’s law. The
calculated values of second order elastic constants C;;, C;, and Cy have been
reported in Tables 3 and 4 for Hf,Ta; ,C and Zr,Nb, ,C, respectively. At different
concentrations our values have been compared with available experimental [34]
and other theoretical results [22]. It is clear from both Tables that our results are in
general in good agreement with available experimental results. The values we cal-
culated are approximately in agreement with other theoretical calculations and
experimental data for x = 0. Present approach follows the tendency demonstrated
by both experimental measurement and theoretical calculations. The formulas used
for calculation are given in Appendix.

The hardness of a material can be determined by using the bulk modulus. The
isotropic bulk modulus of a cubic crystal is given by
), +2C, . (18)

3

The calculated values of bulk modulus have been reported in Table 2 along with
the comparisons with both experimental measurement and theoretical calculations
at different concentrations. It is clearly seen from this Table that the value of bulk
modulus linearly with concentration x. This trend shows similar behavior with
others and experimental results.

The shear modulus G can be defined by the following equation:

G =@, (19)
where Gy = (2C + 3C44)/5, Gp= 15(6/C + 9/C44)7l, C= (CU — Clz)/z, Gy is the
Voigt shear modulus and Gy, is the Reuss shear modulus.

B=
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Table 3. Elastic constants C; (GPa) of Hf,Ta,_,C alloys at T =300 K

Concentra- C”_ Crz Cas
. experi-
tion x present ment others present others present others
0 526 550? 694° 226 127° 116 127°
0.1 521.7 545° 670.01% 215.3 122.95% 109.1 122.95
0.2 517.4 540° 646.02% 204.6 118.9" 102.2 118.9"
0.3 513.1 5358 622.03"" 193.9 114.85" 98.3 114.85"
0.4 508.8 530° 598.04% 183.2 110.8% 88.4 110.8"
0.5 504.5 525° 574.05% 172.5 106.75"* 81.5 106.75"
0.6 500.2 520°  550.06"" 161.8 102.7% 74.6 102.7°
0.7 495.9 515° 526.07" 151.1 98.65" 67.7 98.65"
0.8 491.6 510° 502.08" 140.4 94.6"" 60.8 94.6"
0.9 4873 505 478.09"" 129.7 90.55" 53.9 90.55""
1.0 483 500° 454.1° 119 86.5° 47 86.5°

a —ref. [34], b — ref. [31], a — pseudo-theoretical values (interpolated from the other theoretical
values of the two end crystals), b* — pseudo-experimental values (interpolated from the other
experimental values of the two end crystals).

Table 4. Elastic constants C; (GPa) of Zr,Nb,_,C alloys at T=300 K

Con- C11 Ci2 Cus
. . experi-
centra- experi- experi-
tion x present ment others | present ment others | present | ment | others
0 614 620° 667 193 200° 117> 146 150° 168"

0.1 598.8 605 646 1834 190 124 1465 151 179"
02 5836 590 661" 1738 180% 11> 1470 152 181%™
03 5684 575" 627" 1642 170 122 1475 153 179"
04 5532 560 616>  154.6 160 118% 148.0 154 187"
0.5 5380 545 601"  145.0 150 116" 1485 155 186"
0.6 5228 530" 570" 1354 140 119°" 1490 156 187"
0.7 507.6 515 550 1258 130 115 1495 157 190"
0.8 4924 500 531"  116.2 120 109" 150.0 158 185"
0.9 4772 485" 496"  106.6 110 107°" 1505 159* 172"
1.0 462 470° 458° 97 100° 104° 151 160°  152°

a —ref. [34], b — ref. [22], a* — pseudo-theoretical values (interpolated from the other theoretical
values of the two end crystals), b* — pseudo-expeimental values (interpolated from the other
experimental values of the two end crystals).

We have also calculated the Young modulus Y, which is related to the bulk
modulus B and the shear modulus G by the following equation:

Y=9BG(3B+G). (20)

We have calculated the elastic anisotropic parameter and Poisson ratio ¢ of
present compounds, using the following relations:
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2Cy

Cll_Clz ’
_3B-2G
6B+2G

e2y)

(22)

For an ideal isotropic system, 4 is unity and deviation from unity measures the
amount of elastic anisotropy. The Young’s modulus Y and Poisson’s ratio ¢ are
very important properties for industrial applications. The Young’s modulus Y, the
ratio of the tensile stress to the corresponding tensile strain, is required to provide

information about the measure of the stiffness of the solids. All these calculated

moduli are listed in Tables 5 and 6 for Hf,Ta; ,C (0 <x <1) and Zr,Nb; ,C (0 <x <
1) alloys respectively. It is obvious from these Tables that when we go from TaC to
HfC the values of G and Y increase with concentration while values of ¢ decrease
with concentration. Furthermore, when we go from NbC to ZrC the values of G, Y
and o decrease with concentration.

Table 5. Shear modulus G, Young’s modulus Y, and Poisson’ ratio o
of Hf,Ta;_,C alloy at T=300 K

Concentration x G, GPa Y, GPa g
present present present
0 129.6 343.30 0.320
0.1 134.72 352.32 0.307
0.2 139.84 361.34 0.294
0.3 144.96 370.36 0.281
0.4 150.08 379.39 0.268
0.5 155.20 388.41 0.255
0.6 160.32 397.43 0.242
0.7 165.44 406.46 0.229
0.8 170.56 415.48 0.216
0.9 175.68 424.50 0.203
1.0 180.8 433.53 0.190

Table 6. Shear modulus G, Young’s modulus Y and Poisson’ ratio o
of Zr,Nb,_,C alloy at T=300 K

Concentration x G, GPa Y, GPa g

present | others present | others present | others
0 171.8 205° 439.83 632° 0.280 0.15°
0.1 170.98 209 435.12 606%" 0.272 0.16"
0.2 170.16 214" 430.42 629 0.264 0.14"
0.3 169.34 205 425.72 587" 0.256 0.16"
0.4 168.52 210" 421.02 578" 0.248 0.16"
0.5 167.7 207" 416.32 563" 0.240 0.16"
0.6 166.88 202 411.62 520" 0.232 0.17*
0.7 166.06 200 406.92 510% 0.224 0.17"
0.8 165.24 195" 402.22 494 0.216 0.17"
0.9 164.42 181 397.52 459 208 0.18"
1.0 163.6 162° 392.82 420° 0.200 0.19°

a—ref. [22], a* — pseudo-theoretical values (interpolated from the others theoretical values of the

two end crystals).
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CONCLUSION

The structural and elastic properties of Hf,Ta; ,C (0 <x < 1) and Zr,Nb, ,C (0 <
x < 1) alloys are systematically investigated using the virtual crystal approximation
and the results are compared with experimental and theoretical results. Our
calculated lattice constants of present compounds are in good agreement with the
experimental data. Present Realistic Interaction Potential Approach (RIPA) model
successfully studied the theoretical calculations at room temperature and not at 7 =
0 K. To obtain better theoretical results as compared with experiments we have
taken here the temperature effect along with covalency effect in pressure induced
theoretical calculations. Such a way, different properties of the alloy of carbides of
Zr, Nb, Hf, and Ta at room and high temperatures have been calculated effectively.

Authors are thankful to Department of Science & Technology (DST), New
Delhi for the financial support to this work. One of the authors (PB) is grateful to
Department of Science & Technology (DST), New Delhi for, awarding WOS-‘A’
(Grant No. SR/WOS-A/PS-17/2013).

APPENDIX

The expressions for the second order elastic constants (SOECs), pressure
derivatives of SOECs and third order elastic constants are expressed [29] for NaCl
(B)) as follows:

Cy, = (€*14aM)[=5.112Z(Z +12f,,(r)) + 4 + (4, + B,)/ 2+ 9.3204zaf, ()] 5(A.1)
Cy, =(e*/4a*)[0.226Z(Z +12f, () — B, + (4, — 5B,)/ 4 +9.3204 zaf . (r)];(A.2)
C,, = (e /4aM)[2.556Z(Z +12f,,(r) - B, + (4, +3B,)/4]. (A.3)

The pressure derivatives of bulk modulus have been computed, whose
expressions are as follows:

dB__ i 13.980Z(Z +12f,,(r)) + C, =34, + C, — 34, —
dp —167.7648zaf.,(r) + 41.9420za £, (r)]

Q=-2330Z(Z +12.f, () + 4, + A, +21.9612 zaf . (r) . (A.5)

The values of 4;, B;, and C; (i = 1, 2) have been evaluated from the knowledge
of b, p and vdW coefficients. These parameters are defined as follows:

; (A4)

4 =L{d % (V)} : (A.6)
dr? .
BI{ Ld¢ (r)} ; (A7)
rodr .
4 L{dcp G d¢2<r>} | As)
dr? dr o
_ do;* ), do’' (r) .
Br=- r{ dr dr }:k ’ (A9
A?
C=" (A.10)

where, SR potential energies are
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vi+r, —r C. D;
05" (r) = by exp| ——— |- —F——; (A.11)
] r r
r r

2r —k C. D.
05 (N =bB, exp[—r" r] - (A.13)
: ’ p

6 8
r r

where, L = 2V/e* (V/ez) for NaCl (CsCl) structures, respectively, here, V = 2

(1.547°) is the unit cell volume for NaCl (CsCl) structure, e is the amount of

electronic charge.

Hocniosceno cmpykmypri, MexauiuHi ma menaioei 61acmueoCmi my20niaeKux
KapOidig 3 BUKOPUCMAHHAM MOOeNi OICHO20 THMEPAKMUBHO20 NOMEHYIATLHO20 HAOIUNCEHHS.
Jocnioxcenns oyno nowupeno na smiwani kpucmanu cnaagie Hf.Ta; .C (0 <x <1) i Zr.Nb; ,.C (0 <
x < 1), docnioxcerno énaus cknady na cmpykmyphi i npysichi éracmusocmi. Tuck gpasu nepexody i
noe’asani 3 num 06 emni konancu (AV(Py/V(0)), pospaxosani 3a maxozo nioxoody, dobpe y3200-
JHCYIOMBCA 3 HAAGHUMU 6 Aimepamypi Ona euxionux cnoayk (x = 0 i x = 1). Pe3ynomamu 014
SMIUAHO20 KPUCMATY NPOMULEHCHUX YACMUH MAKOHC 3A008IILHO Y3200HCYIOMbCA 3 eKChepu-
MEHMANHUMY OAHUMU, OMPUMAHUMU HA OCHOBI 3ACMOCY8aHHs 3aKOHY Becapoa 00 Oanux eu-
XIOHUX CHOTIYK.

Kniouosi cnosa: cnias, kpucmaniuna cmpykmypa, ¢azoei nepexoou, suco-
KUl MUCK, NPYICHI 61ACMUBOCI.

Hccneoosanvl cmpykmypHble, MexaHuyecKue i menioeble Ceoucmed myzo-
NAABKUX KaApOUO08 C UCHONb308AHUEM MOOENU OeUCmBUMENbHO20 UHMEPAKMUBHO20 NOMEHYU-
anvrozo npubaudxcenus. Hccneoosanue OblI0 pacnpocmpaneHo Ha CMewlaHHvle KpUcmaiivl
cnaasos Hf.Ta; ,C (0 <x < 1) u ZriNb; ,C (0 < x < 1), uccnedosano euusHue cocmasa Ha
cmpyKkmypHvle u ynpyeue ceoiicmea. [lasnenue ghasvl nepexoda u céa3anHvle ¢ HUM 0ObeMHble
konaancel  (AV(Py/V(0)), paccuumannvie us maxo20 nooxooa, Xopouio Co21aAcyromcs. ¢ uMero-
weticsa 6 aumepamype OaHHbLIMU 0I5l UCXOOHBIX coeOunenutl (x = 0 u x = 1). Pesyromamul 01
CMEWAHHO20 KPUCMALA NPOMUBONONONCHBIX YaAcmell makdice Y0081emeoPUMenbHO COAACYIOm-
€Al ¢ IKCNEPUMEHMATbHOIMU OAHHBIMU, NOTYYEHHLIMU HA OCHO8e NpumMeHeHus 3akona Beeapoa k
OaHHBIM 0151 UCXOOHBIX COEOUHEHUII.

Knroueswvie cnosa: cnnas, kpucmaniuieckas cmpykmypa, gaszoevie nepexo-
0bl, 8bICOKOE OaslieHue, ynpyaue coucmada.
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