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Using first-principles method, surface energies of crystal planes of different tantalum carbide phases have been
calculated. Quantum size effects are shown to possibly play a considerable role in determining accurate surface
energies of these metallic films, which have been neglected in previous works. The y-TaC phase has a more stable
(00 1) surface than the close-packed (11 1) surface. In the a-Ta,C phase, (00 1) surface with only Ta termination
is more stable than that of mixed Ta-C termination because the metallic bonds between Ta atoms are weaker
than the Ta-C covalent bonds. The same is true for the {-TasCs phase. The introduction of structural vacancies
in the ¢-Ta4C3_, phase creates more direct Ta metallic bonds, making the Ta-terminated surfaces even more sta-
ble. This is consistent with the experimental observations of cleavage of the basal planes, lamellae bridging of

cracks, and the high fracture toughness of {-TasCs _y.

© 2015 Published by Elsevier B.V.

1. Introduction

Tantalum carbides offer attractive properties ranging from high
melting points and thermal stability, high chemical resistance, and
high hardness and strength [1-3], rendering them useful in such
applications as rocket motor nozzle liners [4], refractory crucibles for
containing corrosive liquids and melts [5,6], and as grain-growth inhib-
itors in cermets for cutting tools, and so on. Besides those properties
pertaining to typical covalent crystals, the mixed covalent-metallic
bonds in tantalum carbides also provide them with good thermal and
electrical conductivity [1,2] as well as catalytic activities [7].

The Ta-C binary system offers three major carbides with different
crystal structures in different ranges of C/Ta atomic ratio [8]. All of
them can be represented by the empirical chemical formula, TaC,. The
v-TaC phase has a rock salt B1 structure with a face-centered-cubic
stacking sequence and is stable as a single phase over the composition
range, 0.82 < x < 1.0, at low temperatures (T ~ 500 K). The a-Ta,C
phase has an anti-cadmium iodide C6 structure with a hexagonal-
close-packed Ta stacking sequence and is stable as a single phase in
the composition range, 0.44 < x < 0.5. The {-Ta,Cs phase has a trigonal
lattice, and the Ta stacking sequence is composed of alternating
face-centered-cubic and hexagonal-close-packed stacking blocks
interrupted by stacking faults and missing carbon layers [8]. It is
stable in the composition range, 0.65 < x < 0.68 [8]. Because of their
high non-stoichiometry, the three tantalum carbide phases are
represented as 'y-TaCy, a-Ta,Cy, and §-TasC3_y, respectively [8,9]. The
amount of structural vacancies can reach tens of atomic percentage
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[8], affecting crystal structures [10] and various mechanical and
electrical properties [11] of these phases. According to recent experi-
mental studies, tantalum carbides containing high weight fractions of
the {-TayCs _, phase have shown high fracture toughness and increas-
ing crack-growth-resistance behavior [12-15]. The {-Ta4C3 _, phase
grains were highly anisotropic measuring ~20-30 pm in length and
~0.97-1.37 um in thickness [13]. Optical and scanning electron micro-
scope examinations of the specimen lamellae under single-edge pre-
cracked beam (SEPB) test suggest a crack-face bridging toughening
mechanism for the ¢{-TayCs_, phase. The lamellae are formed by
cleavage of the basal planes, which bridge the cracks and hinder
their propagation [15]. Since the relative ease of cleavage of the close-
packed basal planes should correlate with the respective surface ener-
gies, the surface energies were calculated for the crystal planes of the
three major tantalum carbide phases using the first-principles method.

For metallic materials such as tantalum carbides, the electron Fermi
wavelength is short (in the range of 3-5 A) compared to semiconduc-
tors and insulators [16]. Consequently, pronounced quantum size effect
(QSE) induced by electron quantum confinement is expected in their
low-dimensional nanostructures [17], which poses substantial influ-
ences on electron charge density, work function, surface energy, surface
stress, dielectric properties, and so on [18,19]. This also calls for a careful
calculation of surface energies using the common thin slab method,
consisting of adequate number of layers, because the surface energy
may display an oscillating thickness dependency [17].

In this paper, first-principles study has been made on the surface en-
ergies of the three stoichiometric phases, y-TaC, a-Ta,C, and ¢-Ta,Cs,
and the high fracture toughness non-stoichiometric {-Ta4Cs _x phase.
Especially, QSEs are carefully considered in determining accurate sur-
face energies of these metallic films, which have been neglected in
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previous studies [20,21]. The Ta-terminated surface formed by the basal
planes of {-Ta4Cs _, phase is found to be more stable than that of §-Ta,C3
due to weaker metallic bonds between Ta atoms introduced by the
structural vacancies at C sites. Our calculation results are consistent
with experimental observations that the {-TasCs _, phase is more likely
to form lamellar structure under loading, thus leading to the bridging
mechanism that produces high fracture toughness [15].

2. Calculation method

All first-principles calculations were performed using Vienna Ab-
initio Simulation Package (VASP) [22] within the density functional the-
ory. The interactions between the electrons and ions were described
using the projector augmented wave (PAW) method [23,24]. The
scheme of Perdew, Burke, and Ernzerhof (PBE) [25] within the general
gradient approximation (GGA) was used for the electron exchange-
correlation functional. The PAW-PBE potentials were obtained from
the VASP package, using the valence electron configurations of 2s°2p?
and 5p°6s%5d° for C and Ta, respectively. The Brillouin zone was inte-
grated using the Methfessel-Paxton smearing method [26] of first
order with the smearing parameter o of 0.1 eV, except for calculations
of very accurate total energy without relaxation, where the tetrahedron
method with Blochl corrections [27] was used. All calculations used a
plane-wave kinetic energy cutoff of 500 eV to achieve good convergence
for stress tensor. The I'-centered Monkhorst-Pack k-point grid [28] was
used, and the k-point sampling (details listed in Table 1) with a resolu-
tion of around 21 x 0.02 A" converges the total energy to within 1 meV.

For bulk calculations of TaC, Ta4Cs, and Ta,C, primitive cells were
used in which the numbers of Ta atoms and C atoms are the same as
those in the chemical formulae, respectively (Fig. 1). The cell volume
was determined by fitting a computed energy-volume curve to the
Birch-Murnaghan equation of state [29], and the atomic positions and
cell structure were optimized with an ionic force threshold of
0.001 eV/A.

For the surface calculations, the supercell model is constructed with
a slab and vacuum, which were acquired by cleaving the bulk equilibri-
um structures calculated above. The surface indices are with respect to
the conventional unit cell, i.e., cubic for TaC while trigonal for Ta,Cs,
and Ta,C. The vacuum layer thickness is set to be 20 A, large enough
to suppress spurious interaction between periodic images. The atomic
positions were allowed to relax within the fixed cell volume and
shape to realize possible surface rumpling in the ground state [30],

Table 1

Crystal structure and elastic moduli of bulk TaC, Ta4Cs, and Ta,C. Lattice constants are with
respect to the conventional unit cell, and for Ta,C3 and Ta,C, the lattice constant a is
followed by c. Experimental values of lattice constants and elastic moduli are also listed
in italics for reference.

TaC TasCs Ta,C
Space group (No.)  Fm3m (225) R3m (166) P3m1 (164)
k-points mesh 21721"21 21721*21 21°21*11

Lattice constant 4.48
(A) 4.4570 [31]
Atom positions C (4a) (0,0,0)

3.15,30.42
3.1216, 30.058 [8]
C(3a) (0,0,0)

3.12,4.96
31030, 4.9378 [32]
C(1a) (0,0,0)

Ta (4b) C(6¢) (0,0,0.4196) Ta(2d) (0.3333,
(05,0.5,0.5) Ta (6¢) (0,0,0.1259) 0.6667, 0.2529)
Ta (6¢) (0, 0, 0.2895)
B (GPa) 325 287 259
332 +3935]
G (GPa) 212 181 142
234 +2735]
E (GPa) 522 448 360
567 + 68 [35]
v 0.232 0.240 0.268

0.215 + 0.020 [35]

and the ionic force threshold was also set to be 0.001 eV/A. For asym-
metric surfaces with different terminations, dipole corrections are
included.

3. Results and discussion
3.1. Bulk crystal structure and mechanical properties

As a benchmark study, the bulk structures and elastic moduli of TaC,
TasCs, and Ta,C are calculated and listed in Table 1. The calculated re-
sults of lattice constants are always slightly larger than the experimental
values [8,31,32], but within a reasonable range, which is originated from
the GGA exchange-correlation functional we have chosen in our study.

The bulk retains linear elasticity under small strains, and there exists
linear relationship between stress and strain according to the Hook’s
law. By designing a series of small strains along different directions
and calculating the corresponding stress tensor, all the elastic stiffness
constants Cj for the bulk phases can be calculated. Applying the Voigt-
Reuss-Hill approximation [34], the bulk modulus B and shear modulus
G can be calculated, in which Voigt's and Reuss’s schemes represent the
upper and lower bounds, and the Hill's scheme takes average of the
two:

O] =

2
By =5 (Cnt +C22+C33)+§(C12+C13+Cz3) "
1

By —
R (S11+ S +S33) + 2(Si2 + S13 + S33)
and
1 1
Gy = i (C11 + Co2 + C33—C12—Ci3—C3) + 5 (Caq + Cs5 + Ces)
15 )
Gy =

4(S11 + Sa2 + S33) —4(S12 + S13 + S23) + 3(S4a + Ss5 + Se6)

in which S; represents the elastic compliance constants consisting of the
compliance tensor which is the inverse of the stiffness tensor. The
Young's modulus E and Poisson’s ratio v can then be derived as,

9BG 3B—-2G

E=3p7¢V 283870 3)

Our calculated elastic moduli (Table 1) are consistent with available
experimental [35] and other calculation results [36,37]. Comparing
among the three phases, we can see that with decreasing C/Ta ratio,
the elastic modulus also decreases.

3.2. Surface energy

With the equilibrium bulk structure at hand, we can directly cleave
the bulk and make slabs of fixed volume and shape since the bulk layers
of the slab should keep the structure of bulk in a reasonable surface
model no matter how the surface layers are reconstructed or rumpled.
The specific surface energy can be calculated using the following
equation,

Eout = Egab ZXEbulk 7 @)
where Eg,p, is the total energy of the slab containing specific number of
atomic layers, Epyy is the total energy of the bulk unit cell, and the mul-
tiplier n is to equalize the total number of atoms in the slab with that in
the bulk. A represents the surface area, and the factor 2 is used because
the slab has two surfaces. Smaller surface energy indicates surfaces of
higher stability.

The most common method to calculate the surface energy is
conducting two separate calculations to determine the slab energy
and the bulk energy, respectively. However, due to different cell size
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(b)

Fig. 1. Unit cell structure of (a) TaC, (b) Ta,C, and (c) Ta4Cs, presented using VESTA [33]. The large yellow sphere represents Ta atom, and the small brown sphere represents C atom. The
three diagrams are not in the same scale. For TaC and Ta4Cs, the blue grids show the primitive cells.

and k-point sampling, unavoidable systematic error would occur [38], surface energies from slab calculations [39], in which slab energies are
and the surface energies calculated using different layers of slab can fitted in relative to the number of slab layers and the slope is taken as
diverge. Therefore, a slab method is proposed to extract convergent the bulk energy.
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Fig. 2. Surface energy and surface stress of TaC (0 0 1) surface as a function of the number of monolayers. The inset is the linear fitting of slab total energy with respect to number of
monolayers.
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Fig. 3. Band structure along several high symmetry directions and partial density of states
(PDOS) of bulk TaC. The energy reference is set to the Fermi level (dashed horizontal line).

Another important reason for considering a series of slab thicknesses
resides in the QSE of metallic films. When the thickness of a metal film is
reduced to the range of the electron Fermi wavelength, quantum con-
finement becomes prominent to form discrete quantum well states. As
aresult, surface energies will oscillate until the thickness of the slab be-
comes large. Fig. 2 shows the surface energy and surface stress plot with
changing number of monolayers for the TaC (0 0 1) surface. The inset
shows the linear fitting of slab total energy with respect to number of
monolayers when the layer number is larger than 10. The bulk energy
is fitted as the slope with the standard error of 0.46 meV. We can see
that the surface energy varies by 2 meV/A? per layer even when the
number of monolayers reaches 20. The surface stress also shows the
same beating pattern. From this plot, the converged surface energy is
determined as 95 meV/A? (1.51 J/m?). The result is much smaller than
2.99 J/m? reported by Hugosson et al. [20] since the ignorance of surface
relaxation in that reference results in a large error for severely rumpled
TaC (00 1) surface [21,30].

To estimate the strength of QSE in TaC films, we have calculated the
band structure and density of states of bulk TaC, as shown in Fig. 3,
which indicate that TaC is a strong metal with the Fermi level lying in
the mix of Ta 5d bands and C 2p bands. Accordingly, accounting three

Ta-Ta1l -
Ta-Ta - - Ta-Ta2 -
Ta-C1 _ .
Ta-C2 - -
Ta-C3 - — Ta-Ta3 -
.-1—» > .—I—» b

Table 2

Surface energies and corresponding bonding energies of different surfaces.
Surface type Ta-Ta Ta-C1 Ta-C2 Ta-C3
Bonding energy (eV) 0.92 1.91 1.48 1.58
Surface energy (eV/A?) 0.161 0334 0.258 0.276
Surface energy (J/m?) 2.58 535 414 442

5d electrons of Ta and two 2p electrons of C as the “free” valence elec-
trons and using Sommerfeld’s free-electron-gas model, we estimated
the Fermi wavelength of TaC to be Ar~3.35 A. Given the interlayer spac-
ing of TaC (00 1) film to be dy ~2.24 A, we have dy : % ~4 : 3. This sug-
gests a strong QSE in TaC (0 0 1) film with its surface properties
oscillating in a period of three layers [17-19,40], in good agreement
with our direct DFT calculations as shown in Fig. 2.

Using the same method, we have also determined the surface energy
of TaC (11 1) to be 0.255 eV/A? (4.08 ]/m?). Although Ta atoms form a
face-centered-cubic stacking sequence and the (11 1) planes are closely
packed, the number of broken bonds is not the fewest with C sublattice
interweaving, which explains why the TaC (1 1 1) surface has higher
surface energy than the (0 0 1) surface, contrary to the situations in
fcc metals [41].

The Ta,C (0 0 1) basal planes have two kinds of environments: one
consists of two adjacent Ta-Ta planes, while the other consists of neigh-
boring Ta-C planes (Fig. 1(b)). Therefore, we calculated Ta,C (00 1) sur-
faces of two terminations. The Ta-terminated surface has a surface
energy of 0.181 eV/A? (2.90 J/m?) and the surface with mixed Ta-C ter-
mination has a surface energy of 0.314 eV/A? (5.04 J/m?). The latter has
a higher surface energy and is less stable because breaking Ta-C covalent
bond needs more energy than breaking Ta-Ta metallic “bonds”
(interactions).

3.3. Effect of structural vacancies in the {-Ta,Cs _x phase

The (0 0 1) surfaces of the ¢ phase are more complicated since sur-
faces of different terminations and different cleaving positions must
be considered. Fig. 4(a) illustrates four non-equivalent surface cleaving
methods for Ta,Cs. Besides one Ta-terminated surface, there are three
kinds of surfaces with mixed Ta-C termination, and we denoted them
as Ta-C 1, Ta-C 2, and Ta-C 3. The calculated surface energies and
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Fig. 4. (a) Four non-equivalent surface cleaving methods for §-TasCs; (b) three Ta-terminated surface cleaving methods for {-TasCs_,; (c) surface energies of the three Ta-terminated
surfaces of {-TasC5_,, with the red dashed line of surface energy for the Ta-terminated surface in §-Ta,Cs for reference.
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corresponding bonding energies are listed in Table 2. We can see that
metallic bonds between Ta atoms are weaker compared to the Ta-C co-
valent bond, making the Ta-terminated surface to be the most stable
one.

To model the C-deficient non-stoichiometric ¢{-Ta4Cs_ phase, we
need to first identify a reasonable and realistic x value or C/Ta ratio. Ex-
periments found that the ¢-Ta4Cs _, phase is stable over the tempera-
ture range of 300-2400 K with a homogeneity interval from TaCy g5 to
TaCo s [8]. No matter what the ratio is, the positions (6¢) are always oc-
cupied by C atoms, while the positions (3a) are only partially occupied
[8]. Therefore, we focus on a {-TaCp g7 phase with uniform structural va-
cancy distribution for calculation convenience, in which two thirds of
(3a) positions in the trigonal unit cell are occupied by C atoms while
the other one thirds of (3a) positions are vacant or occupied by structur-
al vacancies (Fig. 4(b)). The ¢ phase with the same C/Ta ratio as that of
our model has also been chosen to study in experiments [8].

With the introduced structural vacancy at C (3a) sites, two more
kinds of Ta-terminated surfaces can be formed compared to the
stoichiometric Ta,Cs phase. Fig. 4(c) shows the surface energies for all
three Ta-terminated surfaces, in comparison with the original
surface energy in the stoichiometric phase. We can see that more stable
Ta-terminated surfaces can be formed with the structural vacancy
present. Since more Ta-Ta direct metallic bonds are created with specific
C layers missing in the non-stoichiometric phase, the material becomes
easier to form lamellar structure, consistent with experimental
observations [15].

4. Conclusion

The tantalum carbide phases can be perceived as progressive filling
of C atoms at octahedral interstitial sites of Ta crystallographic lattice
along (11 1) planes and the corresponding shifts of Ta planes and sym-
metry rearrangement [10], in which Ta4C3 was formed by removal of
every fourth C plane in TaC, and Ta,C was formed by continual removal
of every third C plane in Ta4Cs. The non-stoichiometric phases are rep-
resented by missing C atoms and thus less Ta-C bonds compared to
the corresponding stoichiometric phases. From the point view of bond
breaking in the process of surface formation, different surface energies
can be understood by different bonding energy. The experimental
high fracture toughness ¢-Ta,Cs _ phase is showed to have a lowered
surface energy with introduced structural vacancies, which facilitates
an easier lamellar structure formation and thus stronger crack-face
bridging mechanism [15] sustaining the high facture toughness. In real-
istic experimental specimens, the expected higher local concentrations
of structural vacancies in the {-Ta,Cs —, phase may lower the surface en-
ergy further and increase the structural anisotropy, which requires fur-
ther investigations. In our calculations of surface energy, we found that
the QSE possibly needs to be carefully considered, as the surface energy
oscillates with number of monolayers in a wide range of layer thickness.
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