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Abstract: The structure, stability and elastic properties of di-transition-metal carbides Ti,V,,C were investigated by using the
first-principles with a pseudopotential plane-waves method. The results show that the equilibrium lattice constants of Ti,V,,C show
a nearly linear reduction with increasing addition of V. The elastic properties of Ti,V,,C are varied by doping with V. The bulk
modulus of Tig sV, sC is larger than that of pure TiC, as well as Tiy sV, sC has the largest Cyy among Ti,V,,C (0<x<1), indicating that
TipsVo.sC has higher hardness than pure TiC. However, Ti 5V sC presents brittleness based on the analysis of ductile/brittle behavior.
The Tiy5Vo sC carbide has the lowest formation energy, indicating that Tiy sV, sC is more stable than all other alloys.
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1 Introduction

TiC exhibits excellent properties of high strength,
high hardness and good chemical and thermal stabilities,
which has been received interest worldwide as

reinforcement in metal matrix composites (MMCs) [1-2].

In our previous studies, TiC carbide was in situ
synthesized from Fe-Ti30 alloy and graphite to fabricate
TiC/Fe composite surface coating [3]. It was found that
the wear properties of the composite coatings were
improved significantly. However, the volume fraction of
TiC is limited because the content of Ti is only
25%—-35% (mass fraction) for Fe-Ti30. To increase
volume fraction of carbide, vanadium elements were
added into raw materials to form TiC and VC type
carbide. The results showed that besides TiC and VC
carbides, a few of (Ti, V)C were found in the coating [4].
However, a limited investigation of the mechanical
properties of this carbide was updated in the literature.

It is well-known that mechanical properties of
carbides result from their elastic properties, specifically,
the elastic behavior of carbides is controlled primarily by
the strength of atomic bonds. Therefore, when other

alloying elements are added into raw materials to form
complex carbides, the structure and properties of TiC
will be changed, thus it is necessary to clarify the effects
of these alloying elements on TiC. ZHOU et al [5]
applied the first-principles to investigating the elastic
properties and electronic structures of Cr doped Fe;C
carbides. RAMASUBRAMANIAN et al [6] have
investigated elastic and thermodynamical properties of
Ti,..Zr,C using Ab initio method. MAOUCHE et al [7]
have analyzed the stability of Tiy Zr,C, Ti;, Hf.C and
Hf,,Zr,C by the first-principles method. Those
researches showed that the properties and stability of TiC
carbides were affected by doping an appropriate amount
of element.

In this work, the lattice constants, formation energy
and elastic constants of Ti,V,-,C (x=0—1) were calculated
by the first principles calculation. The effect of vanadium
on the structure stability and elastic properties of TiC
was also investigated.

2 Calculation method and crystal structure

In this study, the first-principles calculations based
on the pseudopotential plane-wave within the density
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functional theory (DFT) were performed by using the
Cambridge Serial Total Energy Package (CASTEP).
Ultrasoft pseudopotentials were used to represent the
electrostatic interaction between valence electrons and
ionic cores. The generalized gradient approximation
(GGA) [8] is made for electronic exchange-correlation
potential energy. After a series tests, the cut-off energies
were all set at 380 eV for these compounds. And the
Brillouin zone sampling was carried using the 8x8x8§ set
of Monkhorst-Pack mesh. Each calculation was
converged when the maximum force on the atom was
below 0.01 eV/A and the maximum displacement
between cycles was below 5.0x10™* A. The maximum
strain used in the total energy fitting to derive elastic
moduli was within 1%. Atomic positions were relaxed
and optimized with a density mixing scheme using the
conjugate gradient (CG) method.

The calculated energies cannot be directly used to
compare the stability. In fact, the stability of one
composition with respect to the other depends on its
formation energy. A standard method to access the
relative stability of the multiple carbides is to calculate
the formation energy, which is defined as the energy
difference between the alloy and the weighed sum of
constituents [9]:

AEw(Ti, V1, C)=E o(Ti, V1 .C)—x Eio(TiC)—
(1=x)Ex(VC) (1)

where Er(Ti, V,-,C) is the formation energy of Ti,V,_,C;
E(TiC) and E(VC) are the total formation energies of
TiC and VC, respectively. All formation energies were
calculated relatively to bulk energies and the stabilities of
compounds were analyzed using their formation
energies.

To access the elastic properties of Ti,V,,C, the
elastic stiffness was calculated. It can be obtained by
calculating the stresses when small strains are applied to
each relax structure. Elastic strain energy U is calculated
as [10]

AE 1 &8
U=s—==> > Cyse; @)
Vo 2333

where AE is the energy difference; ¥, is the original
volume; Cj; is the elastic constant; & and ¢; are strains.
Therefore, the energy difference between unformed and
deformed sample was firstly calculated to obtain elastic
strain energy, then, the elastic constants were obtained.
To calculate the elastic constant, the ground state
structure is strained according to symmetry-dependent
strain patterns with varying amplitudes and a subsequent
computing of the stress tensor after a re-optimization of
the internal structure parameters. Since any symmetry
present in the structure may make some of these
components equal and others may be fixed at zero. Thus,

cubic TiC crystal has only three different symmetry
elements (Cy;, Cj; and Cy4), each of which represents
three equal elastic constants (C;=Cx»n=Cj33; C1,=Cy3=Cs;
C44:C55:C66)-

The bulk modulus (B) is the ratio of the change in
pressure acting on a volume to the fractional change in
volume. It describes the response of material to uniform
pressure, which is related to the elastic constants by the
relation [10]:

1
BZE(CII +2C)) 3)

The shear modulus (G) is defined as the ratio of
shear stress to the shear strain. It is related to the elastic
constants by the following equation [11]:

1
G:E(GV+GR) 4
where
1
Gy :g(2C44 +C —Cp) (%)

GR — 5C44(C11 _Clz) (6)
4Cy +3(C - Cyy)

The elastic modulus (E) is a measure of the stiffness
of a given materials. The elastic modulus is related to the
elastic constants by the following expression [11]:

Ee 9BG )
3B+G

3 Results and discussion

Geometry optimization of lattice constants for
Ti,V,,C was carried out. The bulk modulus, shear
modulus (G) and elastic modulus (E) of Ti,V,.,C have
been calculated using the optimized lattice constants.
The calculated results of lattice constants and elastic
parameters of TiC are given in Table 1. It can be seen
that the present theoretical equilibrium lattice constant of
TiC is 4.34303 A. This value is close to 4.33 A obtained
experimentally by AHUJA et al [12]. The difference
between theoretical and experimental equilibrium lattices
is about 0.3%. The other theoretical calculation and
experimental results of elastic parameters for TiC are
also listed in Table 1. It can be found that the present
calculations of elastic parameters for TiC show good
agreement with the experimental values and other DFT
[12—17].

Figure 1 shows the effect of substitutional element
of vanadium on the equilibrium lattice constant. It can be
found that the lattice constant of TiC shrinks with the
addition of V. The main reason is that the atomic radius
of vanadium (=0.192 5 nm) is smaller than that of
titanium (#=0.20 nm) and the lattice parameter of TiC
with V dissolution is decreased.
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Table 1 Structural equilibrium parameters and elastic stiffness coefficients for TiC

Item alA C11/GPa C1,/GPa C4y/GPa B/GPa E/GPa G/GPa
Present 4.3430 31 472.5 108.9 172.4 230.1 431.7 176.1
Experiment 4.33112] 513 [13] 106 [13] 178 [13] 233 [16—17] 448 [16] 188 [16]
527 [14 112 [14 159 [14 250 [14 429 [14 177 [14
Calculation — 4.3428 [14] 472) [[15]]’ 97 [[15]] ’ 1697 [[15]]’ 221 [[15]]’ 4195 [[15]]’ 17775 [[15]]’
4.40 G, B and E, it indicates that the G, B and E of Ti, V,,C
(0<x<1) are higher than pure TiC, which implies that
4.35¢ addition of V has a potential to increase the hardness of
o< TiC. Furthermore, in general, there exists B>Cy>G for
S 430 o - :
o transition-metal carbides in the rocksalt structure.
i 4251 However, our calculation showed that B>G>C,4, which
§ indicates that shear modulus Cj4 is the main constraint on
8 420F stability. It can be found from Fig. 2 that Tij sV, sC has
§ the largest Cys among Ti,V,,C (0<x<l), indicating that
4.15F Tig5Vo.sC has higher hardness than pure TiC.
On the other hand, the ductile or brittle behavior of
4'100 0.125 0_150 0.175 1.00 carbide is one of the important mechanical properties for
x(V)/% ceramic phase. There existed two empirical criteria

Fig. 1 Calculated equilibrium lattice constant for Ti,V,.,C

The mechanical stability of the crystal implies that
the strain energy must be positive. Thus, for a cubic
crystal, the elastic stability criteria at ambient condition
are given by the following equation:

C1>0, Cy>0, C1+2C >0, (C1—C12)>0 and C,<B<Cy,
(®)
In the present study, the -calculated elastic
coefficient Cyy, Ci» and Cy, B, G and E of Ti,V,_,C are
shown in Fig. 2. It can be observed that Cj;, Cu,
(C;1—Cyp) and (Cy1+2Cy,) are greater than zero; and
C1,<B<Cjy,, This indicates that our results satisfy all the
criteria for a cubic crystal. In addition, generally
speaking, the larger the moduli are, the higher the
hardness of the materials should be. From the calculated
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Fig. 2 Elastic stiffness coefficients and bulk modulus of
Ti,V,.,C as function of vanadium content

available to assess ductile/brittle behavior of materials.
One is Pugh’s criterion [18]; another is the Cauchy
pressure criterion [19]. The former involves the G/B, in
which the material is predicated to behave in a ductile
manner when G/B is less 0.5; otherwise, it is expected to
behave in a brittle manner. The latter involves Cauchy
pressure (Ci1;—Cys), which deems that the more negative
the (Cj,—Cyy4) is, the more brittle the material is. Figure 3
shows the calculated G/B and (C;;—Cyy) as a function of
the titanium content. It can be seen that G/B is slightly
increased from 0.765 5 of TiC to 0.809 4 of Tiy5V,sC,
but G/B decreases when added V is over 0.5%(mole
fraction) in TiC, indicating that V slightly promotes
brittleness when V is less 0.5%(mole fraction). This
result can also be confirmed via (C;;—Cy) Cauchy
pressure criterion. From our calculation, the (Cy,—Cy4) of
TiC and Tiy 5V, sC is —63.470 5 and —76.903 8, respectively.
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Fig. 3 Calculated G/B and Cauchy presser (Cj,—Cy) of
Ti,V,.C as function of vanadium content
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This indicates that the hardness of Ti,V,,C increases
with increasing V content when x is less 0.5% (mole
fraction), but the brittleness is increased.

In general, the alloying atom is energetically
unfavorable and will not occur when the difference in
formation energy between the ternary alloy and the
binary systems is positive. However, when the formation
energy is negative, the compound is formed more easily
and stable. The more negative the formation energy is,
the more stable the alloy is. Figure 4 shows the formation
energies of compounds calculated from Eq.(1). It can be
seen that the formation energies of Ti,V;,C (0<x<1) are
negative, which means that all alloys can exist in stable
state. Moreover, the TigsVysC has the lowest formation
energy, which indicates that Tij sV sC is more stable than
all other alloys. In addition, the formation energies for
the entire concentration are negative under ambient
conditions, indicating that it is favorable for mixing VC
and TiC to form compounds.
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Fig. 4 Calculated formation energy for Ti,V,_,C alloys
4 Conclusions

1) The calculated results for lattice constants, bulk
modulus, elastic modulus and elastic stiffness
coefficients of TiC are in reasonable agreement with
reported experimental values and previous calculations.

2) The equilibrium lattice constants of Ti,V,,C
show a nearly linear reduction with the increase of of V
content. V has a potential to increase the hardness of TiC,
but increase the brittleness of TiC.

3) The negative formation energies of Ti,V,,C
indicate that it is favorable for mixing VC and TiC to
form alloys. Tig5VsC has the lowest formation energy,
meaning that it is more stable than all other componential
compounds.
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