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VC;_x compounds, known as ultra-high temperature ceramics, are able to maintain stability in a range
of chemical compositions. Herein, using evolutionary algorithm USPEX, we performed a global search
for potentially stable VC;_x compounds. We have discovered two stable compounds (P3112-VCs and
Pnnm-V,C) and a number of near-ground-state compounds (Fm3m-VC, P4332-VgCy, P1-V5Cy4, [43m-V4Cs,
Cmcm-V3C,, and Cmcm-V5C). The stable Pnnm-V,Cis a new structure with lower total energy than exper-
imentally reported a-V,C. Based on these stable and meta-stable VC;_, compounds, we have systemically
investigated their structures, mechanical properties, and chemical bonding. We found that Cmcm-V3C;
and Cmcm-V3C display different arrangements of vanadium from other VC;_y compounds. We suggest
that such rearrangement of vanadium are able to enhance mechanical strength. Most of VC; _, compounds
possess very good mechanical properties, indicating that they have potential to be utilized for structural
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1. Introduction

Group IVB and VB transition metal carbides have been widely
used due to their outstanding properties such as high hardness
and melting point, good wear and corrosion resistance, and excel-
lent mechanical strength and chemical stability [1,2]. In particular,
these carbides which are also known as ultra-high temperature
ceramics (UHTCs) are considered as potential candidates for ultra-
high temperature structural applications [3-5]. For instance, they
are able to be used in the extreme thermal and chemical environ-
ments such as hypersonic flight, atmospheric re-entry, and rocket
propulsion [6,7]. However, due to the low fracture toughness of
these carbides, these potential ultra-high temperature usage is
limited. A possible solution is to incorporate toughening compo-
nents (e.g. carbon fiber) to form ultra-high temperature ceramic
matrix composites (UHTCMCs) [8-10].
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Over the past decade, zirconium carbide based UHTCMCs have
been widely investigated [11-15], while to our knowledge few
work on vanadium carbide based UHTCMC is reported. The most
common use of vanadium carbide is to be utilized as an reinforce-
ment to improve mechanical strength of steel and coatings [16-19].
However, we should note that vanadium carbide has potential to
be used for the design of UHTCMCs. On the one hand, vanadium
carbide possesses very high melting temperature (3100K [1]) and
hardness (26 GPa [20]). On the other hand, vanadium carbide has
an advantage in density when used for structural applications,
e.g., density of vanadium carbide is lower than that of zirconium
carbide.

To gain more information about properties of vanadium car-
bide it would be helpful to design vanadium carbide based
UHTCMCs. Generally, vanadium carbide is able to maintain sta-
bility in a range of non-stoichiometric compositions [21-31].
The stoichiometric vanadium carbide is feature by carbon atoms
occupying all octahedral interstices in the close-packed lattice
formed by vanadium atoms, and its C/V ratio equals to 1. In
non-stoichiometric vanadium carbide, due to the deficiency of
carbon, C/V ratio is less than 1. Hence, vanadium carbide can
be denoted by VCy_y, in which x is the content of missing car-
bon (0 <x<1). It should be noted that non-stoichiometric VCy_y
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display different properties from their stoichiometric form VC
[32-35].

Structures determine properties. In order to understand prop-
erties of vanadium carbide more deeply, we need to clarify crystal
structures of VC;_y. In the present study, we used the evolutionary
algorithm method [36,37] for discovering potentially stable VCy_y
compounds. In addition to two thermodynamically stable com-
pounds (P3112-VgCs and Pnnm-V,C), we also discovered several
near-ground-state compounds (Fm3m-VC, P4332-VgC7, P1-V5Cy,
[43m-V4C3, Cmcm-V3Cy, and Cmcm-V5C). The stable Pnnm-V,C is a
new structure possessing lower enthalpy than previously reported
-V, C(Pbcn[26]). Based on these stable and meta-stable structures,
we systemically investigated their properties, especially mechan-
ical properties due to their importance for structural applications.
We further revealed how the missing carbon affect properties of
VC;_x compounds. Our present study about vanadium carbide may
be helpful for the design of vanadium carbide based UHTCMCs.

2. Computational methods

The evolutionary algorithm for structure prediction, as imple-
mented in the USPEX code [36,37], has succeed in predicting many
hereto unknown carbides [38-44]. Using the USPEX code, we firstly
performed variable-composition structure searches with up to 33
atoms in a unit cell for the V-C system at zero temperature and
zero pressure. All structures of the 1st generation are randomly
generated, and the succeeding generations are produced by ran-
dom (20%), heredity (50%), transmutation (10%), and softmutation
(20%) operations. For those compositions likely to form stable com-
pounds, we performed fixed-composition predictions (within two
to four formula units for each promising composition) to ensure
the discovery of the lowest-enthalpy structures. With these struc-
tures discovered by fixed-composition calculations, we constructed
thermodynamic convex hull to determine stability of VC;_, com-
pounds.

For each candidate structure generated by USPEX, basing on
density functional theory [45], we performed first-principles total
energy calculation and structural relaxation using the all-electron
projector augmented wave (PAW) method [46] as implemented
in the VASP code [47]. The Perdew-Burke-Ernzerhof (PBE) in the
generalized gradient approximation (GGA [48]) was adopted to
describe the exchange-correlation potential. We chosen the elec-
tronic configurations of 3d4s! and 2s22p? for V and C, respectively.
In these calculations, plane-wave kinetic energy cutoff of 560 eV
and uniform k-point meshes with reciprocal-space resolution of
27 x 0.03A -1 were used. These settings ensure the total energy
well converged to <1 meV per atom.

Elastic constants of all the predicted VC;_y compounds were
computed by strain-stress method as implemented in the VASP
code. Basing on the computed elastic constants, we derived bulk
modulus B and shear modulus G from the Voigt-Reuss-Hill aver-
aging scheme [49,50] for all the predicted VC;_, compounds. With B
and G, their Vickers hardness H, were obtained by Chen’s empirical
model [51]:

0.585
-3

Hy = 2(«%G) (1)

where « (equals to G/B) is the Pugh’s ratio [52], noting that H, cal-
culated by this empirical formula agrees well with experimental
data for wide materials.

Elastic constants are also able to be used to verify mechan-
ical stability of a structure. For a mechanically stable structure,
its elastic constants C; should satisfy the Born-Huang criteria
[53]. The mechanical stability conditions for the newly predicted
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Fig. 1. Thermodynamic convex hull of the V-C system. Solid squares denote stable
compounds; open squares metastable compounds.

orthorhombic Pnnm-V,C is as follows:

C11 >0, C22 >0, C33 >0, C44 >0, C55 >0, C66 >0,

[C11 + G2 + G33 + 2(Crz2 + Ci3 + C23)] > 0,
(C11 4+ G2 —2C12) > 0, (Cq1+C33 —2Ci3) > 0,

(Co2 + (33 —2C3) > 0.
(2)

Phonon dispersion curve, helpful in checking the dynamical sta-
bility of the newly discovered Pnnm-V,C structure, was computed
by PHONOPY code [54]. Basing on the density functional pertur-
bation theory [55], the present phonon calculation was performed
on a 2 x 2 x2 supercell. To relate mechanical properties with elec-
tronic structures, we further computed Bader charges [56] for all
the predicted VCy_, compounds.

3. Results and discussion
3.1. Crystal structure prediction and structural properties

The thermodynamic convex hull for V-C system has been con-
structed. As shown in Fig. 1, only VgCs (P3112) and V,C (Pnnm)
are thermodynamically stable compounds at zero temperature
and zero pressure. We found that the P3;12-VgCs is same to that
reported before [21], while the Pnnm-V,C is a hereto unknown
structure. In comparison to the «-V,C (Pbcn) suggested by X-ray
diffraction (XRD) experiment [26], the newly discovered Pnnm-V,C
has lower formation enthalpy (see inset in Fig. 1), indicating that
the Pnnm-V,C is more thermodynamically stable. We have veri-
fied the dynamical stability of Pnnm-V,C by computing its phonon
dispersion curve. As shown in Fig. 2, no imaginary phonon fre-
quencies are found throughout the Brillouin zone, suggesting the
dynamical stability of Pnnm-V,C. We have also found that Pnnm-
V,C is mechanically stable due to its elastic constants meeting the
Born-Huang criteria [53] (see discussion in Section 3.2).

The verification of thermodynamical, mechanical, and dynam-
ical stability of Pnnm-V,C indicates that the Pbcn-V,C suggested
by XRD experiment may be incorrect. To check this possibility, we
simulated XRD patterns for Pnnm- and Pbcn-V,C using the POW-
DER CELL code (see Fig. 3). It is shown that XRD patterns of the two
structures are almost the same, suggesting the difficulty to deter-
mine the correct crystal structure for V,C compound only by XRD
experiment. We have carefully analyzed crystal structures of Pnnm-
and Pbcn-V,C and figured out the main reasons: (1) both Pnnm- and
Pbcn-V,C are of orthorhombic symmetry and their structures are
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