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In the present study, the ground state properties of chromium carbides (h-CrC, ¢-CrC, Cr3C, Cr3Cy, Cr7Cs,
and Cr,3Cg) are calculated by means of the first-principles pseudopotential method using the CASTEP
code. The equilibrium crystal structures and thermodynamical stability of the six chromium carbide
phases are discussed. Moreover, the chemical bonding in these carbides are interpreted by calculating the
density of states, electron density distribution and Mulliken analysis; all the six chromium carbides have
a combination of metallic, ionic and covalent bonding characteristic, while Cr;Cs exhibits the strongest
metallic character. The elastic constants, elastic anisotropies and theoretical hardness of the carbides are
also presented, which are important parameters for the structural materials and surface coatings.
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1. Introduction

Chromium carbides usually have many applications owing to
their properties such as high hardness, high melting point, excellent
resistance to chemical corrosion, high moduli and super wear resis-
tance [1,2]. As aresult, chromium carbides are often used in surface
coatings, which are of great technological importance in the cutting
tool industries [3,4]; meanwhile, it is well known that chromium
carbides play a significant role in the Fe-Cr-C alloys as the pre-
cipitated carbides [5]. Therefore, more and more experimental and
theoretical researches have been conducted.

In the Cr-C binary phase diagram there are three solid state
phases present: cubic Cry3Cg (space group Fm3m, melting point
1848 K), orthorhombic Cr;C, (space group Pnma, melting point
2083K) and Cr;C3 (space group Pnma, melting point 2038 K)
[2,6]. Most researches are focused on Cr3C, ceramics [1,7-10].
Loubiére et al. [1] prepared Cr3C; powders by the heat-treatment
of metastable chromium oxides of controlled morphology in Hy-
CH,4 atmosphere; and then, they [7] observed the transformation
from Cr3C, to the metastable Cr3C,_, (0 <x<0.5) and also found
the high specific surface area (=210 m2/g) of the starting oxide is
the necessary condition to obtain the metastable Cr3C,_,. Lately,
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Ebrahimi-Kahrizsangi et al. [8] synthesized Cr3Cy, which is the
only chromium carbide form, from chromium oxide by reduction
with methane. Romero et al. [9] used radio frequency magnetron
sputtering method and obtained Cr/CrC multilayers which include
quasi-amorphous Cr3C, layers. Recently, Hirota et al. [10] found
that Cr3C, ceramics can be synthesized and consolidated simulta-
neously at 1300°C for 10 min under 30 MPa from mixtures of Cr
and amorphous carbon powders; they exhibit excellent mechan-
ical properties: bending strength o}, =690 GPa, Vickers hardness
Hy =18.9 GPa, and fracture toughness K;c = 7.1 MPam!/2, Kleykamp
[11] investigated the thermodynamic properties of the three car-
bides Cr3C,, Cr;C3 and Cry3Cg, and provided that the enthalpies
of formation at 298 K which were evaluated to be —72.3 kJ/mol,
—144kJ/mol and —344 k]/mol for Cr3C;, Cr;C3 and Crp3Cg, respec-
tively.

Although Cr3C,, Cr;Cs, and Crp3Cg are the common phases in
most of Cr-based coatings, another two metastable chromium car-
bides (CrC and Cr3C) are also obtained in experiments [12-16]. Liu
et al. [14] synthesized metastable NaCl-structure CrC by 50 KeV
carbon-ion implantation into pure chromium metal films, and
proved that the only FCC structure with lattice parameters of
0.403 nm is stable when the temperature is up to 250°C. Uebing
et al. [15] found the surface phases of CrN and CrC that crystal-
lize in the NaCl structure type. In the Cr-C binary system, Cr3C
is a metastable structure; however, the (Fe, Cr);C phase is ther-
modynamically stable in the temperature range of 658-1187°C,
where it has the appearance of a ternary phase in the phase
diagram [16].
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a b

Fig. 1. Crystal structures of the h-CrC (a), c-CrC (b), Cr3C (c), Cr3C; (d), Cr7Cs (e), and Cr23Cg (f) compounds. The large gray balls represent C atoms; the small blue balls refer
to Cr atoms. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

However, although there are a huge number of experimental
studies about the chromium carbides, most of them are about
the preparation methods and stabilities of structures. The basic
properties such as the thermodynamic and mechanical proper-
ties (formation enthalpies, chemical bonding, hardness, elastic
anisotropies, etc.), which are of great technological importance, are
not very clear. Therefore, theoretical studies on the basic proper-
ties of materials have been performed [17-24]. Music et al. [17]
have applied the first-principles calculations to study the electronic
and mechanical properties of Cr;C3 by using an orthorhombic cell;
they found covalent-ionic Cr-C-Cr chains in a metallic matrix; the
estimated bulk modulus and Young modulus values are 309 and
371 GPa, respectively. Konyaeva et al. [18] investigated the struc-
tural, electronic, and magnetic properties of (Fe, Cr);C3 within the
abinitio calculations. They found that the formation of (Cr, Fe); Cs is
energetically more favorable than Fe;Cs, which can explain the (Cr,
Fe);C3 — Cr;Cs transformation. Xiao et al. [19] discussed that the

chemical stability of (Fe, Cr);C3 can be greatly improved by codop-
ing with B, W and Mo impurities. Besides, dos Santos [20] analyzed
the electronic structure of Cr,3Cg by using LMTO (linear muffin-tin
orbital) and LAPW (linear plain and expanded waves) methods; he
found that a zero magnetic moment was obtained in LMTO method,
while a small magnetic moments in the interstitial region and in the
Cr II site were obtained in LAPW method. This may result from the
charge transference of Cr II site. Xie et al. [5] investigated the site
preference of Fe in Cry3_xFexCg, and they found that Fe atoms pref-
erentially substitute for Cr at 4a sites first and then 8c sites, and
the increase in x value is accompanied by the decrease in the ther-
modynamic stability of Cry3_yFexCg. Zhou et al. [21] calculated the
elastic properties and electronic structures of several Cr doped Fe3C
compounds using first-principles method and concluded that Cr3C
is the most stable structure among four (Fe, Cr)3C structures (Fe3C,
Fe11Cr1Cy4, Fe1oCryC4 and Cr3C), but they are less stable than Cr3Cs,
Cr7C3 and Cry3Cg. Lately, Jiang [22] studied the structural, elastic,
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and electronic properties of chromium carbides by first-principles
calculations; by providing a set of elastic constants for the first time,
he found WC-type CrC is a potential low-compressibility and hard
material with the highest bulk and shear moduli and the lowest
Poisson’s ratio. However, to the best of our knowledge, the theoret-
ical hardness, and elastic anisotropy indexes of chromium carbides
have not yet been discussed systematically in literatures. In this
paper, all three stable phases in the Cr-C binary phase diagram,
two metastable chromium carbides (NaCl type-CrC and Cr3C with
Fe3C structure) discovered in experiments and WC-type CrC was
considered as the potential hard material by Jiang [22] using first-
principles calculations; our main purpose is to provide more useful
information on the theoretical hardness, elasticity and electronic
structures of them.

2. Calculation methods and models

The crystal structures of chromium carbides are shown in
Fig. 1. Two different structures of CrC are involved in this arti-
cle: one is NaCl-structure, which was discovered in experiment
[14,15], the other is WC-structure, which was considered as a
potential hard material [22]. Cr3C with FesC-structure is also con-
sidered which usually appears in Fe-Cr-C ternary system in the
form of cementite. Besides, three kinds of chromium carbides
in Cr-C binary system were calculated. They are Cr3C, (Pnma),
CryC5 (Pnma) and Cry3Cg (FM3m): the carbon atoms filled in trig-
onal Crg prisms are emphasized in Cr3C; and Cr;C3 compounds,
while they are placed in square antiprisms in Cry3Cs [24]. In
Table 1 the cell structures are listed, such as lattice parameters
and chromium site. All calculations were carried out by using
first-principles method based on density functional theory, as
implemented in CASTEP code [25-27]. The ultrasoft pseudo poten-
tials were employed to represent the interactions between ionic
core and valence electrons. For Cr and C, the valence electrons
considered are 3s23p®3d°4s!, 2s22p?, respectively. A special k-
point sampling method was used for the integration by setting
as 11 x11x11,11x11x10,10x8x10,6x10x 3, 6 x4 x 2, and
5x5x5 for CrC CrC (WC-structure, simplified as h-CrC), (NaCl-
structure, simplified as c-CrC), Cr3C, Cr3C,, Cr;C3 and Cry3Cg with
Monkhorst-Pack scheme in the first irreducible Brillouin zone [28].
Generalized gradient approximation of PBE approach was used
for exchange-correlation energy calculations [29]. A kinetic energy
cut-off value of 350eV was used for plane wave expansions. The
total energy changes during the optimization finally converged to
less than 1x1076eV and the forces per atom were reduced to
0.02 eV/A. The Broyden-Fletcher-Goldfarb-Shannon (BFGS) algo-
rithm was applied to relax the whole structure to reach the ground
state where both cell parameters and fractional coordinates of
atoms were optimized simultaneously. All calculations were per-
formed with the non-spin polarized density functional theory. The
magnetic states of these Cr-C binary compounds were considered
to be paramagnetic, and such postulate will only slightly affect the
properties discussed in this paper of them.

3. Results and discussion
3.1. Electronic structures

The calculated cell parameters of chromium carbides are given
in Table 1. Generally speaking, the calculated lattice parameters of
all Cr-C compounds are in good agreement with available experi-
mental results. The average deviation of our results to experimental
results for lattice parameters is less than 2%. The values of cohe-
sive energy and formation enthalpy here are calculated within the

Table 1

The calculated cell parameters (g, b, ¢, in A; Ve in A3), density of states at the Fermi surface (Dy, states/(eV formula)), and metallicity parameter (f;) of h-CrC, c-CrC, Cr3C, Cr3Cy, Cr7C3 and Cr3Ce.

fn

Dy

AH

Econ

Chromium site?

Lattice parameters

Space group

Species

0.008

0.373

1a(0,0,0) ~9.75 ~0.028

2.6162.622

2.7072.712

P6m2

h-CrC

0.026
0.143

1.199
1.687

0.170
—0.088

-9.56
-10.06

4b(0.5,0.5,0.5)

4.0684.03°

Fm3m

c-CrC
Cl'3 C

8d (0.1886, 0.0589, 0.3321)

4c (0.0354, 0.25, 0.8373)
4c (0.6312, 0.25, 0.5687)
4c (0.3186, 0.25, 0.7265)
4c (0.9836, 0.25, 0.4018)
4c (0.0579, 0.25, 0.6261)

5.1885.12¢ 6.6676.80° 4.5214.58¢

Pnma

0.150

1.770

-0.114(-0.15°%)

-9.94

11.474 (11.4949)

2.789 (2.8334)

5.485 (5.5544)

Pnma

Cl’3 Cz

4.401 0.365

—0.112 (-0.149¢)

-10.03

12.080 (12.142f

6.903 (7.010f,
6.93?, 6.89¢8)

4511 (4.526,

4,5%,4.5198)

Pnma

Cl’7 C3

4c¢ (0.2501, 0.25, 0.2063)
4¢(0.2619, 0.25, 0.4165)

12.03?,12.1028)

8d (0.0565, 0.0642, 0.8119)
8d (0.2509, 0.0657, 0.0218)

4a(0,0,0)

12.025 0.257

~0.087 (—0.123¢)

-10.10

10.554 (10.66")

Fm3m

Cr3Cs

8c(1/4,1/4,1/4)

32f(0.3819, 0.3819, 0.3819)
48h (0, 0.1699, 0.1699)

a-g: Refs. [12,14,22,30-34].

2 The chromium sites used in this paper are according to the Inorganic Crystal Structure Database (ICSD) #57008, #391234, #76799, #62667 for c-CrC, Cr3C,, Cr;Cs and Cr3Cg, respectively. Meanwhile, the chromium sites of

h-CrC with WC-structure, and Cr3;C with FesC-structure are considered according to the ICSD #43380, #99027.
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following equations:
Econ(CrxCy) = Etot(CrxCy) — XEj5(Cr) — YEiso(C) (1)
ArH(CrxCy) = Econ(CrxCy) — XEon(Cr) — YEcon(C) (2)

All of the calculated formation enthalpies of these chromium
carbides except c-CrC are minus as shown in Table 1, indicating
that they are thermodynamically stable. By observing the values of
formation enthalpy, one could conclude that the stability sequence
is Cr3C; > CryC3 > Cr3C~ Cry3Cg > h-CrC> c-CrC. The positive forma-
tion enthalpy of NaCl-structure CrC may be the reason why CrC with
NaCl-structure has been observed in the non-equilibrium condition
and is only stabilized up to about 250°C [14].

Three parameters are used to indicate the electronic structures
and chemical bonding characteristics of all Cr-C phases, which are
the partial density of states (PDOS), electron density distribution
map and Mulliken population analysis.

Although the electronic structures of chromium carbides have
been analyzed via first-principles calculations (see Ref. [17,22,30]),
we present here a brief review and summation of these properties,
then give further discussions about the electronic structures of the
six chromium carbides by means of partial density of states, elec-
tron density distribution maps, metallicity and Milliken population
analysis, etc. Generally, the bonding in chromium carbides can be
classified as a combination of metallic, ionic, and covalent charac-
ters. The metallic aspect can be attributed to the partially filled Cr
3d bands, as illustrated in the PDOS (Fig. 2). Further evidence of
metallic bonding is presented in total electron density distribution
map (Fig. 3), where the electron density values are greatly larger
than zero even in the interstitial regions. Besides, the metallicity of
the compounds can be estimated by:

nm ksTD;  0.026D;
e ne  ne

fm=

(3)

-t

Y
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CryC;y
0.0
-10 10 20 30
Energy(eV)

Fig. 2. Partial density of states of chromium carbides. The dot lines represent the
position of the Fermi surface.

where Dy is the DOS value at the Fermi level in unit states/eV cell,
and T is the temperature; n,; and n, are the thermal excited elec-
trons and valence electron density of the cell, respectively; kg is
the Boltzmann constant. n, is calculated by n.=N/Vy, N is the
total number of valence electrons and Vg is the cell volume. The
related parameters and calculation results are shown in Table 1,
from which we can observe that f; decreases in the following
sequence: Cr;Cs>Cry3Cg>Cr3C, >Cr3C>c-CrC>h-CrC. Thus, the
maximal “metallicity” corresponds to Cr;Cs and the minimal one
is h-CrC. In Fig. 2, the p bands of C atoms are overlapped with the

Fig. 3. Total electron density distribution through (110),(010),(010),(010),(100)and (01 0) slice intersecting both Cr and C atoms for h-CrC (a), c-CrC (b), Cr3C (c), Cr3C,
(d), Cr7C3 (e) and Cry3Cs (f), respectively. The electron density contours were plotted from 0.01 to 1.0 e/A3.
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(
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- -0.04

--0.12

Fig. 4. Electron density difference distribution (relative to the isolated atoms) through (110),(010), (010), (010),(100) and (01 0) slice for h-CrC (a), c-CrC (b), Cr3C (c),

Cr3C; (d), Cr7Cs (e) and Cry3Cs (f) plotted from —0.2 to 0.12 e/A3, respectively.

d bands of Cr atoms, which illustrate p—d hybridization between C
and Cr atoms forming covalent bonding. However, the centre of
gravity of C-p bonds does not completely coincide with the Cr-
d bands, which, to some extent, indicates the ionic bonding in
these carbides. The electron density difference maps, which are
defined as the electron density difference between the isolated
atoms and their bonding states, reflect directly their ionic nature
(Fig. 4). Another powerful evidence for covalent bond is the higher
densities along the C-Cr bonds in Fig. 3 and the distorted contours
in Fig. 4. Therefore, the Cr-C-Cr covalent chains discovered in Cr7C3
by Music [17] also appear in other chromium carbides.

The stability of the two polymorphs of CrC can be explained
both by energies and electronic structures. As shown in Table 1,
the calculated cohesive energy and formation enthalpy of h-CrC
are smaller than c¢-CrC; in addition, the partial density of states
of them clearly indicate that the Fermi surface is dominated by d
bands of Cr atoms in the two crystal structures, and the splitting of
d bands is actually determined by the configurations of Cr sublat-
tice. In h-CrC, we can observe a small pseudo-gap close to the Fermi
level. The previous calculations on TiC and WC cubic and hexago-
nal polymorphs revealed that in hexagonal phase this pseudo-gap
is caused by the d-d interactions between metal atoms. Below the
first sharp peak near the top of valence band, we can see another
gap which is attributed to the covalent bonding between Cr and C
atoms. On the other hand, for cubic-phase, a large pseudo-gap can
be clearly seen in Fig. 2. In contrary to hexagonal phase, this large
splitting of d bands is directly related to the covalent interactions
of Cr-C bonds. The hexagonal phase is stabilized in WC, but in the
case of TiC, the ground state is cubic phase. These results can be
easily explained by the rigid band theory if it is applicable for these
polymorphs. Since the number of d electrons in W, Cr and Ti is
different, there are less electrons in 3d orbital of Ti, then TiC favors
NaCl-type structure in energy; for WC, adopting NaCl structure will
increase the DOS value at the Fermi level greatly, thus destabiliz-

ing the crystal structure, and in hexagonal phase, the large peak at
the Fermi level in cubic phase now is split because of strong d-d
metallic bonds. Therefore, WC has a hexagonal cell as the ground
state. Similarly, CrC also adopts hexagonal cell which is lower in
energy than cubic phase; otherwise there are more electrons in 3d
orbital of Cr than that of TiC, the extra electrons will shift the Fermi
level upward and above the large pseudo-gap in cubic phase, and
as can be seen from Fig. 2, the DOS value at the Fermi level for cubic
CrCis close to 0.7 electrons/eV, and which is obviously larger than
hexagonal phase. In summary, the stability of CrC polymorphs is
mainly determined by the electronic interactions of Cr sublattice.
The covalent Cr-C bonds in the two phases are not significantly
affected by the structural changes.

Population analysis results can provide more insightful infor-
mation on chemical bonding, which are listed in Table 2. Mulliken
method is applied for the overlap population and the charge cal-
culations. Eqgs. (4) and (5) are used to calculate the average bond
length and the average overlap population:

T LiN;
L(AB) = ZE::N‘ (4)
() = 2" (5)

> Ni

Here L(AB) and 7i(AB) represent the average bond length and
the mean bond population, respectively; N; is the total number of i
bond in the cell and L; is the bond length of'i type.

First of all, we want to list the electronegativity values of Cr
and C atoms in Pauling scale: 2.55 (C), 1.66 (Cr). As shown in
Table 2, the largest positive charges are carried by Cr atoms of CrCin
NaCl-structure, indicating the stronger ionicity in this compound;
C atoms carry the negative charges for all chromium carbides; and
the value varies from —0.40 (h-CrC) to —0.59 (Cry3Cg). One can
assume three possible electron transfer paths intra or inter the C
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Table 2
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Mulliken population analysis results of all Cr-C compounds: i is average population, L is average bonding length. Note that total charges of s and p orbitals of C are calculated

as 3s+4s and 3p +4p, respectively.

Carbides Species (ion) s p d Total electrons Charges (e)
h-CrC C 1.40 3.00 4.40 —0.40
Cr 2.20° 6.44° 4.96 13.60 0.40
c-CrC C 143 3.06 4.48 —0.48
Cr 2.09? 6.47° 4.96 13.52 0.48
Cr3C C 1.38 3.18 4.56 —0.56
Cr 2.10? 6.72° 4.99 13.81 0.19
Cr3C, C 1.40 3.10 4.50 —-0.50
Cr 2.142 6.55" 498 13.67 0.33
Cr;Cs C 1.38 3.15 4.53 -0.53
Cr 2.10? 6.69° 4.99 13.77 0.23
Cr3Cs C 1.38 3.20 4.59 -0.59
Cr 2.122 6.74° 4.99 13.85 0.15
Carbides Bond ii (Electrons) L(A)
CrC (WC) c-Cr 0.31 2.04
CrC (NacCl) c-Cr 0.32 2.03
Cr3C C-Cr 0.26 2.12
Cr-Cr 0.10 2.58
Cr3Cy C-Cr 0.34 2.11
Cr-Cr 0.04 2.63
Cry;C3 C-Cr 0.28 2.14
Cr-Cr 0.07 2.58
Cr3Ce C-Cr 0.29 2.10
Cr-Cr 0.15 2.56
2 3s+4s,
b 3p+4p.

and Cr atoms. The first one refers to p-d hybridized covalent bond-
ing between C and Cr, which can be designated as 3d +4s (Cr) to
2p (C) for all Cr-C compounds; the second one is induced by the
metallic bonding among Cr atoms through d-d or s-d interactions;
the third one is the electron transfer from 4s bonds of Cr atoms
to 2p bonds of C atoms because of the different electronegativ-
ity values of C and Cr atoms. Besides, according to Hund'’s rule, the
half-occupied d-orbitals are inert; therefore, all of the d-bonds of Cr
almost have 5 electrons. In ¢c-CrC, the Cr atoms carrying the largest
positive charges and the shortest length of Cr-C bonds, this will
deduce that c-CrC could be expected to have more ionic character
than others.

3.2. Mechanical properties

The mechanical properties of the studied Cr-C binary com-
pounds, such as elastic moduli, elastic anisotropy and theoretical
hardness, play an important role in the wear resistance of surface
coating materials. Many elastic properties of material are directly

Table 3

correlated to the full set elastic constants. Therefore, we calculated
the elastic constants of Cr-C binary compounds first. In CASTEP
code, the elastic constants were obtained by fitting the Hooker’s law
to the deformed crystal structures; thus, a stress—strain approach
was employed to calculate elastic constants. The main advantage
of this method is that the required strain patterns can be greatly
reduced for the low symmetry crystal structures which usually
have large number independent elastic constants. The bulk modu-
lus (Bygry), shear modulus (Gyry ) for polycrystalline crystal can be
estimated within Voigt-Reuss-Hill methods [35] after evaluating
the elastic constants; then the Young’s modulus and Poisson’s ratio
can be calculated as follows [36]:

_ _9BvruGvrH
3Byru + GvrH
3Byry — 2GyrH

V= o 7
2(3ByrH + GvrH) )

The calculated elastic constants of these Cr-C binary com-
pounds are shown in Table 3. For two CrC polymorphs, most

(6)

Calculated values for elastic constants (C;;), bulk modulus (B, in GPa), shear modulus (G, in GPa), Young’s modulus (E, in GPa), Poisson’s ratio (v) and universal elastic anisotropy

index of h-CrC, c-CrC, Cr3C, Cr3Csy, Cr;C3 and Cr3Cs.

Species (i Ciz Cis C Co3 Cs3 Cyq Css Ces

h-CrC 572.4 164.0 196.7 572.4 196.7 771.8 279.3 279.3 204.2
c-NaCl 585.9 183.6 1319

Cr3C 518.7 195.3 208.4 445.6 212.2 401.6 114.8 193.9 202.3
Cr;Cy 447.1 (484%) 217.5 (229%) 2433 (2437) 5453 (554%) 217.9(244%) 471.2(491%) 237.7(230%) 116.6(1119)  241.3(235%)
Cr;C; 4101 (409%) 241.1 (252%) 2037 (227%) 441.1(376%) 257.3(333%) 4595 (409%)  168.5 (145%) 1243 (1237)  108.3 (82%)
CrsCs  473.8(4813,487) 186.6 (209, 200°) 146.7 (1387, 149P)

Species B G BJG E v GV/GR BY/BR AY

h-CrC 332.8 240.2 139 580.9 0.21 1.02 1.02 0.15
c-CrC 317.7 (327°) 156.3 2.03 402.8 0.29 1.04 1.00 0.22
Cr3C 287.5(293?,298.29) 146.8 1.96 376.3 (358.09) 0.28 1.08 1.01 0.39
Cr3Cy 312.9(329?, 333¢) 162.1 (162?) 1.93 414.7 (4162, 373.10) 0.28 (0.29?) 112 1.00 0.62
CryCs 300.6 (3122, 311.7¢, 309, 315¢) 118.0(82%,143.97) 255 313.0 (2269, 374¢, 371F) 0.33(0.38%) 1.05 1.01 025
Crz3Ce 282.3 (3007, 294¢) 1454 (137%) 194  3723(357%) 028(0.30°)  1.0001 1.00 0.00053

a-f: Refs. [22,17,23,21,45].
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Calculated hardness (Hy, GPa) and related parameters of Cr-C compounds: bond density (bc,-c/€2), bond strength (Sc;-c), the correction coefficient (f, ).

Phases ber-c/S2 Scr-c fe Hy (GPa) HE® (GPa)
Max Min Aver
h-CrC 0.361 0.062 0.062 0.062 0.001 32.1
c-CrC 0.356 0.062 0.062 0.062 0.001 31.7
cr3c 0.145 0.128 0.125 0.126 0.107 19.6
Cr3c2 0.262 0.128 0.0713 0.079 0.270 20.9 10.2-18.3%, 18.9, 18-25¢
Cr7¢3 0.185 0.129 0.083 0.092 0.107 18.3 16.99,17°, 16°
Cr23C6 0.163 0.091 0.062 0.075 0.107 13.2 15>
a-e: Experimental data from Refs. [19,10,50,51,52].
elastic constants of ¢-CrC are larger than h-CrC, the only excep- below:
tion is the C44 which represents the shear modulus on (001) GV BV
crystal plane, the value of C44 for c-CrC is only one half of hexag- AV = Sﬁ + B 6 (8)

onal phase, for example the values are 279.3 GPa and 131.9 GPa
for h- and c-CrC, respectively. As a result, the calculated average
elastic properties of c-CrC are less remarkable than h-CrC. The
same reason can be used to explain the results of other chromium
carbides; the average moduli are sensitive to the shearing elas-
tic constants; for example, Cr3C has the largest C;; (518.7 GPa)
and smallest C44 (114.8 GPa), the bulk modulus (287.5 GPa) is only
comparable to Cry3Cg (282.3 GPa) which also has a rather small
C44 (146.7 GPa). We also compared our results with other the-
oretical calculations, they are generally in agreement with each
other, and however, for Cr;C3 the deviations for some elastic con-
stants (Cy2, Co3 and C33) are significant. One possible explanation is
the optimized crystal structure of Cr;Cs in this work is different
to Ref. [22]; as shown in Table 1, the calculated lattice param-
eters of Cr;Cs for b and c are slightly smaller than in the Ref.
[22]; thus, most elastic constants are larger than the results in the
reference.

Bulk modulus reflects the compressibility of the solid under
hydrostatic pressure. The bulk modulus are 332.8, 317.7, 287.5,
312.9, 300.6 and 282.3 GPa for h-CrC, c-CrC, Cr3C, Cr3Cy, Cr7C3 and
Cr,3Cg, respectively. All of them exhibit larger values than many
other common carbides such as Fe3C (276 [37], 226.8 [38]), TiC
(249 [39], 242 [40]), and TiB, (213 [41]), but smaller than dia-
mond (436.8 [42]) and WC (400.9 [43]). The h-CrC shows the largest
value in these six carbides due to its strong Cr-C, and c-CrC has
the second largest bulk modulus. The Poisson’s ratios (v) of the
compounds except h-CrC (0.21) range from 0.28 to 0.33, which
are near 0.3 and clearly illustrate the strong metallic character
of them; and this is consistent with the previous discussions in
this paper. The shear modulus (G) is calculated and the values
are 240.2, 156.3, 146.8, 162.1, 118.0 and 145.4 GPa for h-CrC, c-
CrC, Cr3C, Cr3Cy, CryCs and Cry3Cg, respectively, and Cr3C, has
the largest value. In addition, the ratio of B/G is frequently used
to indicate the ductility of the compound. It is supposed that
for the brittle compound, B/G is smaller than 1.75 (for diamond
B/G=0.8) and for metallic compound B/G is greater than 1.75 (for
Al B/G=2.74). In our case, the calculated results clearly imply that
Cr;C3 is more ductile than other chromium carbides, while the
value of h-CrC is smallest (1.39), indicating its brittle nature. This is
a good illustration of the more remarkable metallicity in Cr;C3 and
the relatively strong covalence in h-CrC. Besides, h-CrC is consid-
ered as a potential hard material [22], but its obvious brittle nature
could deteriorate the average mechanical properties at the same
time.

All single crystals in practice are anisotropic, so an appropri-
ate parameter to characterize the extent of anisotropy is needed.
Recently, Ranganathan and Ostoja-Starzewski [44] summarized the
existing anisotropy theories, and concluded that most of them lack
universality because of their non-uniqueness and ignoring a large
part of the elastic stiffness tensor. Then they developed a new uni-
versal anisotropy index, AY, which can be calculated by the equation

where GV, BY, GR and BR are the shear modulus and bulk mod-
ulus estimated within Vogit and Reuss methods, respectively.
The anisotropy index of the chromium carbides are listed in
Table 3. From this table, we can conclude that: first of all, the
values of GY/GR and BY/BR for all Cr-C carbides are distributed
around one (GY/GR ~ 1, BV/BR ~ 1), which means they may be locally
isotropic crystals not matter with their crystal class. Secondly,
Voigt and Reuss methods give the more close values for bulk
modulus than for shear modulus, the difference between Voigt
and Reuss methods for shear modulus affects the AU significantly;
finally, the elastic anisotropy decreases in the following sequence:
Cr3C; > Cr3C>CryCs > c-CrC> h-CrC>Cry3Cg. That is to say, Cr3Cy
behaves more anisotropy than others; and c-CrC has a larger AY
value than the h-CrC indicating its significant anisotropic property.

The hardness of material plays an important role in its applica-
tions, especially used as an abrasive resistant phase [46]. Thus, it
is necessary to investigate the hardness of chromium carbides due
to its foundation status in the wear resistance materials. According
to Simtnek’s theory [47], the theoretical hardness of single crystal
can be calculated by a semiempirical approach within the following
forms:

- 1/n
C n
H = En HbUSU e’“fe (9)
[ i.j=1
- 2
k l/k
k(] ei
fe=1~ 7(11':; 2 (10)
DiciCi
eiej
S,'j = 7ninjdij (11)

where n; and n; are coordination numbers of atoms i and j, respec-
tively; dj; is the interatomic distance of atoms i and j; the reference
energy e; =Z;/R;, which represents the potential of the individual
atom i to attract crystal valence charge; Z; is the valence electron
number of the atom i, and R; is the ionic radius of the atom pub-
lished in Pearson’s tables [48]; k corresponds to the number of
different atoms in the system; s;; is the strength of the individual
bond between atoms i and j; bj; is the number of interatomic bonds
between atoms i and j in the unit cell; £2 is the volume of the cell;
The semiempirical constant C equals to 1450 coupling the calcu-
lated and experimental values; e~ (varies from 0 to 1) modifies
the effect of the difference between reference energies (e;, ¢;),and o
equals to 2.8. By using Egs. (9)-(11) we have calculated the hardness
of chromium carbides as shown in Table 4. The values of hardness
are 32.1, 31.7, 19.6, 20.8, 18.2 and 13.2 GPa for h-CrC, c-CrC, Cr3C,
Cr3Cy, Cr;C3 and Cry3Cg, respectively; the calculated results of the
last three carbides satisfactorily agree with the previous literature
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conducted by Hirota [10]. To the best of our knowledge, the hard-
ness of h-CrC, c-CrC and Cr3C is still not very clear, so we may
provide some useful information on it. Just as Eqs. (9)-(11), the val-
ues of calculated hardness are determined by bond density, bond
strength, and the correction coefficient (e~%%); therefore, we want
to illuminate the difference mainly by these three parameters here.
In all of the six chromium carbides, there are two kinds of bonds,
namely Cr-C and Cr-Cr bonds. Compared with Cr-C bonds, Cr-Cr
bonds can be negligible because of the long bond length and weak
bond strength (shown in Table 2), therefore, only Cr-C bonds are
considered for hardness calculations. Meanwhile, different struc-
tures have different numbers and types of Cr-C bonds per Cr atom.
For example, there are only two kinds of Cr-C bonds in Cr3C struc-
ture, while Cry3Cg has three kinds of Cr-C bonds. Generally, the
compound with high bond density and large bond strength will
have high hardness.

The values of hardness of all calculated chromium carbides form
the following sequence: Cry3Cg<Cr3C<Cr7C3<Cr3Cy<c-CrC<h-
CrC. It can be seen that to some extent, the hardness of the Cr-C
system compounds will be enhanced as increasing the C atoms. The
different hardness values between two CrC structures are mainly
due to the different bond densities. Hexagonal CrC has a larger bond
density than cubic phase, and they have the similar bond strength;
thus, the hardness of h-CrCis slightly bigger than c-CrC. Besides, the
two CrC polymorphs have larger bond densities and smaller ionic
correction coefficient than other Cr-C binary compounds; although
Cr-C bonds of them are relatively small, the calculated values of
hardness are significantly higher than other phases. Cr3Cg has the
lowest hardness (Hy = 13.2 GPa) because of its small bond density
and bond strength. This value is just slightly higher than the hard-
ness of pure chromium (Hy =10.6 GPa [49]). In addition, we have
calculated the hardness of h-WC (Hy =22 GPa [43]) which has the
similar structure as h-CrC; the difference of hardness between them
clearly indicates that the hardness is greatly affected by the atomic
radius (both of Cr and W atoms belong to VIB); the smaller radius
gives higher hardness of h-CrC. For Cr3Cy, Cr7C3 and Cry3Cg, the
calculated hardness values are in good agreement with the exper-
imental results.

4. Conclusions

In the present work, we investigated the properties of the
six chromium carbides by using the first-principles calcula-
tions method implemented in CASTEP code. The calculated
lattice parameters are in good agreement with the experimental
results; the thermodynamic stability decreases in the sequence of
Cr3C; > CryC3 > Cr3C~ Cry3Cg > h-CrC > c-CrC, and the positive value
of formation enthalpy for c-CrC can explain its metastable nature.
All of the carbides show a mixed character of metallic, covalent
and ionic bonds. The stability of h-CrC can be explained based on
the electronic structures of Cr sub-lattices in cubic and hexago-
nal phases. The calculated elastic constants indicate that h-CrC has
higher elastic moduli; but this phase is more brittle than other car-
bides because of smallest B/G ratio. The values of GY/GR and BY/BR
for all these Cr—C carbides are distributed around one (GV/GR ~ 1,
BV/BR~ 1), indicating that they are locally isotropic crystals not
matter with their crystal class. By using Simiinek’s theory, the calcu-
lated theoretical values of hardness are consistent with the current
experimental results for Cr3C,, Cr;C3 and Cry3Cg. The hardness of
the two CrC phases is notably higher than other phases; they could
be used as the wear resistance coatings.
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