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Abstract

Tantalum carbide (TaC) and hafnium carbide (HfC), as well as mixed hafnium tantalum carbides, are of
great recent scientific and industrial interest due to their structural features, and thermal, elastic and
mechanical properties. In order to identify the possible crystal structure candidates in the HfysTaosC system
that are (meta)stable for different pressures, a global search was performed on the energy landscape of the
system. The obtained structure candidates were further locally optimized on the DFT level and the relaxed
structures were crystallographically analysed and compared. As a result, the experimentally observed rock
salt phase was found as a global minimum and dozen additional feasible modifications of HfysTaosC were
predicted. Besides the experimentally observed NaCl-type structure, various distorted versions of this
structure type were found, as well as modifications exhibiting the NiAs-, ortho- and 5-5-type of structure.
Furthermore, mechanical properties including bulk, shear, Young’s moduli, elastic constants and the Vicker
hardness were computed for all promising predicted structure candidates. We believe that the present results
will help in understanding the structure-property relationship in mixed HfC/TaC systems.

Keywords: tantalum hafnium carbide, HfC/TaC, DFT, mechanical properties

I. Introduction solution with the general formula Hf,Ta,.C over the
) ) ) entire composition range above 887 °C [5]. TaC-HfC

Tgntalum and hafnium 9arb1des are classified as composites or solid solutions (at least partially) are
u!trahlgh—'temper'ature ceramics (UHTCS) due to their usually synthesized by using hot pressing, pressureless
h{gh melting points (~3.900 °0) W_hICh are among the sintering, and spark plasma sintering [6,7]. According
highest for inorganic materials [1,2]. ~Also, {5 Shannon [8] the atomic radii of Hf (0.71 A) and Ta
experimental and theoretical . investigations hgve (0.68 A) are quite similar, which suggests that Hf and
reported the excellent elastic and mechanical T4 cap replace one another in the compounds without
properties of HfC and TaC, making them suitable tobe  cpanging the initial structure. Furthermore, according
employed as structural materials in different 5 the literature their solid solutions exhibit even better
applications [3,4], e.g. as thermal pro.tectlon. materials properties, for example, higher melting temperature
for the next generation of hyper.somc vehicles. The [9], good mechanical properties, thermal conductivity
reason for the excellent elastic and mechanical and thermal stability [10]. Also, since TaC displays a
properties and extremely high melting temperatures  pigher degree of plasticity than HfC, adding a small
lies in the combination of strong ionic and covalent amount of Ta into HfC could improve its plasticity and

bonds. . shear modulus and decrease the coefficient of thermal
HfC and TaC exhibit the same rock-salt structure expansion [11-13]. The powder synthesis reported in

type as the thermodynamically st:alble modiﬁcatioq at the literature is performed mostly on a Ta-rich
standard pressure, same as their mixtures form a solid composition Hfy,TaosC [14]. In comparison with other
members of the Hf\Ta,.C system, the HfysTagsC
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exhibits a higher microhardness (36.71+1.21 GPa),
higher elastic modulus (559.30+6.50 GPa), lower
oxidation rate and better ablation resistance [15-17].
Furthermore, the solid solutions of the mixed hafnium
tantalum carbides show better oxidation resistances
than the pure carbides. The best oxidation resistance
was observed also in the HfysTaosC composition [7].
The research indicates that balancing the ratio of Ta
and Hf is crucial for achieving optimal mechanical
properties and oxidation resistance in practical
applications. According to the first-principles
calculations, the mechanical properties of Hf,Ta,.C (x
= 0.2, 0.4, 0.5) improve as the Ta content increases
due to the enhanced bonding between Ta and C atoms
[18]. According to literature data [6], the mechanical
properties of the solid solution samples exceeded those
of the individual HfC and TaC carbides. The
exceptional ~damage tolerance and improved
mechanical properties of TagsHfysC, compared to
other solid solution Hf,Ta,..C compositions, make it an
extraordinary structural material for hypersonic
applications [19]. Previous theoretical works [20,21]
revealed that among the five instances of suggested
solid solution compounds (i.e. HfC, Hfy75Tag2sC,
Hfo,sTa(),5C, Hfo,sta()jsC and TaC), the Hf0,25T30_75C
solid solution should possess the largest elastic
modulus and shear modulus.

I1. Computational methods and background

2.1. Determination of feasible structure candidates

From a theoretical point of view, feasible
modifications of a chemical system are associated with
individual local minima or structurally related groups
of such minima, on the energy landscape of the system
[22]. In order to identify the local minima of the
potential energy in the HfysTaosC system, we started
our study with a crystal structure prediction using a
global search (GS) method. The global search was
performed for six different values of the pressure up to
extremely high values of 1600 GPa (0, 0.16, 1.6, 16,
160 and 1600 GPa). The global search procedure
implemented in the G42+code [23] was based on the
stochastic simulated annealing method combined with
many periodic local optimizations along the search
trajectories. The moveclass for the random walk
included shifts in randomly selected atoms only
(65%), exchange of randomly chosen pairs of atoms
(10%), and changes in the cell parameters with and
without atom movements (25%). To perform the
global searches with a reasonable computational effort
we used four formula units, and a fast computable
empirical two-body potential consisting of the
Lennard-Jones and exponentially damped Coulomb
terms. Using the LOAD script [24] the resulting large
set of candidates is sorted, where their symmetries
were determined using the SFND [25] and RGS [26]
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algorithms implemented in the program KPLOT [27]
and duplicate candidates were eliminated via the
CMPZ algorithm [28] implemented in KPLOT.

Besides the GS candidates, we generated feasible
candidate structures by starting from some of the
lowest energy structure candidates obtained from our
previous structure prediction studies for HfC and TaC
[29,30]. Here, we constructed new candidates by
randomly replacing half of the Hf (Ta) atoms with Ta
(Hf) atoms in the earlier low-energy HfC (TaC)
modifications.

As a final step, the structure candidates were
locally minimized on an ab initio level. The
symmetries of these optimized structures were again
determined using the program KPLOT [27] and the
Vesta code [31] was employed for the visualization of
the structures.

2.2. Details of the ab initio calculations

The CRYSTALI17 code [32,33], which is based on
linear combinations of atomic orbitals, was used for
the local optimization of the most promising structure
candidates on the ab initio level. DFT calculations
were performed using two different functionals: the
local density approximation (LDA) with the Perdew-
Zunger (PZ) correlation functional [34] and the
generalized gradient approximation (GGA) with the
Perdew-Burke-Ernzerhof (PBE) functional [35].
Previous studies have shown that the choice of these
DFT functionals produces reliable structure prediction
results [29,30,36]. For the integration over the
Brillouin zone, a k-point mesh of 8x8x8 was generated
using the Monkhorst-Pack scheme, and the energy
convergence tolerance was set as 107 eV/atom.

Regarding the basis sets, in the case of hafnium a
Hf ECP_Stevens 411d31G _munoz 2007  effective
core pseudopotential was employed [37,38] and a
Ta ECP60MDF-31(51df)G_baranek 2013 CsTaO;
effective core pseudopotential was used for tantalum
[39,40]. In the case of carbon, the C 6-
21G* catti 1993 all-electron basis set based on
Gaussian-type orbitals was used [40,41].

2.3. Mechanical and elastic properties

The bulk modulus B characterizes the response of
a material to the change in the applied pressure Ap (=
p—0 = p in the linear regime) in terms of the change in
relative volume AV/V: B = -Ap/(AV/V). Analogously,
the shear modulus G describes the relation between the
shear strain y in the material and the applied external
shear stress 71 G = 7/y [42]. Another mesoscopic
quantity of interest for practical applications is the
hardness Hy; it is related to the elastic and plastic
properties of materials and can be calculated from the
bulk modulus (B) and the shear modulus (K) on a
phenomenological level according to following
equation [43]:
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Hy = 0.92(K/B)" K™ (1)

In addition, the elastic constants Cj (in the Voigt
notation, i.e. i,j = 1,...,6) were computed. The elastic
constants of a compound describe its response to an
applied stress or, the stress needed to maintain a given
deformation. Here, we note that the number of
independent elastic constants depends on the space
group symmetries of the crystalline modification under
consideration. Furthermore, the mechanical stability of
any crystal requires the strain energy to be positive
based on the Born-Huang criteria [44]. As a
consequence, we need to fulfil several necessary and
sufficient conditions for elastic stability, which vary
depending on the crystal system to which the structure
candidate belongs [45]. Thus, in the hexagonal and
tetragonal case four conditions need to be obeyed:

c, >c.l; 20, <c,lc, +C,); C.>0;

C. >0
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The analogous criteria for an orthorhombic system are:

C]I >0; CIICZZ >C122;

C11C32C33 +2C12C13C23 - Cllcsz2 - C22C132 - C?

C,,>0;Cy>0;C, >0
and for the trigonal (thombohedral) crystals, there are
6 independent elastic constants, Ci, Ci2, Ci3, Cis, Cs3,
Cu, and the mechanical stability conditions take the
following form:

C, >[C12J5 Cu>0; (Cn +C12)C33 >2C122;
2
(Cll - CIZ)C44 > 2C|4

Finally, for crystals belonging to the monoclinic
systems, 13 independent elastic constants (Ciy, Cio,
Cis, Cis, Cr, Cos, Cos, Cs3, Css, Caa, Cas, Css and Cee)
need to be computed [46]. The monoclinic phases are
mechanically stable if their elastic constants Cj meet
the following inequalities [47]:

C.,>0ji=1-6;C,+C,; >2C,,
Cll +C22 +C33 > 2(C12 +C13 +C23)3
C33C55 > C35; (:44(;66 > CT462 5

C,,Cy,Css +2C,,C,5Cos > C,,Coi” + CiCyy” +C,

2[C15C25(C33C12_ C13C23) + C15C35(C22C13 - Cl
2 2
C25C35(C11C23 - CIZCIS)] > ClS (C22C33 - C23 )+

C252(CIIC33 - C132)+ C352(C11C22 - C|22)+ pCss

where:

p =C,C,,Cys- C11C232 - szcm2 - C33C122 +2

To calculate these mechanical and elastic properties,
the computational strategy implemented in the
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CRYSTALL17 solid-state quantum-chemical program
[48] was employed. The full elastic tensor was
generated using the keyword ELASTCON [49].
Furthermore, in order to evaluate these properties not
only for each individual structure candidate but also
for a solid solution phase of HfysTaosC, we have used
the KOVIN algorithm [50] that allows us to deal with
the partial occupancies (implied in the averaged
structure description of a solid solution) in the
calculations in a suitable approximate fashion.

II1. Results and discussion

3.1. Structural features

The global search generated almost 30,000
candidate structures, which were found in 68 different
space groups (besides P1). Most of the candidates
exhibiting high degrees of symmetry were obtained at
low and moderate pressures, while at extreme
pressures of 1600 GPa, most candidates were found
only in symmetry P1, with often highly distorted
coordination polyhedra; this suggests a tendency
towards amorphization caused by too much
compression and shortening of the bond lengths at
such extreme conditions.

After the local optimization, the GS candidates
were ranked according to their energy on the ab initio
level, and the energy/volume curves were computed
for the nine structure candidates with the lowest
energies. Here we should emphasize that all of these
nine candidates (RS1 - RS9, labelled by energy rank)
exhibit a more or less distorted rock-salt structure type
ranging in symmetry from R-3m (no.166) to P1 (no.
2). Thus, not only the global minimum but also many
structurally related low-energy local minima belong to
this structure prototype both on the empirical potential
energy landscape and the ab initio energy landscape of
Hf,sTapsC. We note that the maximal energy
difference among the nine rock salt prototype minima
is below 0.02 eV/atom (c.f. Table S1 in the supporting
information) and thus we expect the system to form a
solid solution phase, at least at intermediary
temperatures down to room temperature. This is
supported by the observation that the total energy for
the Hf/Ta arrangement with the lowest energy in the
rock salt prototype structure, i.e. the RS1 structure
candidate, En(HfosTaosC) = -90.9646 Ha, is lower than
the sum of the energies of HfC and TaC, 1/2((E.(HfC)
+ Ey(TaC)) = -90.9587 Ha, indicating that the mixed
hafnium tantalum carbide is stable against
decomposition into the end members HfC and TaC.

The curves shown in Fig. la are obtained using
the LDA functional, while the curves in Fig. 1b were
obtained using the GGA functional. They show the
same ranking of these nine structure candidates. The
orthorhombic candidate (RS1) in the Cccm space
group is the structure with the lowest total energy (Fig.



2a) and it is followed by the monoclinic P2 (RS2) the total energy there are three further tetragonal
structure in Fig. 2b and the tetragonal P4.,/mmc (RS3) candidates; RS7 (Fig. 2g), RS8 (Fig. 2h) and RS9 (Fig.
structure (Fig. 2¢). Among the best-nine candidates in
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Figure 1. E(V) curves for the nine rock-salt prototype candidates computed using LDA (a) and GGA (b) functionals and for
the three other promising modifications (the NiAs proto-type, the ortho prototype and the 5-5 proto-type) using LDA (c) and
GGA (d) functionals. For comparison, the E(V) curves for the rock salt type candidates RS1 and RS9 are also shown in (c)
and (d). The energy (in units of Hartree) and the volume refer to one formula unit HfTaC,

e)

Figure 2. Crystal structures of Hf,sTaosC structure candidates exhibiting the rock-salt structure proto-type: a) RS1, b) RS2,
¢) RS3, d) RS4, e) RSS, f) RS6, g) RS7, h) RS8 and i) RS9. Hf ions are shown as balls inside the green coordination polyhedra,
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Ta ions are shown as balls inside the blue coordination polyhedra and the carbon atoms (brown balls) are located at the

Table 1. Space group, unit cell parameters and atomic positions for the nine structure candidates in the Hf,sTa,sC system

corners of the coordination polyhedral.

with the lowest energies as computed with LDA and PBE functionals (all nine structure candidates
exhibit the rock-salt structure proto-type)

Structure candidates LDA PBE
Ceem (66) Ceem (66)
a=9.03A;b=638A;c=637A a=9.12A;b=645A;c=644 A
RSI Tal 003/4 Ta21/43/41/2 Tal 003/4 Ta21/43/41/2
Hf1 01/2 3/4 Hf23/43/41/2 Hf1 1/20 3/4 Hf23/43/41/2
C1 0.0028 0.7568 1/2 Cl 0.0028 0.7566 1/2
C2 0.246503/4 C2 0.246503/4
P2 (3) P2 (3)
a=552A;b=638A;c=553A a=558A;b=645A;c=559 A
£ =109.43° £=109.42°
Tal 00.82890 Ta2 00.5802 1/2 Tal 00.82880  Ta2 00.5805 1/2
Ta3 1/20.0786 0 Ta4 1/2 0.58150 Ta3 1/20.07830 Ta4 1/20.5802 0
RS2 Hf1 1/2 0.3301 1/2  Hf2 1/2 0.8289 1/2 Hf1 1/2 0.3302 1/2 Hf2 1/2 0.8288 1/2
Hf3 00.0787 1/2 Hf400.3302 0 Hf3 00.0787 1/2 Hf4 00.3303 0
Cl 0.75320.58310.7535 Cl 0.75310.5830 0.7534
C2 0.7502 0.0754 0.7576 C2 0.7502 0.0755 0.7575
C3 0.25300.33350.7537 C3 0.25290.33350.7535
C4 0.7497 0.8262 0.2445 C4 0.7497 0.8264 0.2447
P4y/mmce (131) P4y/mmce (131)
a=638A;c=451A a=645A;c=456A
RS3 Ta 0 0.2490 1/2 Ta00.7513 1/2
Hf 1/2 0.2485 1/2 Hf1/20.7517 1/2
Cl 024151212 Cl 0.75831/2 12
C2 0.7566 0 1/2 C2 0.243701/2
Pmmn (59) Pmmn (59)
a=3.18A;b=452A;c=639A a=322A;b=456A;c=646A
RS4 Ta 3/4 1/4 0.6240 Ta 3/4 1/4 0.6237
Hf 1/4 3/4 0.8735 Hf 1/4 3/4 0.8732
Cl 3/43/40.6186 Cl1 3/43/40.6189
C2 3/43/40.1338 C2 3/43/40.1337
R-3m (166) R-3m (166)
a=319A;¢c=1567A a=322A;c=1585A
RS5 Ta000 Ta000
Hf001/2 Hf001/2
C000.2534 C000.2533
Amm?2 (38) Amm?2 (38)
a=451A;b=9.03A;¢c=9.02A a=456A;b=9.12A;c=9.114A
Tal 0 0.24930.1083 Ta2 1/2 00.1081 Tal 00.7509 0.8917 Ta2 1/2 0 0.8921
Ta30 00.8589 Ta3 00 0.1409
Hf1 1/200.6087 Hf2 1/2 0.2491 0.8582 Hf1 1/200.3912 Hf2 1/20.7510 0.1418
RS6 Hf3000.3573 Hf3 00 0.6427
Cl 00.24610.8584 Cl 00.75390.1416
C2 000.6121 C2 000.3879
C3 1/20.75350.1083 C3 1/20.2466 0.8917
C4 1/200.3536 C4 1/200.6464
C5 1/200.8618 C5 1/200.1383
C6 000.1054 C6 000.8944
14/amd (141) 14,/amd (141)
a=451A;c=9.03 A a=456A;¢c=9.12A
RS7 Ta 1/23/47/8 Ta 1/23/47/8
Hf03/41/8 Hf03/41/8
C03/40.3779 C03/40.3778
P4o/mme (131) P4y/mme (131)
a=451A;¢c=9.03A a=455A;¢c=9.13 A
Tal 1200 Ta21/21/21/4 Tal 1/200 Ta21/21/21/4
RS8 Hfl 1/201/2 Hf2001/4 Hf11/201/2 Hf2001/4
Cl 12120 Cl 12120
C2000 C2000
C301/20.2529 C301/20.2529
P4/nmm (129) P4/nmm (129)
a=451A;¢=9.02A a=456A;c=9.12 A
Tal 1/41/40.7512 Ta23/41/40 Tal 3/43/40.7517 Ta21/43/40
RS9 Hf1 3/43/40.7509 Hf23/41/41/2 Hf1 1/41/40.7513  Hf2 1/43/41/2
Cl 3/43/40.0020 Cl 1/41/40.0019
C2 3/43/4 0.4957 C2 1/41/4 0.4957
C3 1/43/4 0.2446 C33/41/40.2447
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2i) and two more orthorhombic ones, RS4 (Fig. 2d)
and RS6 (Fig. 2f). The candidate with the highest
symmetry is RS5 (Fig. 2e) adopting the trigonal R-3m
space group. This structure candidate has a typical
polytypic alternation of layers with only hafnium in
the octahedra followed by layers with only tantalum in
the octahedra. Structure details including unit cell
parameters and atomic positions for the RS1-RS9
structure candidates are given in Table 1.

Besides the candidates with the rock-salt structure
type (RS1-RS9), the global search yielded only one
low-energy candidate with a structure type different
from the rock-salt type. It belongs to the nickel
arsenide (NiAs) structure prototype and its ranking in
comparison with the RS1 and RS9 structure candidates
is given in Fig. lc. According to the E(V) curves, the
Hf,sTaysC with nickel arsenide structure prototype
might be accessible in high-temperature conditions.
Data of the relaxed unit cell parameters and atomic
positions for the NiAs structure type candidate are
given in Table 2 and the structure is shown in Fig. 3a.
Since the NiAs prototype candidate appears in space
group Pmma (no. 51), it is distorted compared to the
ideal (binary) nickel arsenide structure type that adopts
the hexagonal P6s/mmc (no. 194) space group.
Nevertheless, it shows the characteristic 6-fold
coordination of the cations (hafnium and tantalum) by
the anions (carbon) forming ABAB layers of edge- and
face-connected octahedra (Fig. 3a). Previous
theoretical investigations have also found this structure
type in a variety of AB systems [51-53].

In our previous studies, we have investigated HfC
[29] and TaC [30], the end members of the Hf,Ta,..C

system. The candidate ranked as the best in total
energy for both end compounds adopts the rock-salt
structure type, similar to the result we have obtained
for the composition x = 1/2. The next two structure
candidates, by energy, present in both end members
exhibited two structure types called ortho-type and 5-
S-type as number 2 and 3, respectively. Consequently,
besides the structure candidates already obtained from
the global search, we constructed the analogues for
these two structure types in the HfysTagsC system as
candidates for low-energy structures.

The first one, originally denoted as ortho-type in
ref. [29] since it adopts an orthorhombic symmetry, is
depicted in (Fig. 3b) with structure parameters given in
Table 2. Interestingly, the ortho-type structure
candidate adopts the space group Cmcm (no. 63) not
only in pure HfC and TaC, but also for the HfysTagsC
system: for the energetically most favourable cation
arrangement in the ortho-proto-type, there was no
reduction in symmetry compared to the pure system.
This candidate in the new structure type, which is
lower in total energy ranking than the nickel arsenide
type candidate (Figs. lc,d) can be visualized as a
combination of the rock-salt and 5-5 types of structure,
where the octahedra coordinating the Hf cations are
edge-connected to the trigonal  bipyramids
coordinating the Ta cations (Fig. 3b) Very similar
kinds of alternating combinations of octahedral and
trigonal bipyramidal layers have been observed as
local minima on the energy landscape of some ionic
compounds, such as for bulk NaCl [54] or for
monolayers of MgO on sapphire [23].

Table 2. Space group, unit cell parameters and atomic positions after local minimization using LDA and PBE functionals, for
three additional relevant structure candidates in the Hf,sTa(sC system exhibiting
the NiAs-, ortho- and 5-5-structure proto-types

Structure candidates LDA PBE
Pmma (51) Pmma (51)
a=553A;b=317A; =5514A a=558A;p=321A; =558A
NiAs Ta01/21/2 Ta01/21/2
Hf000 Hf000
C1 1/400.3446 C1 1/400.3439
C2 3/41/20.1811 C2 3/41/20.1809
Cmcem (63) Cmcem (63)
a=333A;p=1330A;c=447A a=338A;b=1341A;¢c=451A
Ortho Ta 0 0.9201 1/4 Ta 0 0.6862 1/4
Hf 0 0.6869 1/4 Hf 0 0.9200 1/4
C1 00.3199 1/4 C1 00.32051/4
C2 00.0753 1/4 C2 00.0753 1/4
P-6m2 (187) P-6m2 (187)
a=372A;b=447A a=376A;b=451A
5.5 Ta2/31/30 Ta 1/32/31/2
Hf1/32/31/2 Hf 2/31/30
Cl 2/31/312 Cl 2/31/312
C2 1/32/30 C2 1/32/30

Besides the ortho-type structure, the so-called 5-5
structure had also been found during the global
searches as a structure candidate in HfC and TaC, i.e.
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in the end members of the hafnium tantalum
composition range. Previously, this structure type has
been found on the energy landscape of various AB
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chemical systems [55,56] and experimentally for ZnO
films [57] and NaCl monolayers [58]. According to
Figs. 1c,d, the 5-5 type structure candidate can be
expected to be thermodynamically stable in the
negative pressure region at pressures below -30 GPa.
The prototypical 5-5 structure type appears in the
hexagonal symmetry with space group P6s;/mmc (no.
194) in HfC and TaC, but for the Hf,sTasC

composition, its symmetry is reduced to space group
P-6m2 (no. 187) (Table 2). Nevertheless, the structural
motif is preserved and can be described as a mutual
fivefold coordination of cation A by anion B in a
hexagonal lattice with ABAB stacking, where the A-
atoms form trigonal bipyramids around the B-atoms,
and vice versa (Fig. 3c¢).

Figure 3. Crystal structure of Hf,sTaosC structure candidates with structure type different from the rock-salt proto-type:
a) NiAs structure proto-type; b) Ortho structure proto-type and c) 5-5 structure proto-type. Hf ions are shown as balls inside
the green coordination polyhedra, Ta ions are shown as balls inside the blue coordination polyhedra and the carbon atoms
are depicted as brown balls at the corners of the coordination polyhedra. Note that the octahedra in the ortho-type are filled
by Hf ions and the trigonal bipyramids by Ta ions, respectively.
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Figure 4. Average Hf—C and Ta—C bond distances in
coordination polyhedra of the twelve most important

Hf\sTa,5C structure candidates. Black circles and lines
denote average distances and their spread in TaC,
coordination polyhedra (n = 5,6), and red circles and lines
indicate the average distances and their spread in HfC,
polyhedra, respectively. Black (red) triangles and black
(red) squares are given for comparison and denote the
corresponding Ta—C (Hf-C) distances for trigonal
bipyramidal and octahedral coordination polyhedra of the
Ta (Hf) atoms, respectively, in the rock-salt, NiAs, ortho-,
and 5-5 structure candidates for the pure compounds TaC
and HfC. Note that in the ortho-type modification for the
pure compounds TaC and HfC, half of the Ta and Hf atoms
are six- and five-fold coordinated by C atoms.

We analysed the average values of cation-anion
bond distances, and their spread, for the coordination
polyhedra formed by the neighbouring carbon atoms
around the Hf and Ta ions. For the candidates
exhibiting the rock salt (RS1 - RS9) and the NiAs
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structure prototypes, all these polyhedra are octahedra.
For the 5-5 structure type, both cations are coordinated
by five carbon atoms (Fig. 3c), and for the ortho-type
one-half of the coordination polyhedra are trigonal
bipyramids and the other half are octahedra.
According to these results, the greatest spread in the
atom distances occurs in the three structure candidates
(RS1, RS2 and RS6), indicating the most pronounced
octahedral distortion (Fig. 4). This also correlates with
the observation that the space group symmetries of
these three structure candidates are the lowest ones
among the nine rock salt prototype structures.

Furthermore, considering the structures depicted
in Fig. 2, the connectivity of the octahedra for these
candidates appears to be such that the Hf- and Ta-
centred octahedra are required to accommodate one
another: thus the competition between forming ideal-
size coordination octahedra around Hf and Ta, as
found in the pure HfC and TaC compounds on one
hand, and matching up with the slightly different
octahedra surrounding the second cation, leads to
stronger distortions. As a consequence, the Hf~C and
Ta—C atom-atom nearest neighbour distances vary for
the octahedra for a given central cation, but also are
relatively similar when compared to the distances in
the octahedra with the other central cations. This
contrasts the structures where there is no distortion of
the octahedra around Hf and Ta is observed: here, the
difference between average bond distances for the
HfC¢ and TaCs octahedra is more pronounced, while
all the cation-carbon atom distances for a given cation,
Hf or Ta, are nearly the same.



Regarding the NiAs prototype modification, the
cation-carbon distances are nearly the same for the
octahedra surrounding a given cation (Hf or Ta), but
the difference between Ta—C and Hf-C atom-atom
distances is the largest for all modifications analysed
here. Considering the structure pictured in Fig. 3a, this
is not such a surprise, since the NiAs prototype
candidate structure is considerably distorted compared
to the ideal NiAs type, thus allowing the alternating
separate layers of TaCq and HfCs octahedra to form
nearly identical - though systematically distorted
(elongated or flattened) - coordination octahedra for
each of the two cations, where all the Hf~C and Ta—C
distances can be identical while the connecting edges
and faces of these C6-octahedra (of different diameter
orthogonal to the c-axis) still match.

Regarding the ortho-type modification, the
average cation-anion bond distance in the Hf-centred
carbon octahedra is 2.30 A, while in the trigonal
bipyramids around tantalum, the Ta—C distances are
2.16 A. In neither case, a noticeable spread in these
distances is observed. This is no surprise since it is to
be expected from classical ionic packings of anions
around cations - or cations filling up holes in an anion
packing - that the cation-anion distances are smaller
for those coordination polyhedra with fewer numbers
of surrounding anions.

Finally, we turn to the 5-5 proto-type structure
candidate. Here, we observed no difference in the
average bond distances regardless of whether the
central cation is Hf or Ta. Furthermore, there is no
spread in the anion-cation distances. This suggests that
the spatial arrangement of the edge-connected trigonal
carbon bipyramids is flexible enough to accommodate
both cations in such a way that the carbon lattice does
not need to get distorted when switching from a Hf to
a Ta layer - in future work, it might be of interest to
study the band gaps for these different modifications,
to see whether the type and degree of distortions of the
coordination carbon polyhedra can be related to
differences in the electronic structure of the
modification. Here, we also note that the average Ta—
C atom distances inside the trigonal bipyramids for the
ortho-type candidate are slightly smaller than the one
for the 5-5 prototype structure; this is probably a
reflection of the fact that the HfCs octahedra in the

ortho-type need to be accommodated and thus leads to
a squeezing of the trigonal bipyramids, while in the 5-
5 type the structure is more balanced. In the next step,
we compared the average bond distances between the
HfysTapsC system and the pure HfC and TaC
compounds. This comparison is performed for the
rock-salt, NiAs, ortho- and 5-5 structure candidates. In
Fig. 4, squares and triangles denote average bond
distances in octahedral and trigonal bipyramidal
coordination, respectively, for Hf (red) and Ta (black)
atoms by carbon atoms in the pure HfC and TaC
compounds. We note that the cation-anion distances in
the modifications of the pure compounds tend to be
systematically larger (for Hf atoms) and shorter (for
Ta atoms), respectively, than in the corresponding
modifications of the mixed compound. This is
somewhat expected since the original coordination
polyhedra in the pure Hf(Ta) carbide must adjust
towards some average value due to the presence of the
other Ta(Hf) cation type in the neighbouring
polyhedra. This is reminiscent of the Vegard's law for
the size of the cell parameters in solid solution alloys
as a function of composition, where an approximately
linear interpolation of the cell parameters between the
two end members of the composition range is found in
the first order; on the atomic level, this adjustment
results in slight enlargements and reductions of the
coordination polyhedra in the smaller and larger end
member compounds, respectively [59].

3.2. Mechanical and elastic properties of HfysTa,sC

Since hafnium tantalum carbide is of great interest
for practical applications due to its excellent
mechanical properties, we have computed various
(mesoscopic) mechanical and elastic properties, such
as the bulk and shear modulus, the Vickers hardness,
and the elastic constants Cj. Since our calculations
suggest that the rock salt prototype modification of
Hf,sTaosC should be realized as a solid solution phase,
in agreement with the experiment, the KOVIN
algorithm [43] was employed to compute the
mechanical and elastic properties for the case of a
solid solution in the rock salt prototype, such that the
cubic Fm-3m space group symmetry of this prototype
could be preserved during the calculations.

Table 3. Comparison of the computed bulk (Kx), shear (Gr) and Young’s modulus (E_g), Poisson ratio (v_g), Vickers hardness
(Vr) and elastic tensor constants, using the LDA functional for the solid solution case, with previous experimental and
theoretical results in HfysTaysC

Elastic tensor constants

Hfo_5Tao_5C KH [GPa] GH [GPa] E_H [GPa] V_ H VH [GPa] [GPa]
This study ~ 325.30 228.88 556.19 0.215 28.89 Cu=717; C2=130;
Cu=19%
Theory [61] 276.4 194.1 471.8 0.22 25.84 Cu= 614'@ Ci=107.2;
Cu=162.1
C11 = 6272 C12: 1089
Th 2 282 21 4 - 2 ’ ’
eory [20] 8 0 50 9 Cu=1825

XX



J. Zagorac et al. / Processing and Application of Ceramics 19 [2] (2025) xxx-xxx

523.82[6];

2228[13] i

Exp. 298 [13]

Cu = 654, C12: 120,

0.22[61] Ciu=182

21.16 [61]

3.2.1. Bulk modulus, shear modulus, Young's modulus
and Vickers hardness

Using the KOVIN algorithm [50], the values of
the bulk, shear and Young’s moduli, the elastic
constants and the Vickers hardness were computed for
a solid solution of HfjsTa,sC composition in the rock
salt type structure. These results are presented in Table
3, and a comparison with previous experimental and
theoretical results, where available, shows a good
agreement of our results with the reported data.

Besides the calculations that approximated the
experimentally observed solid solution, we also
computed the above-mentioned mechanical and elastic
parameters for the nine individual structure candidates
with the lowest energy, which had been obtained
during the global search in the Hfy s0Tay5C system and
exhibited the rock salt prototype structure. From Figs.
Sa-d depicting the four properties, bulk, shear, Young
modulus and the Vickers hardness, we can conclude
that the values are quite uniform and barely change
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among the nine structure candidates. For example, the
bulk modulus values lie between 325.01 GPa (RS4)
and 328.90 (RS8) - a spread of 1% -, and the shear
modulus varies between 233.14 GPa (RS3) and 238.26
(RS5) GPa - a spread of 2% -, while the corresponding
values computed for the solid solution are 325.30 GPa
and 228.88 GPa, respectively. The lowest Vickers
hardness is found again for the RS3 candidate (29.91
GPa), while the candidate with the highest Vickers
hardness is RS5 (31.28 GPa) - a spread of 4% -, and
for the solid solution we obtain 28.89 GPa. The spread
in the values for Young’s modulus between the lowest
value 564.48 GPa (RS3) and the highest value 579.63
GPa (RSS8) is also quite small (about 2.5%), where the
value for the solid solution is 556.19 GPa. The
complete list of mechanical parameters can be found
in the Supplementary material (Table S2), where
besides the results obtained using the LDA functional
we present also the ones for the GGA functional.
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Figure 5. Results of: a) bulk modulus, b) shear modulus, ¢) hardness and d) Young’s modulus for the nine Hfy50Tao.5C
candidates with the lowest energies and available theoretical (theo) [6] and experimental (exp) [20] results from the literature
(c.f. Table 3), whose structures belong to the rock salt proto-type, obtained using the LDA functional. We also include the
values for our solid solution calculations (sol) from Table 3, and the average values for the pure compounds,
"1/2(HfC+TaC)", (RS 1/2), for comparison

It is interesting to compare the values of the
mechanical parameters obtained for the case of the
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cubic solid solution structure with the full Fm-3m
symmetry (Table 3) with the results for the individual



rock salt prototype structure candidates, which exhibit
lower symmetries (Fig. 5). We observe that the
individual rock salt prototype candidates have on
average slightly higher values than the solid solution
for all four properties. However, the values of the
Young modulus and the bulk modulus obtained for the
solid solution are within the spread, and the values of
the shear modulus and the Vickers hardness for the
solid solution are only about 3% smaller than the
average values for the set of the nine rock salt
prototype minimum structures. This small spread in
the values serves as a further support that in the
HfpsTaosC system, the thermodynamically stable
phase should be a solid solution phase, in agreement
with experiments. Finally, the comparison between the

averages for the computed values for the pure
compounds and the ones computed for the RSI
modification (c.f. Table S4 in the SI), shows that the
average values of the two pure compounds tend to be
slightly lower than the value for the mixed compound
(ca. 3-4%) and are quite similar to or slightly smaller
than the values obtained from the solid solution
calculations of the properties for the mixed compound.
This suggests that HfysTa,sC should exhibit similar or
even better properties compared to a granular
(sintered) mixture of HfC and TaC without the
stability problems (e.g. the presence of cavities, weak
interfaces between HfC and TaC crystallites, etc.)
associated with such a granular type material.

Table 4. Elastic constants in GPa for those Hf;sTa,sC structure candidates belonging to the rock salt structure type, obtained
using the LDA functional

RS1 RS2 RS3 RS4 RS5 RS6 RS7 RS8 RS9
C11 = 633
C]zz 156
C]]:732 C]3:195 C||:635 C]]:734
C=123 Cis=-49 o _gs 71200 o sy CeTI24 0936 =739 Ci=732
Ci=121 Crn=632 _ Ci3=231 B Cis=125 _ B B
- -~ Cp=226 _ Cn=162 B Cno=123  C,=126 C=122
Cpn=0628 Cy=190 _ Cpn=728 B Cn="724 _ B B
B ~ Ci3=125 _ Cis=187 B Cs=124 Ci=125 Ci=125
Cu=226 Cos=45 7 Cn=123 = Cu=130 ~ B B
B > Cu=1725 _ Cu=0 B C3=730  Cu=730 Cs3=728
Cy=634 Cy= 594 7 Cu=614 4 Cu=731 7 B B
B B Cu= 196 _ Cs3= 588 B Cu=199  Cu=204 Cis= 199
Caa™ 299 G720 =97 7200 cioogr GT201 0 0io006 Ce=207  Cu=197
Css= 198 Cu= 265 66 Css=300 “ Css=202 66 66 66
Ces= 200 Cus = 46 Ces= 195 Ces= 199
C55: 273
C(,(,: 234

3.2.2 Elastic constants

The elastic constants for the nine structure
candidates that exhibit the rock salt prototype structure
are given in Table 4. Since these candidates belong to
different crystal systems, including monoclinic (RS2),
orthorhombic (RS1, RS4, RS6), tetragonal (RS3, RS7,
RS8, RS9) and rhombohedral (RS5) ones, a different
set of elastic constants had to be computed for each
crystal system. Furthermore, since the strain energy
has to be positive, in order to ensure mechanical
stability, based on the Born-Huang criteria [47], the
Born stability conditions or sufficient elastic stability
criteria were calculated for each candidate.

According to the elastic constants presented in
Table 4 and the calculated mechanical stability
conditions, it is clear that stability criteria are satisfied
for the candidates belonging to the tetragonal,
orthorhombic, and rhombohedral crystal systems,
suggesting that all these structure candidates are
mechanically stable.

Regarding the monoclinic RS2 modification, we
note the presence of a negative elastic constant, Cis.
However, in previous investigations in the literature
[60], the possible reason for this appearance of a
negative elastic constant in some structures in the
monoclinic crystal system has been discussed in detail:
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Since the a axis in the monoclinic system is inclined
against the x; axis, the shear strain in the x,—x; plane
caused by tensile stress along the x; axis decreases the
angle between the x, axis and the « axis, i.e. the shear
angle. As a result, Cis can become negative, even
though the structure itself is mechanically stable. This
applies in our case, since during the calculations of the
elastic constants, the three orthogonal principal axes
employed for computations in the monoclinic system
(x1, x> and x3) were defined as follows in the ab initio
code: the x, and x; axes are along the b and ¢ axes,
respectively, and the x; axis is taken to be
perpendicular to the x,—x; plane; due to the monoclinic
space group of RS2, the x; axis is not parallel to the a
axis because the angle between the a and ¢ axes is not
90° but 109.43° for RS2.

3.3.3 Elastic and mechanical properties

Furthermore, the same kind of analysis was
performed for other three promising structure
candidates, which exhibited the distorted NiAs
structure prototype and the ortho- and 5-5 structure
prototypes. Table S3 in the Supplementary Material
presents the computed values for the bulk modulus,
shear modulus, Young's modulus, Vickers hardness
and the elastic constants. Here, the results obtained
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using LDA and GGA-PBE functionals are both listed.
Overall, the values of the bulk, shear and Young’s
modulus, and of the Vickers hardness for the NiAs
prototype modification are about 10-20% lower than
for the candidates with rock salt structure type, and the
corresponding values for the ortho- and 5-5-prototype
modifications are even smaller, exhibiting also a much
greater spread in the different schemes employed to
compute the mechanical properties, e.g. the Vickers
hardness varies between 0.09 and 10.99 GPa for the 5-
5 prototype structure. Regarding the mechanical
stability computed from the elastic parameters, both
the 5-5 prototype and the NiAs prototype
modifications would be stable, but the stability of the
ortho prototype structure candidate is doubtful since
we obtained negative values for Cg with both
functionals. Again, the average of these values for the
two compounds HfC and TaC are quite similar to
those determined for the mixed compound HfysTagsC
(c.f., Table S4).

IV. Conclusions

We have determined possible crystal structure
candidates in the HfysTaosC system via global
optimizations for different pressures using empirical
potentials. The crystal structures found on the energy
landscape were further locally optimized on the ab
initio level. The rock salt prototype structure is found
as a global minimum in agreement with experimental
data, and the nine structures with the lowest energy all
represent distorted versions of the rock-salt prototype
(denoted as RS1-RS9). In addition, the search for low-
energy minima yielded a promising structure candidate
exhibiting a nickel-arsenide prototype structure, and
two additional structure candidates were constructed
based on previously found low-energy candidates in
the pure HfC and TaC systems, belonging to the so-
called ortho and 5-5 structure prototypes.

The analysis of the energies, E(V) curves, and
mechanical and elastic properties showed that the
thermodynamically stable phase of HfsTaosC should
be a solid solution exhibiting the rock salt structure
prototype, down to moderate temperatures, in
agreement with the experiment. At high temperatures,
the NiAs structure candidate might be accessible as a
metastable modification, while in the effective
negative pressure region the 5-5 prototype structure
would be thermodynamically stable. Thus, this 5-5
prototype structure might be accessible as an
alternative stable modification, e.g. via growth from an
amorphous low-density film deposited from the gas
phase. Furthermore, our calculations of the elastic
constants and mechanical properties, on the ab initio
level, are in good agreement with the previous
experimental and theoretical data. The variation of the
mechanical and elastic properties among the different
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rock salt prototype structures contributing to the solid
solution state, was very small, which indicates that the
solid solution phase should be quite stable even under
high-pressure applications. These results provide new
insights into the thermodynamic, mechanical and
elastic properties of the HfysTaosC system, both
regarding the experimentally known solid solution
phase and the existence of possible alternative
modifications.
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