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Abstract
In this paper, we examine the cleavage fracture anisotropy in tantalum carbides,
namely, TaC, α-Ta2C, and ζ-Ta4C3 − x, using density functional theory (DFT)
calculations. Our investigation identifies the presence of multiple low-energy
cleavage planes indicating multiple potential pathways for crack propagation
in these ceramics, even the low symmetry compounds. The anisotropy charac-
teristics of cleavage fractures exhibited by α-Ta2C and ζ-Ta4C3 − x closely align
with the intrinsic fracture anisotropy observed in TaC. Notably, there exist at
least three pyramidal planes in ζ-Ta4C3 − x whose cleavage energies are less than
those of the carbon-depleted basal planes, previously reported to have the low-
est cleavage energy. The observed preference in experiments for cleavage along
carbon-depleted basal planes, exclusive of other identified low-energy planes,
points to factors beyond cleavage energy influencing cleavage plane preference.
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1 INTRODUCTION

Tantalum carbides, which are part of the ultra-high tem-
perature ceramic family that is characterized by their high
melting temperatures and hardness, have drawn height-
ened scientific focus for their enhanced low-temperature
fracture toughness. This high toughness is credited to the
presence of the zeta (ζ-Ta4C3 − x) phase; thereby, enhanc-
ing their thermomechanical application scope.1–10 The
fracture toughness of these carbides is dependent on the
carbon content and the volume fraction of the zeta phase
and ranges from 2 to 15 MPa

√
m. 8,9 Specifically, carbon-

to-tantalum ratios (C/Ta) of 0.8–1.0 are linked to mod-
est toughness values of 4–6 MPa

√
m, corresponding to

stoichiometric and substoichiometric cubic γ-TaC.5,8,11–13
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Trigonal α-Ta2C, which has a carbon-to-tantalum ratio of
0.5, has a fracture toughness of 6−9MPa

√
m.5,8,9,14,15 Con-

versely, in compositions where the C/Ta ratio lies between
0.6 and 0.8, the material has a two-phase microstruc-
ture consisting of γ-TaC and ζ-Ta4C3 − x or α-Ta2C and
ζ-Ta4C3 − x, where the ζ-Ta4C3 − x phase constitutes 12%–
80% of the overall volume. The toughness values of these
materials are found to range between 11 and 15 MPa

√
m,

with higher volume fractions of ζ-Ta4C3− x resulting in
higher fracture toughness.5–7 This notable increase in frac-
ture toughness is believed to stem from microstructural
toughening mechanisms linked to the “lath” or plate-like
microstructure.5,16–21 The exact contributions of different
toughening mechanisms remain unquantified, underscor-
ing the need for a deeper understanding of the fracture
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mechanics in tantalum carbides as a representative of the
hard metals.
Since the high fracture toughness in the presence of

the zeta phase is postulated to be due to microstructure,
it is important to note that how the individual ceramic
phases fracture.However,most investigations into the frac-
ture of tantalum carbides focus toughening the materials
rather than reporting details of the fracture process.6,8,22–27
The limited direct observations of fracture single crys-
tal γ-TaC indicate that the fracture predominantly occurs
along the {100} plane. The preferences for intergranular
and transgranular fracture have both been noted,13,28 how-
ever, extensive studies have not clarified what controls this
choice, though porosity and carbon content likely play a
role. The preference for {100} cleavage, however, is also
reported in the fracture of polycrystalline materials.11–13
This inclination toward cleavage on these planes is further
supported by first-principles studies,10,29 which have iden-
tified the {100} plane as having the lowest cleavage energy
in B1 γ-TaC. In contrast, the α-phase of tantalum hemicar-
bide (α-Ta2C) adopts a trigonal C6 structure, where tanta-
lum atoms form a hexagonal close-packed sublattice and
carbon atoms selectively fill every other layer of octahedral
sites along the ⟨0001⟩ resulting in alternating carbon-rich
and carbon-depleted layer stacking sequence.18–20,30 The
fracture behavior of single crystalline α-Ta2C, including
its preferred cleavage planes, is unexplored. Polycrys-
talline α-Ta2C shows both intergranular fracture,14,15 and
transgranular fracture,15 the transition appears related to
porosity with higher porosity favoring intergranular. The
morphology of elongated Ta2C grains is thought to be a key
factor in determining the path of fracture propagation, sig-
nificantly enhancing fracture toughness.31,32 Cracks often
exhibit a tendency to deviate or twist around elongated,
rod-like grains, a phenomenon described as “discontinu-
ous brittle reinforcements,”14,32 which can be interpreted
as a form crack deflection and grain bridging. Such rein-
forcements, combined with plate-like matrix grains or
second-phase platelets, align with the observed lamellar
microstructure in the rhombohedral ζ-phase.14,33
The ζ-phase exhibits a distinctive “lath” or plate-like

lamellar microstructure which can be interpreted as the
laths or grains being foreshortened along the ⟨0001⟩
direction and elongated along directions perpendicular to
it.5,16–21 Experimental studies have shown a tendency for
cracks within the zeta phase to propagate along these
laths and thus along {0001} planes5,9; which are inter-
preted to be carbon-depleted interfaces between Ta–Ta
{0001} basal planes and thus behave as “weak interfaces.”9
Density functional theory (DFT) calculations10,29 support
this observation, indicating that Ta–Ta bonded basal planes
are more susceptible to cleavage than Ta–C bonded ones,
with carbon-depleted {0001} planes in ζ-Ta4C3 − x being

favorable paths for crack propagation according to Grif-
fith’s criterion.34 This is further evidenced by Sygnatowicz
et al.’s9 observation of rising R-curve fracture behavior in
thesematerials, demonstrating amicrostructural toughen-
ing mechanism in the zeta phase. These findings highlight
the critical role of microstructure, particularly in the pres-
ence of the ζ-Ta4C3 − x, in contributing to the remarkable
fracture toughness observed in these ceramics.5,8–10,18,19,29
The nanoscale “lath” microstructures in the zeta phase

(ζ-Ta4C3 − x) typically precipitate from a parent matrix dur-
ing processing, which is either γ-TaC or α-Ta2C.10,29 Upon
precipitation, the {0001} (basal) planes of the ζ-Ta4C3 − x
phase are found be parallel to the close-packed planes
of either γ-TaC {111} or α-Ta2C {0001}.16 This alignment
is a result of the minimal interfacial energy between the
zeta and matrix phases associated with this orientation
relationship.35 When α-Ta2C serves as the matrix phase,
the laths tend to exhibit a parallel lamellar structure. In
contrast, when γ-TaC is the matrix phase, the laths display
a crisscross microstructure.5,16,18 This can be attributed to
the variance in available planes in the matrix phase; γ-TaC
has four equivalent {111} planesmisoriented by 70.5◦, while
α-Ta2C has an only one {0001} plane orientation. The high
fracture toughness had been observed irrespective of the
matrix phase.6–9
The two different microstructures of the TaC–Ta4C3 − x

and Ta2C–Ta4C3 − x two-phase materials arise from the
crystal structures of the constituent phases. The precip-
itation of ζ-Ta4C3 − x from the B1 structure involves the
removal of every fourth carbon layer and subsequent
shearing, resulting in a transformation that respects the
grain orientation of the original matrix—γ-TaC.35 The
stacking sequence of γ-TaC along the ⟨111⟩ direction can
be denoted as: . . . A γ B α C β . . . where A, B, and C rep-
resent the stacking sequence of Ta atoms while α, β, and
γ represent the stacking of the carbon atoms. Removal of
carbon layers from this sequence triggers an energetically
favorable shearing process.35 This adjustment disrupts
the regular stacking order, resulting in the formation of
stacking faults. The stacking sequence of atomic planes in
rhombohedral ζ-Ta4C3 − x can be written as: . . . A γ B | A γ
B αC βA | C βA γ B αC | B αC β . . . and . . . A γ B |. . . for α-
Ta2C4,18,19,36; where | signifies a carbon-depleted stacking
fault relative to the B1 structure. Thus, it is clear that the
zeta phase can be obtained from γ-TaC by coupled carbon
depletion and shearing of every fourth layer while the zeta
phase can be obtained from α-Ta2C by shearing and filling
every other carbon depleted layer. These transformation
pathways, along with an essentially zero interfacial
energy35 explain the observed orientation relationships in
tantalum carbides that have the zeta phase.16,17,37,38
The aforementioned discussion of orientation relation-

ships among the tantalum carbides would suggest the
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HOSSAIN et al. 3

composition of ζ-Ta4C3 − x is TaC0.75.17,18 However, experi-
mental work33,39–41 has demonstrated that its homogeneity
ranges between TaC0.62 to TaC0.68 and with the structure
of the metal atoms determined by Yvon and Parthé42 and
later confirmed by Martin et al.43 and Gusev et al.41 with
an assigned space group of 𝑅3̄𝑚. DFT investigations by
Weinberger and Thompson19 have confirmed the thermo-
dynamic stability of the zeta phase, confirmed the metal
ordering, and established the carbon structural vacancy
ordering in agreement with the available experimental
results39,41,44 as well as its standard chemistry: ζ-Ta3C2.
Bonding and microstructure are instrumental in

dictating toughening mechanisms in materials, tanta-
lum carbides being no exception.5,9,29 While the lath
microstructure of ζ-Ta4C3 − x is considered an important
factor in toughness improvement, the presence of a
similar β-Nb2C lath-like structure in niobium carbides,
without enhanced toughness, suggests that the lath
morphology is not the sole determinant.45 Distinct from
β-Nb2C, ζ-Ta4C3 − x showcases alternating face cen-
tered cubic/hexagonal closed packed (fcc/hcp) stacking
sequences and carbon-depleted stacking faults, which
are the preferential cleavage planes. In contrast, β-Nb2C’s
uniform carbon ordering might limit its fracture path-
ways by creating more uniform cleavage energy across
crystallographic planes. The platelet-like microstructure
consisting of localized metal–metal bonded low-energy
cleavage planes {0001} seems to be the prerequisite for
rising toughness in the tantalum carbide ceramics.45
The crisscrossed and short grains in ζ-Ta4C3 − x facilitate
a complex crack path, enhancing toughness through
mechanisms like crack deflection and bridging.5 As cracks
in these materials typically propagate parallel to the laths,
when perpendicular, the laths deflect the cracks, resulting
in varied crack lengths and anisotropic fracture behav-
ior that increases toughness. Additionally, long cracks
may be deflected around unfavorably oriented laths,
further enhancing toughness through grain or lamella
bridging.5,9,19 Similar toughening mechanism effects were
noted in TaC reinforced with graphene nanoplatelets.46
The random orientation of these platelets within the
TaC matrix produced a similarly intricate crack path,
culminating in toughness levels around 11 MPa

√
m.46

The bending, sliding, and kinking have also been seen
in those graphene nanoplatelets as energy dissipation
mechanisms.46 Schwind et al. observed similar kink-
ing/buckling and delamination in ζ-Ta4C3 − x samples at
elevated temperatures.7
Such observations raise pivotal questions about the pri-

mary toughening mechanisms in tantalum carbides, par-
ticularly in the context of grain bridging. The effectiveness
of grain bridging, a process contingent on the existence

of a limited number of easy cleavage planes, hinges on
whether the Ta–Ta {0001} basal plane in the zeta phase pos-
sesses the lowest cleavage energy. This raises the question
of whether there are additional planes in ζ-Ta4C3 − x that
might exhibit lower cleavage energies. Such comparison
is crucial for understanding the microstructural attributes
and fracture behavior in tantalum carbides. In this paper,
we investigate the cleavage energy of different planes in
tantalum carbides to fully determine if these materials
truly have anisotropic cleavage properties. By simulating
cleavage along distinctive planes of these compounds, we
aim to gain insights into the fracture anisotropy which is
going to elucidate a fundamental understanding of brittle
fracture propagation in tantalum carbides.

2 METHODS

The Vienna Ab initio Simulation Package (VASP) was
used to perform DFT calculations at zero Kelvin to
compute the cleavage energies.47–50 Projector-augmented
wave pseudopotentials51 and a plane wave basis49 were
utilized in the simulations. The generalized gradient
approximation (GGA) utilizing the parameterization of
Perdew–Burke–Ernzerhof (PBE) was chosen for the eval-
uation of exchange-correlation energies52 with additional
limited simulations utilizing the local density approxima-
tion (LDA). For k-space integration, the Monkhorst–Pack
method was employed with 11 × 11 × 11 integration points
for the conventional eight atom B1 TaC unit cell, charac-
terized by a 4.47 Å lattice constant. In subsequent simu-
lations, this configuration was proportionally adjusted to
maintain nearly uniform density (K-point density of 2π
* 0.04 Å−ź) in the reciprocal space. A plane wave cutoff
energy of 600 eV ensured converged results. The valence
electrons used for the simulation of tantalum carbides
are (Ta: 5d36s2) and (C: 2s22p2). The tolerance for elec-
tronic structure calculations was set at 1 × 10−6 eV and
structural relaxation tolerance was set to 1 × 10−5 eV;
structural relaxations with a force tolerance of 0.01 eV/Å
did not alter the results. All data required to reproduce
the results in this paper can be found in the supporting
information, Tables S1–S7.
For DFT simulations of cleavage fracture along a prede-

termined plane, a supercell mimicking the host crystal was
created, extending along the normal of the cleavage plane
of interest. A separation gap measuring 10 Å was intro-
duced to obtain the value of converged cleavage energy.
The cleavage energy, γ, was determined using the equa-
tion: 𝛾 =

𝐸−𝐸0

𝐴
where A is the area of the plane, E is the

energy of the cleaved crystal, and 𝐸0 is the energy of the
intact crystal. As illustrated in Figure 1, the cleavage energy
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4 HOSSAIN et al.

F IGURE 1 A representative simulation methodology to determine the cleavage energy with the {100} plane in the B1 rocksalt structure
of tantalum carbide. (A) A unit cell of B1 TaC, (B) a 1 × 1 × 3 supercell of the B1 TaC unit cell, (B) the structure after the introduction of a 10 Å
gap, and (C) the variation of the system energy per unit surface area with respect to the separation gap; the cleavage energy is the converged
value.

monotonically increases as separation gap increases and it
converges to a certain value. This figure is comprised: (a) a
unit cell of B1 TaC, (b) the pristine supercell prior to cleav-
age, (c) the modified supercell post gap introduction, and
(d) an example of the system energy plotted as a function
of the separation gap. The graph delineates a character-
istic rise and stabilization of the energy with increasing
separation, converging to the cleavage energy at large sep-
aration; here the cleavage energy is that of a {100} plane
of B1 rocksalt tantalum carbide. Since the directions in the
plane of cleavage are periodic, the smallest repeat in these
directionswas always used.However, cleavage breaks sym-
metry in the direction normal to the plane as it may have
a size dependence. To examine this in all our simulations,
we created supercells that are 1 × 1 × N with variable N
and computed the cleavage energy as a function of N. As
an example, the energy variation of the cleavage energy
of the {100} plane for N > 1 is less than 0.01 J/m2. This
demonstrates relatively quick convergence of the cleavage
energy. The variation is consistent with previous studies of
the cleavage and surface energies in this system.29

3 RESULTS AND DISCUSSION

3.1 Fracture along different cleavage
planes in TaC

Asnoted previously, the B1 rocksalt TaC, the crystal cleaves
on {100} planes in experiments and DFT suggests that the
{100} planes have the lowest cleavage energy followed by
the {110} and {111} (Figure 2). To demonstrate consistency
with previous results, we computed the cleavage energies

of these low indices planes. As illustrated in Figure 3,
the cleavage energy for the {100} plane is 2.98 J/m2, for
{110} plane is measured at 6.48 J/m2, and the {111} plane,
being the most robust against cleavage, is observed at
8.21 J/m2. This indeed comports with previous findings of
the cleavage energy in these materials.10,29,53,54
To demonstrate that these are indeed the lowest cleavage

energy and to examine how the cleavage energy varies, we
computed the cleavage energy of a series of planes between
the {100} and {110}, Figure 3A, as well as between the {100}
and {111}, Figure 3B. The energy increases as the angle (φ)
between the {100} plane and the other planes is increased
as shown in Figure 3C. Thus, the cleavage energies follow
the sequences: {100} < {014} < {012} < {034} < {011}, and
{100} < {114} < {112} < {334} < {111}.
Figure 3C shows cleavage energy as a function of the

angle between the plane and the {100} plane. It is interest-
ing to note that the cleavage energy varies roughly linearly
with angle. Perhaps more notable, however, is there is no
strong evidence of cusps (localminima andmaxima) in the
cleavage energy, which is frequently observed in surface
energies55–57 and grain boundary energies.58–60
Yu et al.29 suggested that while stoichiometric B1 TaC

favors the {100} plane cleavage, carbon depletion shifts this
preference to the {111} planes, thus altering the favored
fracture pathway. In pursuit of a deeper understanding
of this phenomenon, we performed the cleavage energy
simulations for both {100} and {111} planes under varying
degrees of carbon content. By methodically adjusting the
carbon-to-tantalum (C/Ta) ratio within these planes, we
have simulated scenarios ranging from stoichiometric to
significantly carbon-depleted environments.
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HOSSAIN et al. 5

F IGURE 2 The cleavage planes and energy of the {100}, {110}, and {111} planes in the TaC rocksalt structure.

F IGURE 3 The cleavage energies of the planes between the
{100} and (A) {011} and (B) {111} planes in the B1 rocksalt structure of
TaC (C) are plotted as a function of the angle between the plane and
the {100}.

The carbon was removed from each specific plane, an
example of how this was done is shown in Figure 4A,B
for the {100} plane and the cleavage energy of this spe-
cific plane was evaluated. Figure 4C,D shows the change
in cleavage energy as carbon is removed from the {100}
and {111} planes in B1 TaC. As the C/Ta ratio decreases
for the {100} surface, the cleavage energy increases, indi-
cating an indirect and nearly linear relationship between
cleavage energy and carbon concentration. Conversely, the
cleavage energy of {111} plane has a nearly linear direct rela-
tionship with carbon concentration. Thus, we observe the
same trends as Yu et al.29 in that the {100} surface increases
in cleavage with carbon loss while the {111} surface has a
reduction in cleavage energy with carbon loss.
Figure 4E shows the cleavage energy of all three planes

fully carbon filled (red line) and fully carbon depleted
(black line). As has been previously discussed, the pre-

ferred cleavage plane changes as carbon is depleted from
{100} to {111}. The changes are significant, causing a dou-
bling of the {100} surface energy and causing the {111}
surface energy to drop to 42% of its original value. The
effects on the {110} plane are modest, hardly changing
between the carbon filled and the carbon-depleted forms.
These trends are important to keep in mind because they
will actually carry to the other tantalum carbide structures,
like the C6 structured α-Ta2C.

3.2 Effect of carbon depletion in
cleavage fracture in α-Ta2C

Cleavage in α-Ta2C is more complicated that TaC due
to its lower symmetry. However, to start to understand
anisotropy and chemistry effects on cleavage, we first
examine cleavage along the basal planes, which are close-
packed planes just like the {111} planes in TaC. α-Ta2C
has the C6 structure, which is comprised a hcp stacking
of the metal atoms with the carbon atoms filling alter-
nating layers of the octahedral interstices. This results in
two types of cleavage planes, those that separate metal
and carbon atoms, M–X, and those that separate metal
and metal atoms, M–M. These values and the planes
are shown in Figure 5A. The absence of carbon, which
would otherwise contribute to covalent bonding, leads to
a structurally weaker plane that requires less energy to
fracture.
Figure 5B shows the cleavage energies as a function

of both carbon depletion and addition within these basal
planes. For the M–M plane, we added carbon and note
that the cleavage energy increased, as expected. Further-
more, removal of carbon form the M–X plane causes the
cleavage energy to decrease. It is also interesting to note
that the two planes are different in more than just chem-
istry because the fully carbon-depleted layers and fully
carbon populated planes have different cleavage energy is
dependent on more than the nearest neighbor chemical
bonds.

 15512916, 0, D
ow

nloaded from
 https://ceram

ics.onlinelibrary.w
iley.com

/doi/10.1111/jace.19917, W
iley O

nline Library on [22/05/2024]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



6 HOSSAIN et al.

F IGURE 4 The effects of carbon depletion on the cleavage energy of B1 TaCx. (A) The cleavage plane was increases in the two periodic
directions normal to the cleavage plane as shown. (B) The carbon on both sides of the planes was systematically deleted to create the desired
fracture plane stoichiometry. (C) The cleavage energy on the {100} plane and (D) {111} planes as a function of carbon content. (E) The cleavage
energy for the three low index planes for completely carbon filled and completely carbon-depleted chemistries.

F IGURE 5 The cleavage energy of the
close-packed planes in Ta2C. (A) The cleavage
energy of the two chemically distinct basal
planes, M–M and M–X, the M–M bonded
planes have lower cleavage energy. (B) The
change in cleavage energy on these two
planes as a function of carbon composition.
(C) Other M2C structures whose close-packed
planes only have a single chemistry, which is
MC0.5. (D) The variation of the cleavage
energy of these other close-packed planes
plotted as a function of chemistry.

To further explore the impact of carbon atom order-
ing on cleavage energy, we simulated cleavage fractures in
the close-packed planes of various vacancy-ordered M2C
structures. These additional structures are illustrated in
Figure 5C, and differ from α-Ta2C only by carbon atom
ordering; except for the Fd3̄m which has a fcc metal atom

stacking sequence. The results of the cleavage energy are
shown in Figure 5D, which include the removal and addi-
tion of carbon to the cleavage plane. The nondefected
structures have only one type of close-packed plane and
this occurs at the C/Ta = 0.5 ratio. These results demon-
strate that the cleavage energy is roughly independent of
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HOSSAIN et al. 7

F IGURE 6 The prismatic planes in
α-Ta2C. The red planes are the {112̄0} planes,
which have a single chemistry associated
with cleavage while the orange planes are the
{1̄100} planes, which have two chemistries
labeled M–M and M–X, reflecting the atoms
across the planes.

metal atom ordering (fcc vs. hcp) and the specific details
of carbon atom ordering. These results would be particu-
larly representative of the high temperature L’3 structured
Ta2C, β-Ta2C.
Collectively, these results indicate that ordered C6 α-

Ta2C can have a modest cleavage energy of 4.5–6 J/m2,
on the carbon vacant {0001} planes (M–M), as would any
structure whose close-packed planes have one that is car-
bon depleted. The L’3 Ta2C structure would likely have a
higher cleavage energy of 7 J/m2. Nevertheless, the signif-
icance of these cleavage energies must be cast relative to
the other cleavage energies in these structures.

3.3 Fracture along different cleavage
planes in α-Ta2C

In order to establish what the cleavage energy of the non-
basal planes is for comparison, we investigated cleavage
fracture along the pyramidal and prismatic planes. There
are two families of prismatic planes: {112̄0} and {1̄100}

(Figure 6) with three planes per family. The {112̄0} cleav-
age plane has only one type of chemical configuraitonwith
each plane having a TaC0.5 composition and the planes
are evenly spaced at 1.6 Å as shown in Figure 6; and the
cleavage energy we found is 7.02 J/m2. The other pris-
matic plane, the {1̄100}, has two chemical configurations:
M–M andM–X. However, theM–M configuration only has
a slightly lower cleavage energy at 7.29 J/m2 compared to
7.77 J/m2. Notably, both configurations having an identical
interplanar spacing of 0.9 Å and cutting these planes cuts
bothM–M andM–X bonds regardless of the atoms directly
across the planes.
The first pyramidal planes we considered are the same

investigated by Wang et al.30 due to their low indices,
which are shown in Figure 7A,B. There are two distinct
families of these low index pyramidal planes: {1̄101} and
{11̄01}. Both of these pyramidal planes have two chemical

F IGURE 7 The pyramidal planes in α-Ta2C examined in this
work. (A) The threefold symmetry of C6 α-Ta2C results in three
planes in each family with the three {11̄01} planes shown here. (B)
In addition, the trigonal nature results in the {11̄01} and {1̄101}
pyramidal planes in α-Ta2C being different planes with different
chemistries and interatomic placing. (C) The progression of
pyramidal planes between the {01̄10} and {0001} planes.

variants which are labeled M–M and M–X as shown in
Figure 7A,B. For the {1̄101}, the M–M configuration has a
cleavage energy of 8.69 J/m2 while the M–X has a cleavage
energy of 7.56 J/m2. For the {11̄01}, the larger spaced
M–M planes have a cleavage energy of 5.07 J/m2 and the
very small spaced M–X planes have a cleavage energy
of 8.87 J/m2. This might seem surprising because Wang
et al.30 found this plane to have a very high generalized
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F IGURE 8 The {112̄1} and {112̄2}
pyramidal planes in α-Ta2C. These pyramidal
planes lie between the {112̄0} and {0001}
planes.

stacking fault energy, the difference here is that we are not
sliding atomic planes but separating them. What is even
more interesting is that this energy is lower than cleavage
of the M–M basal plane. This means that the basal planes
are not the lowest cleavage energy plans in α-Ta2C.
Similar to our examination of cleavage in the B1 struc-

ture, we also examined how the cleavage energy changes
as a function of the angle the pyramidal plane makes
with the basal plane, transitioning from {01̄10} to {0001}
as shown in Figure 7C. This includes the new pyrami-
dal planes {03̄34} with cleavage energy of 5.45 J/m2 and
{01̄12} with cleavage energy of 5.90 J/m2. The cleavage
energy of the planes in Figure 7C order from least to great-
est as: {03̄34} < {0001} < {01̄12} < {01̄10}. Again, we see
that the lowest energy is not the basal plane, but on the
{03̄34} plane. Another plane, the {033̄2}, also has a low
cleavage energy of 5.98 J/m2. The conjugate planes of the
{03̄34} and {033̄2} have relatively higher cleavage ener-
gies of 7.57 J/m2 and 7.97 J/m2, respectively. This indicates
that there are many low cleavage energy planes in C6
α-Ta2C.
To finish our examination of the pyramidal planes,

we examine those that contain the ⟨112̄0⟩ as shown in
Figure 8. These include the {112̄1}, {112̄1̄}, {112̄2}, and
{112̄2̄} planes. The {112̄1} cleavage planes have M–M and
M–X compositions and have similar cleavage energies of
around 7 J/m2. The {112̄2} has a single composition plane
and slightly lower cleavage energy 6.88 J/m2. However,
none of these pyramidal planes showed energies that were
below the low value of 6 J/m2.
We found a large number of moderate-energy cleav-

age planes in α-Ta2C—the basal {0001} M–M and three
families of pyramidal planes, which all exhibit cleavage
energies ranging from 5 to 6 J/m2 (Table 1). The abundance
of these moderate-energy cleavage planes suggests that
α-Ta2C has multiple potential pathways for crack propaga-
tion. All of these planes have the potential to act as paths
for crack propagation, limiting the ability of the structure

to have crack deflection, and crack bridging. This raises the
question of whether this is true in the zeta phase as well.

3.4 Fracture anisotropy in ζ-Ta4C3,
ζ-Ta3C2, and η-Ta3C2

Previous reports of fracture in the zeta phase indicate that
the M–M {0001} plane has the lowest cleavage energy.10,29
However, our results in Ta2C suggest that there may be
other competitive cleavage planes. Furthermore, recent
work has demonstrated that zeta phase is actually chem-
ically the ζ-Ta3C2,19 which has never been examined from
a fracture perspective. Thus, in this section we examine
the previous ζ-Ta4C3 structure, the new ζ-Ta3C2 and the
related η-Ta3C2 structure to better understand how the
stacking sequences, carbon atom ordering, and chemistry
affect fracture. Notably, it is critical to understand if theM–
M {0001} is the lowest energy cleavage plane or if there are
others similar to Ta2C.
The cleavage energy of select planes in the ζ-Ta4C3 struc-

ture is shown in Figure 9. The cleavage energy for the
{0001} M–M configuration is 5.17 J/m2. For the M–X plane,
we selected one of the three reported by Yan et al.10 and
found a value of 10.82 J/m2, which lies in their reported
range of 8–11 J/m2. Thus, our results are in agreement
with previous investigations10,29 and demonstrate the pref-
erence for cleavage on the M–M variant of the {0001}
planes.
A thorough examination of all the pyramidal planes

in any of these structures would take substantial time
and resources and thus we narrowed our examination
to on planes that we hypothesize to exhibit low cleavage
energy, analogous to those identified in the α-Ta2C struc-
ture. Notably, the {01̄18} looks similar to the {03̄34} in
Ta2C and the {001} in TaC, both of which have low cleav-
age energy. This plane indeed does have a low cleavage
energy: 4.23 J/m2, contradicting the previously accepted
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TABLE 1 Cleavage energies in different planes of α-Ta2C.

Planes Type
Cleavage energy
(J/m2) Planes Type

Cleavage energy
(J/m2)

Basal {0001} M–M 5.82 {0001} M–X 10.21
Prismatic {1̄100} M–M 7.29 {112̄0} 7.02

M–X 7.77
Pyramidal {1̄101} M–M 8.69 {11̄01} M–M 5.07

M–X 7.56 M–X 8.87
{01̄12} 5.90 {011̄2} 7.47
{112̄2} 6.88 {112̄1} M–M 7.22

M–X 7.12
{03̄34} 5.45 {033̄4} 7.57
{033̄2} 5.98 {03̄32} 7.97

F IGURE 9 The fracture planes and cleavage energy in the zeta (ζ) and eta phases (η) of tantalum carbide.

view that the basal {0001} M–M plane has the lowest
cleavage energy.10,29
In ζ-Ta3C2 (C2/m), the {001}M–M configuration shows a

cleavage energy of 5.60 J/m2, and theM–X configuration is
higher at 9.30 J/m2. Notably, the {01̄4} plane exhibits the
lowest cleavage energy at 4.40 J/m2. The cleavage ener-
gies for the {0001} basal plane configurations in η-Ta3C2
are 5.37 J/m2 for M–M and 8.35 J/m2 for M–X, while the
cleavage energy for the {01̄16} plane is 4.47 J/m2. This
indicates that the stacking sequence or changes in chem-
istry does not affect the cleavage energies of these planes
considerably.

These results demonstrate that there are at least four
easy cleavage planes in ζ-Ta4C3 (three {01̄18} and one
{0001} M–M) and similar easy cleavage planes in ζ-Ta3C2.
Here, we define the easy cleavage planes having cleav-
age energies within 1 J/m2 relative to the lowest energy
plane. For comparison, the low number of low-energy
cleavage planes in TaC is three, the {001} planes, with pos-
sibly the {014} being low cleavage energy as well. In the
Ta2C structure, we see that there are many equally low
cleavage energy planes. This suggests that α-Ta2C and the
ζ-Ta4C3 − x are not more anisotropic in regard to fracture
than γ-TaC.
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The observation that TaC does not have any more easy
cleavage planes, and arguably less, compared to the zeta
phase and Ta2C is an important finding. This is because
toughening in the presence of the zeta phase shows high
fracture toughness and a rising R-curve, indicative of
microstructural toughening. One posited explanation for
this is the preference for cleavage on the carbon-depleted
basal planes of the zeta phase.5,16–21 This would cre-
ate the preferential cleavage seen in experiments5,9 and
crack deflection around unfavorably oriented grainswould
cause grain bridging. However, these results contradict the
notion that easy cleavage occurs only on these planes. This
further suggests that a preference for cleavage on these
planes and the associated toughening may be due to local-
ized preferred plasticity. Easy slip has been observed along
the Ta–Ta basal planes in Ta4C35 and Ta2C,30 can induce
delamination7 and explain the preference for cleavage on
these close-packed planes.

4 SUMMARY AND CONCLUSION

In this study, we investigated the anisotropy of cleav-
age energy in the tantalum carbides in order to better
understand the high fracture toughness of the zeta phase
(ζ-Ta4C3 − x), which has toughness values ranging from 11
to 15MPa

√
m5–7 compared to 4–6MPa

√
m5,8,11–13 for cubic

γ-TaC and 6–9 MPa
√
m5,8,9,14,15 for α-Ta2C. Our objective

was to elucidate the underlying reasons for the exceptional
fracture toughness observed in the zeta phase, employ-
ing DFT to calculate cleavage energies across various
crystallographic planes of these compounds.
In stoichiometric TaC, the {100} planes are the low-

est cleavage energy planes. The cleavage energy of these
planes goes up with carbon loss, while the cleavage energy
of the {111} planes decreases, eventually making the {111}
planes more favorable for fracture.
The M–M variant of the {0001} basal planes in α-Ta2C

has a low cleavage energy, but they do not have the low-
est cleavage energy. The lowest energy cleavage plane is
pyramidal {03̄34} plane. Other pyramidal planes, {033̄2}
and {11̄02} also have low cleavage energies. This makes the
fracture of Ta2C to be quite isotropic with many cleavage
planes for a crack to follow.
In the zeta phase, we discovered similar low-energy

cleavage planes across the previously acknowledged ζ-
Ta4C3 structure of zeta phase, the actual thermodynam-
ically stable ζ-Ta3C2 structure, and the related η-Ta3C2
structure. Our findings on these structures indicate that
the stacking sequences and carbon atom ordering have lit-
tle effect on cleavage fracture anisotropy. Furthermore, the
presence of multiple low-energy cleavage planes in zeta
phase implies that fracture anisotropy within tantalum

carbides is not significantly different across the studied
compounds: TaC, α-Ta2C, and the ζ-Ta3C2.
The abundance of multiple low cleavage energy planes

means there are multiple fracture pathways which facili-
tates crack deflection during propagation. However, this
also implies a reduced dependency on grain orientation
for fracture propagation, potentially diminishing the effec-
tiveness of grain bridging as a toughening mechanism.
In experiments,5,9 the preference of cleavage has been
observed along the carbon-depleted basal planes only, not
along the other low-energy cleavage planes that we have
found. This suggests that the preference for certain cleav-
age planes cannot be solely attributed to cleavage energy
values. Localized plastic deformationmight play a key role
in the preference of particular cleavage plane and also
might be responsible for other tougheningmechanism like
delamination.
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