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In this paper, we predicted the possible mechanical properties and presented the electronic structure of
Zr;AlzCs by means of first-principles pseudopotential total energy method. The equation of state, elastic
parameters (including the full set of second order elastic coefficients, bulk and shear moduli, Young’s moduli,
and Poisson’s ratio), and ideal tensile and shear strengths are reported and compared with those of the binary
compound ZrC. Furthermore, the bond relaxation and bond breaking under tensile and shear deformation from
elasticity to structural instability are illustrated. Because shear induced bond breaking occurs inside the NaCl-
type ZrC, slabs, the ternary carbide is expected to have high hardness and strength, which are related to
structural instability under shear deformation, similar to the binary carbide. In addition, mechanical properties
are interpreted by analyzing the electronic structure and chemical bonding characteristics accompanying de-
formation paths. Based on the present results, Zr;Al;Cs is predicted to be useful as a hard ceramic for high

temperature applications.
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I. INTRODUCTION

Refractory binary transition metal carbides (TMC), such
as TiC, NbC, ZrC, and HfC, are characterized by high hard-
ness, high strength, high melting point, good thermal shock
and wear resistance, and chemical inertness. These carbides
are widely used in high temperature environments or as hard
ceramics.! However, poor oxidation resistance and intrinsic
brittleness have restricted their applications. Recent develop-
ments in synthesizing ternary aluminum carbides by incorpo-
rating Al in binary carbides highlight a possible way to solve
these problems. It has been reported that ternary titanium
aluminum carbide, Ti;AlC,, platelets were found to form in
Al doped TiC.? Prepared under proper conditions, new ter-
nary aluminum carbides have been successfully synthesized
in Ti-Al-C, Nb-Al-C, Zr-Al-C, and Hf-AI-C systems, using
the binary transition-metal carbides and aluminum as starting
materials.’

Ternary aluminum carbides in the Ti-Al-C and Nb-AI-C
systems, such as Ti;AlC,, Ti,AIC, and Nb,AIC, have been
identified to crystallize with the space group P6;/mmc.*>
Microscopic investigations have shown that all of these ter-
nary carbides consist of two alternately stacked structural
units. The crystal structures can be described as nanoscale
blocks of TiC, or NbC, in a NaCl-type structure that is in-
tercalated and mirrored by close-packed Al atomic planes.
These ternary aluminum carbides display outstanding prop-
erties, such as high damage tolerance, good high temperature
oxidation resistance, and intrinsic toughness at room tem-
perature due to their nanolaminated crystal structure.® Fur-
thermore, these ternary carbides have high moduli and
strength that are desirable for structural materials.

Compounds in the Zr-Al-C system, on the other hand,
have different types of crystal structures. Three equilibrium
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phases, Zr,Al;Cs, Zr;Al;Cs (previously reported with the
chemical formula of ZrAlC,_, in Ref. 7), and ZrsAl;C, have
been reported in the Zr-Al-C system.” Among them,
Zr,AlL,Cs and Zr;Al;C5 were determined to have the hexago-
nal symmetry, and ZrsAl;C was identified with the
MosSis-type crystal structure. Compared to the extensively
studied Ti-Al-C and Nb-AI-C based ceramics, the properties
of ternary Zr-Al-C compounds are much less known. The
reasons are attributed to difficulties in synthesizing bulk Zr-
Al-C materials.

Recently, the fracture strength and Vickers hardness were
primitively characterized for bulk Zr,Al;Cs; and ZrAlC,
(Zr3Al5Cs) sintered from Zr,Al;Cs and ZrAlC, powders pre-
pared by the solid-state reaction of ZrC, C, and Al.%° The
authors have conducted theoretical studies of the electronic
structure, chemical bonding, and equations of state of
Zr,Al;C5 by means of ab initio pseudopotential total energy
calculations.'” Zr,Al;Cs was predicted to have interesting
properties such as low hardness, easy machinability, damage
tolerance, and oxidation resistance based on its nanolami-
nated structure.!® Results also showed that Zr,Al;Cs might
have properties different from the binary carbide, ZrC. It was
shown that the intrinsic oxidation resistance of binary car-
bide, such as TiC, could be greatly improved by making it
into ternary carbide that contains Al, such as Ti;AlC,.!! The
excellent oxidation resistance resulted from the protective
Al,Oj5 scale, which forms in high temperature environments.
For ternary Zr-Al-C based compounds, like Zr;Al;Cs, if con-
tinuous ZrO, and/or Al,O; scales can form, the material
would have good oxidation resistance at high temperatures.
Recently, the authors have successfully synthesized Zr; Al;Cs
powders by means of a pressureless sintering using Zr-Al
intermetallics and graphite as starting materials.'?> Tetragonal
ZrO, and a-Al,0O; were identified after Zr;Al;Cs powders
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FIG. 1. (Color online) Crystal structures of Zr,Al;Cs and
Zr;AlsCs. The Zr, Al, and C atoms are indexed with numbers ac-
cording to various coordination environments.

were oxidized in air at temperatures up to 1500 °C. Unfor-
tunately, the oxidation kinetics of bulk Zr;Al;Cs is still not
fully clarified. Despite these new developments, intrinsic me-
chanical, physical, and chemical properties are not yet avail-
able for Zr;Al;Cs.

As can be seen from the crystal structures shown in Fig.
1, Zr;Al,Cs and Zr,Al,Cs have distinguishably different
crystal structures. The main difference centers on the atomic
configurations linking the ZrC, slabs. As described by Ges-
ing and Jeitschko,'® Zr;Al;Cs may be viewed as an inter-
grown structure consisting of two kinds of layers.'> One is
the nonstoichiometric ZrC, slab in a NaCl-type structure and
the other consists of Al and C atoms in an arrangement simi-
lar to that of the binary aluminum carbide, Al,C;. The non-
stoichiometric ZrC, slabs in Zr,Al;Cs, however, are linked
by different Al-C units. Although both materials contain
ZrC, slabs, the mechanical properties of Zr;Al;Cs may be
different from those of Zr,Al;Cs, because of the different
interplanar adhesive strength linking the ZrC, slabs. There-
fore, it is necessary to clarify how the mechanical properties
of such a material are determined by their intergrown struc-
ture of ZrC, slabs and Al,Cs-type Al-C layers. Because of
this crystallographic arrangement, it is of particular interest
to investigate the mechanical properties and chemical bond-
ing characteristics of Zr;Al;Cs. In this study, we computed
the equation of state (EOS), elastic moduli, ideal strengths,
electronic structure, and chemical bonding characteristics of
Zr;Al;Cs using the first-principles computational scheme.
The investigation aims to predict possible mechanical prop-
erties, and further, to show the relationship between the elec-
tronic structure and the mechanical properties.

The remainder of this paper is organized as follows. The
computational details are described in Sec. II. In Sec. III, we
present our results for equilibrium geometry and electronic
structure characteristics. The EOS, elastic stiffness, the full
set of elastic coefficients, and mechanical parameters are re-
ported in Sec. IV. The ideal stress-strain relationship, ideal
tensile and shear strength, together with the processes of
bond relaxation and bond breaking for material strained from
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elasticity to structural instability, are illustrated in Sec. V.
Finally, the concluding remarks are given in Sec. VI.

II. COMPUTATIONAL DETAILS

The CASTEP code was used in the present calculations,'

wherein the Vanderbilt-type ultrasoft pseudopotential'® and
generalized gradient approximation'® (GGA-PW91) were
employed. The plane-wave basis set cutoff was 450 eV for
all calculations. The special points sampling integration over
the Brillouin zone was employed by using the Monkhorst-
Pack method with a 10X 10X 2 special k-points mesh.'” To
investigate the ground state electronic structure and EOS, the
equilibrium crystal structures were optimized at various iso-
tropic hydrostatic pressures ranging from 0 to 50 GPa. Lat-
tice parameters, including lattice constants and internal
atomic coordinates, were modified independently to mini-
mize the enthalpy and interatomic forces. The Broyden-
Fletcher-Goldfarb-Shanno (BFGS) minimization scheme'8
was used in geometry optimization. The tolerances for geom-
etry optimization are difference on total energy within 5
X 107 eV/atom, maximum ionic Hellmann-Feynman force
within 0.01 eV/A, maximum ionic displacement within 5
X 10™* A and maximum stress within 0.02 GPa. We have
shown that the present first-principles calculation scheme is
reliable on predicting crystal structure, elastic stiffness, and
interatomic force constants of ternary transition metal
carbides.!*2!

The calculations of projected density of states were per-
formed using a projection of the plane-wave electronic states
onto a localized linear combination of atomic orbitals
(LCAO) basis set. In the present calculation, the LCAO basis
set was the atomic pseudo-orbitals corresponding to the
closed valence shell containing the valence electrons. The
numbers of pseudo-orbitals were chosen as 4 for C, 4 for Al,
and 9 for Zr. The s,p valence orbitals of C, as well as the s,
p orbitals of Al and the s, p, and d orbitals of Zr were
included in the calculation of partial density of states
(PDOS). Since Zr;Al;Cs is a metallic system, partial occu-
pancies were introduced to eliminate discontinuous changes
in the total energy, which were created when energy bands
crossed the Fermi level during self-consistent electronic
minimization. Twelve additional empty bands were included
in the electronic minimization, and we used the Gaussian
smearing scheme with a smearing width of 0.1 eV.

The elastic coefficients were determined from a first-
principles calculation by applying a set of given homoge-
neous deformations with a finite value and calculating the
resulting stress with respect to optimizing the internal de-
grees of freedoms, as implemented by Milman et al.>> The
criteria for convergence in optimizing atomic internal free-
doms were selected as follows: difference on total energy
within 1X 107° eV/atom, ionic Hellmann-Feynman forces
within 0.002 eV/A and maximum ionic displacement within
1 X 10™* A. Two strain patterns, one with nonzero £, and &,;
components and the other with a nonzero &33, generated
stresses related to all five independent elastic coefficients for
a unit cell with a hexagonal symmetry. Three positive and
three negative amplitudes were applied for each strain com-
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TABLE I. Theoretical and experimental crystal symmetry, lattice constants a and ¢ (in A), ¢/a ratio, free
internal atomic parameters z (atom) of Zr3Al;Cs, as well as the bulk modulus B (in GPa) and its pressure

derivative B’ derived from the equation of state.

Method Symmetry a c

cla z (atom) B B’

Calc. P63/mmc 3.316

Expt.* P63mc 3.343

27.387

27.609

8.259 2(C1)=0.0502 205 3.8
2(C2)=0.2498
2(C3)=0.1535
2(A11)=0.1777
2(A12)=0.2497
2(Zr1)=0.5960
z(C1)=0.0510
2(C2)=0.2511
2(C3)=0.1508
z(Al1)=0.1776
2(A12)=0.2448
2(Zr1)=0.5955

8.259

4Reference 13.

ponent with the maximum strain value of 0.5%. We deter-
mined the elastic stiffness from a linear fit of the calculated
stress as a function of strain. The compliance tensor S was
calculated as the inverse of the stiffness tensor, S=C~'. Other
mechanical parameters, such as the bulk modulus, Young’s
moduli, and Poisson’s ratio were calculated from the compli-
ance tensor. The shear modulus was calculated according to
the Voigt approximation.?

Deformation and failure modes of Zr;Al;Cs lattice are
studied. To obtain the ideal stress-strain relationships, we
employed a method widely used to study the ideal strength
and lattice stability of metals and ceramics.’*~2” By deform-
ing the crystal from its elastic state to structural instability,
the stress-strain curves are computed for (0001)(0001)

uniaxial tension and (1210)(0001) shear deformation (a pos-
sible easy slip system for hexagonal compound with large
c¢/a ratio). For the tensile deformation, a series of incremen-
tal tensile strains were applied to the crystal. To ensure that
the material was under an uniaxial stress state, relaxation of
the structure perpendicular to the applied strain direction was
performed by holding the applied strain fixed and adjusting
the other two normal strain components independently until
the calculated conjugate Hellmann-Feynman stresses were

both less than 0.2 GPa. For the (1210)(0001) shear deforma-
tion path, the crystal was relaxed until all of the stresses
orthogonal to the applied stress are reduced to less than
0.2 GPa. These computations produce the stress versus strain
curves for both the tensile and shear deformations. The first-
reached maximum in these curves is the ideal strength of the
material under a particular strain path, provided that no other
instability occurs before it. For comparison, the stress-strain
curves for ZrC were also computed for the (001){001) ten-

sion and (110)(110) shear deformation (the primary slip sys-

tem for the NaCl-type transition metal carbide at low
temperature).?®

III. EQUILIBRIUM GEOMETRY AND
ELECTRONIC STRUCTURE

To compute the equilibrium crystal structure of Zr;Al;Cs,
we optimized the previously reported crystal structure'? by
relaxing the cell degrees of freedom with constrained space
group P6smc. Then, we analyzed the space group of a fully
relaxed unit cell. It shows that Zr; Al;C5 belongs to the space
group P65/mme within a precision of 0.005 A by performing
symmetry operations. For the initial structure with space
group P6;mc, the Al(2) atoms were located off the center of
the trigonal bipyramid formed by C(1) and C(2) atoms. In
the present computation, the Al(2) atoms locate on a mirror
plane on the center of the trigonal bipyramid, which yields to
a higher symmetry space group P6s/mmc. Very recently, Lin
et al. have confirmed the space group P63/mmc for Zr;Al;Cs
in experiments by means of selected area electron diffraction
and convergent beam electron diffraction methods.?® Theo-
retical lattice parameters are listed in Table I, together with
the experimental values for comparison. The computed lat-
tice constants a and ¢ are consistent with experimental data
within 1% deviation. Furthermore, the two sets of internal
atomic parameters, z, also have close values. The theoretical
density is 5.280 g/cm? and it agrees well with the experi-
mental value found in the JCPDS data file (card no. 32-
0030), 5.282 g/cm?. Therefore, the present first-principles
computation is able to reliably reproduce the equilibrium
crystal structure of Zr;Al;Cs.

To better understand the nature of the interatomic bond-
ing, the electronic structure was examined. Figure 2 shows
the total and projected density of states (PDOS) of Zr;Al;Cs.
The lowest lying states from —14.39 to —8.78 eV originate
mainly from the C 2s orbitals with slight contributions from
Al-p and Zr-d orbitals. The p-p and p-d covalent bonding
dominate the states ranging from —7.38 eV to the Fermi
level. From —7.38 to —3.77 eV, the p-p and s-p bonding
states come from C-Al interatomic bonds. We compared the
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FIG. 2. (Color online) Total and projected electronic density of
states of ZrC and Zr;Al;Cs.

Zr d t,,—C p o-like bonds in ZrC and Zr;Al;Cs, and found
that the characteristics of Zr-C bonds are rather similar in the
two carbides. The C 2p—Zr 4d bonding peak is located at
around —-2.88 eV away from the Fermi level in Zr;AlzCs,
which is similar to the corresponding peak at around
—2.40 eV in ZrC. In addition, the bond lengths of Zr-C are
2.289 A, 2.360 A, and 2.480 A in Zr;Al;Cs, and 2.345 A in
ZrC. Therefore, the strong Zr-C bonds are well preserved in
the ternary carbide. It should be noted that the bond length of
Zr2-C2 (2.480 A) is about 8.34% and 5.08% longer than that
of Zr1-C3 (2.360 A) and Zr2-C3 (2.289 A), respectively.
This implies that the Zr2-C2 bond may be weaker than other
Zr-C bonds in Zr;Al;Cs.

The bonding peak located at around —1.83 eV corre-
sponds to the Al 3p—C 2p covalent bonds. These hybridiza-
tion states are located at a higher energy range than the Zr
4d-C 2p bonding states. Therefore, the chemical strength of
certain Al-C bond is weaker than that of the Zr-C covalent
bonds. There are two types of Al-C bonds in Zr;Al,Cs ac-
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cording to different atomic arrangements. Identifying the
character of these Al-C bonds is very important to predict the
mechanical properties of Zr;Al;Cs, because variations of
these bonding strengths will lead to distinctly different per-
formances. If the Al1-C2 is weaker than the Al1-C1 bond,
Zr;Al;C5 could be regarded as a combination of ZrC, slabs
and Al-C blocks with a Al,C; structure. On the other hand, if
the Al1-C2 is stronger than the Al1-C1 bond, Zr;Al;Cs could
be described as covalently bonded Zr-C-Al blocks being in-
terleaved by close-packed Al-C atomic planes. Unfortu-
nately, strengths of the Al1-C1 and Al1-C2 bonds could not
be obtained from the PDOS figures, due to an extensive en-
ergy range of the p-derived states. To quantitatively analyze
the adhesions of Al-C bonds, the adhesive energies were cal-
culated by cleaving the Al1-C2 and Al1-C1 bonds parallel to
the basal plane.

The energy of breaking the Al1-C2 bonds E%)) "2 was
computed by

AlI-C2 _ 1:ZrCy® | p®ALRC _ 1ZrAlCs
E adhesive — E wial T E total E total ’ (1)
where EZ3G4% s the total energy of Zr;C,® blocks after

eliminating Al;C blocks from the unit cell, Efzﬁffc is the total

energy of Al3C blocks after eliminating the Zr;C4® blocks
from the unit cell and EZ345% is the total energy of
Zr3A1;Cs. In the same way, the adhesive energy of breaking

the Al1-C1 bonds EAC! "was computed by

adhesive

All-Cl  _ pZrC AL® ®AIC Zr3Al;Cs
Eadhexive_Etotal +Elotal ~ Lrotal ’ (2)

where the EZ3¢442 g the total energy of Zr;C4Al,® blocks
after eliminating AIC atomic planes from the unit cell, Efifallc
is the total energy of Al-C atomic plane after eliminating
Zr;C4Al,® blocks from the unit cell and Ei’;j?l3c5 is the total
energy of Zr;Al;Cs.

The computed adhesive energies yield 1.18 eV/atom and
0.41 eV/atom by breaking the All-C2 and All1-C1 bonds,
respectively. Therefore, the adhesion strength of the All1-C1
bond is much weaker than that of the AI1-C2 bond. We fur-
ther calculated the adhesive energy of Zr2-C2 bond, which is
the longest Zr-C bond in Zr;AlsCs. The result yields
0.92 eV/atom, which is located between that of the All1-Cl1
and Al1-C2 bonds. The bonding strength results suggest that,
at the equilibrium crystal structure, Zr;Al;Cs could be de-
scribed as strong covalently bonded Al-C-Zr-C-Zr-C-Zr-
C-Al blocks interleaved by close-packed Al-C atomic planes.
In addition, the AIl-C adhesion between those covalent-
bonded atomic chains and Al-C planes are relatively weak.

To illustrate the bonding characteristics, Fig. 3 shows the

charge density distribution for a slice of the (1120) plane in
a 2 X2 X1 supercell. Figure 3 obviously shows strong cova-
lent bonding within the Al-C-Zr-C-Zr-C-Zr-C-Al atomic
blocks (abbreviated as Zr;C4Al,®). The adjacent Zr;C4Al,
® blocks are interleaved and mirrored by Al-C atomic
planes. The electronic density is relatively low in the region
between Zr;C,Al,® and AI-C units, which leads to weaker
interplanar adhesion.
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FIG. 3. (Color online) Valence electron density of a slice of the

(1120) plane in a 2 X 2 X 1 supercell. The white contour lines range
from 0.08 to 0.27 electrons/A3.

IV. EQUATION OF STATE AND ELASTIC STIFFNESS

Figure 4 plots the relative unit cell volume, V/V,, as a
function of external pressure. By fitting the data with the
Birch-Murnaghan equation,’® bulk modulus B, and its pres-
sure derivative B(’) are obtained to be 205 GPa and 3.8, re-
spectively. The bulk modulus of Zr;AlsCs is comparable to
that of ZrC (229 GPa), computed within the same first-
principles scheme. The B of Zr;Al;Cs is definitely higher
than that of Zr,Al;Cs, which has a value of only 160 GPa.'”
In Fig. 5, we present the pressure dependence of lattice con-
stants a and ¢ and display changes of the axial ratio, c/a, in
the inset. The c¢/a ratio decreases almost linearly with in-
creasing hydrostatic pressure continuously to ~25 GPa, and
then it decreases less rapidly at higher pressures. The trend in
c/a versus pressure demonstrates that ¢ contracts more dra-
matically than a in the pressure range examined. Therefore,

50 B,=205 GPa
40 B =38
5
& 0
i
5 20
103
w
4
i 10
0
0.85 0.90 0.95 1.00

VIV,

o

FIG. 4. Relative unit cell volume V/Vj as a function of external
hydrostatic pressure. The bulk modulus B, and its pressure deriva-
tive By are determined to be 205 GPa and 3.8, respectively, by
fitting the data with the Birch-Murnaghan equation.
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FIG. 5. (Color online) Pressure dependence of lattice constants
a and c. The inset shows the c/a ratio versus pressure.

the material is stiffer in the basal plane than in ¢ when
Zr;AlsCs is under isotropic pressure. This elastic anisotropy
suggests that interplanar bonding along ¢ is weaker than in-
traplanar bonding along the basal plane in Zr;Al;Cs.

Anisotropic elasticity has been investigated for Ti;SiC, at
various pressures both by experiment’! and by first-
principles calculation.? In these studies, the strength of in-
teratomic bonding was characterized by its resistance against
external pressure. The Ti-Si and Ti-C bonds shrank by 8%
and 5%, respectively, when hydrostatic pressure increased
from O to 50 GPa. Combined with electronic structure analy-
sis, the interplanar Ti-Si covalent bond was found to be
weaker than the Ti-C bonds in TiC g; blocks. This difference
in bond strength led to the mechanical anisotropy of TizSiC,.
Following the same method to evaluate the strengths of in-
teratomic bonding against pressure for Zr;Al;Cs, we exam-
ine the degree of bond length contraction under various pres-
sures, and illustrate the results in Fig. 6. The lowest lying
curve is seen to be associated with the A11-C1 bond, which is
the most compressible. Above it are the curves for Zr2-C2,
Al1-C2, Zr2-C3, and Al2-C1 covalent bonds, and these
bonds show similar compressibility with increasing applied
pressure. The least compressible among these is the Zr2-C3
bond. Figure 6 indicates that the All1-C1 bonding is softer
than other interatomic bonds, such as Zr2-C2 and All-C2
bonds, in Zr;Al;Cs under hydrostatic pressure.

The elastic stiffness of a crystal determines its response to
an applied strain (or stress) near equilibrium and provides

—— A-Cl
100 —a—AllC1
@ —— AlL-C2
B oesl —*—Zr2-C3
e = ——7r1-C3
0 ——7r2-C2
g 096
o
2
B o094} \
[4]
o \
A
0.92 1 L L L L L

Pressure (GPa)

FIG. 6. (Color online) Relative bond-length contractions at vari-
ous pressures.
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TABLE II. Computed second order elastic coefficients ¢;; (in
GPa) of ZrC and Zr;Al;Cs, together with experimental values of

ZrC for comparison.

Method  ¢; ¢ a3 i3 Cep
ZrC Calc. 455 116 152

Expt.? 472 99 159
Zr;Al,Cs  Calc. 429 110 179 378 93 160

4Reference 33.

information about bonding characteristics. To our best
knowledge, the elastic moduli of Zr;Al;Cs have not been
reported. In Table II, we include the computed full set of
second order elastic coefficients of Zr;Al;Cs, together with
the theoretical and experimental values of ZrC for
comparison.’® The theoretical data agree well with experi-
mental values of ZrC. It is also noted that Zr;Al;C5 and ZrC
have similar elastic coefficients. For example, the moduli
representing stiffness against uniaxial strains, c;; and c33 of
Zr;AlLCs, are about 94% and 83%, respectively, of c¢;; of
ZrC. The cyy and cgq of Zr;Al;Cs, which correspond to the
resistance against {100}{110) and {010}001) shear deforma-
tions, are about 1.18 and 1.05 times, respectively, of cyy of
ZrC.

Table III presents the computed mechanical parameters of
Zr;AlsCs, such as bulk modulus B, shear modulus G, aniso-
tropic Young’s moduli E, and Poisson’s ratio, together with
theoretical and experimental values of ZrC.* The magni-
tudes of the mechanical parameters of Zr;Al;Cs are rather
similar to those of ZrC, varying within 10%. This implies
that the complex ternary aluminum carbide Zr;Al;Cs has
comparable elastic stiffness to the binary carbide ZrC.

V. BOND-BREAKING AND IDEAL STRENGTHS

Material deformation is strain dependent and elastic pa-
rameters may not always give accurate account for all mac-
roscopic mechanical properties, such as hardness. The reason
can be attributed to the fact that these elastic parameters are
computed under equilibrium conditions; while material de-
formation associated with experimentally obtained strengths
occurs at a specific range of strains where bonding charac-
teristics change significantly. Therefore, studies of the stress-
strain relationships following a material strained from elas-
ticity to the limit of its structural stability and the underlying
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FIG. 7. (Color online) Ideal stress-strain curves of tensile and
shear deformation for Zr;Al;Cs.

bond-responding processes are useful in understanding its
experimental strengths and hardness at ambient conditions.

In Fig. 7, we present the calculated stress-strain curves for
Zr;AlL,Cs. Several interesting features are noticed for the
(1210)(0001) shear path: (i) stress increases with strain al-
most linearly before the material reaches structural instabil-
ity; (i) shear stress drops abruptly after a critical strain; (iii)
there is no obvious “yielding” when the compound passes
from elasticity to structural instability. On the other hand, for
the (0001){0001) tension: (i) breakdown of elasticity occurs
long before the strain reaches a critical bond-breaking point;
(ii) there is an obvious “yielding” that follows a gradual re-
duction of the tensile stress after its maximum value. In the
following discussions, we will show that these features origi-
nate from the softening and breaking of Al-C and Zr-C bonds
that are involved in different deformation modes.

To understand the trend in the stress-strain curve for shear
deformation, we examined the bond-relaxation processes at
various strains. Figure 8 shows the valence charge density

distribution on the (1120) atomic plane in Zr;Al;Cs at vari-
ous shear strains. It shows that all bonds accommodate strain
almost homogeneously, and no local bond softening occurs
before the critical strain, as seen in Fig. 8(a) for £=0.05.
Both the Al-C and Zr-C bonds remain strong up to the bond-
breaking point. Of the most interest, breaking of the Zr2-C2
bond, instead of the weakest Al1-C1 bond, is responsible for
the structural instability of Zr;Al;Cs under shear deformation
as shown in Fig. 8(b) for £=0.175. Because failure of this
material occurs inside the NaCl-type ZrC, slabs, it is likely
that the binary and ternary carbides will show similar me-

TABLE III. Computed bulk modulus B, shear modulus G, anisotropic Young’s moduli £, and Poisson’s
ratio v of ZrC and Zr;Al;Cs, together with experimental values of ZrC polycrystalline for comparison.

Method B (GPa) G (GPa) E (GPa) v
ZrC. Cal. 229 170 408 U,,=0.21
Expt.? 223 170 407 v,,=0.19
ZryAlLCs Calc. 202 166 E,=388 vy =0.22
E,=346 v,,=0.19
v,,=0.17

4Reference 33.
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FIG. 8. (Color online) Valence electron density of a slice of the
(1120) plane in a 2X2X 1 supercell under shear deformations of
(a) €=0.05, and (b) €=0.175. Obviously, the shear-induced struc-
tural instability occurs by breaking the Zr2-C2 bonds in the ZrC,
slab.

chanical properties that are determined by shear-induced
structural instability.
When we focus on the valence charge density distributing

on the (1120) atomic plane in Zr;Al;Cs under tension, a
different bond-relaxation mechanism is observed. As shown
in Fig. 9, the softening and breaking of the weakest Al1-C1
bonds is now responsible for the failure of Zr;Al;Cs. In con-
trast to Al-C bonds being stable under shear deformation, the
All-C1 bond softens considerably under tensile strains long

PHYSICAL REVIEW B 73, 134107 (2006)

FIG. 9. (Color online) Valence electron density of a slice of the
(1120) plane in a 2 X2 X 1 supercell under tensile deformations of
(a) £=0.05, and (b) £=0.25. Zr3Al;Cs is seen to cleave by breaking
the Al1-C1 bonds.

134107-7
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before bond breaking. The bond length of All1-C1 elongates
6%, 17%, 32%, 57%, and 78% under tensile strains of 0.05,
0.10, 0.15, 0.20, and 0.25, respectively. This produces the
notable “yielding” in the stress-strain curve shown in Fig. 7.
When the tensile stress increases, the Al1-C1 bond does not
abruptly experience a bond-breaking event, because of the
delocalized nature and spatial extension of its p-p hybridiza-
tion. Therefore, “yielding” occurs, which follows a gradual
reduction of the tensile stress under increased tensile strains.
On the other hand, the Zr-C bonds in the NaCl-type ZrC,
slabs remain stable during tensile deformation along the ¢
direction.

From the computed stress-strain curves, the ideal shear
and tensile strengths are 26.5 GPa and 26.8 GPa, respec-
tively. These values lead to a shear-to-tensile strength ratio of
about 1. For the binary carbide, ZrC, we compounded the
ideal shear and tensile strengths, which yield 29 GPa and
31 GPa, respectively. The presented ideal shear strength of
ZrC, 29 GPa, is comparable to some transition metal car-
bides TiC, TiN, and HfC, which were reported as 35, 31, and
30 GPa, respectively, by Jhi et al.?* The strengths of
Zr;Al;Cs are, therefore, comparable with those of ZrC, and
they represent the upper limit of stresses attainable prior to
failure. Again, comparison on these ideal strengths indicates
that Zr;AlLCs may have similar mechanical properties to
ZrC.

Generally speaking, hardness reflects the resistance of a
material against permanent plastic deformation. The mecha-
nism for plastic deformation involves the nucleation and
movement of dislocations. The mobility of dislocation could
be estimated from the Peierls stress or the stress required
moving a dislocation one atomic Burgers vector. For strongly
covalent materials, like binary transition metal carbides, the
very low mobility of dislocation kinks is the rate-
determining factor for dislocation motion and is in turn de-
termined by the very high bond-breaking energy under a
large shear strain.*~3¢ With the help of calculated mechani-
cal parameters, we estimate the maximum value of Peierls
shear stress to initiate the movement of a dislocation in its
glide plane for Zr;Al;C5 by’

2G 27N
BET T, o

where A\=3-2v/4(1-v)d, G is the shear modulus, b the
Burgers vector, d the spacing between atomic slip plans, and
v the Poisson’s ratio.

PHYSICAL REVIEW B 73, 134107 (2006)

Following Krenn et al.,*®we use d by 1/6(111) and b by
1/2(110) for ZrC with NaCl-type structure. Computed from
the lattice constant (4.691 A) of ZrC, d is 1.354 A and b is
3.317 A. Because slip in Zr;Al;Cs occurs by breaking the
Zr2-C2 bonds, the interplanar distance between Zr2-C2
atomic planes is used as d to calculate its Peierls stress.
Therefore, d is set as 1.576 A and b is the lattice constant
along the basal plane (3.316 A); v for both carbides is taken
as 0.19. Results from Eq. (3) can be used to compare the
relative maximum magnitude of Peierls stress between bi-
nary and ternary carbides. The calculated og for Zr;Al;Cs
reaches 78% of the binary carbide. Therefore, similar to ZrC,
the ternary carbide, Zr;Al;Cs, is expected to show very low
dislocation mobility. Suggested by the present investigations,
experimental hardness of Zr;Al;Cs is determined by the re-
sponse of strong Zr-C covalent bonds to shear strain, and is
expected to display a high magnitude.

VI. CONCLUDING REMARKS

In summary, we investigated the equilibrium crystal struc-
ture, EOS, elastic moduli, ideal strengths, bond-breaking
processes, and electronic structure of Zr;Al;Cs by first-
principles calculations. The results show how interatomic
bonds in this complex ternary carbide respond to applied
strains, especially under strains near a critical point of struc-
tural instability. We show that the Al-C and Zr-C bonds
dominate tensile and shear failures of Zr;Al;Cs, respectively.
The material cleaves by breaking the weakest Al-C bond,
while slip plane movement occurs by abruptly breaking the
Zr-C bonds under shear strains. Shear induced bond-breaking
occurs inside the NaCl-type ZrC, slabs, which provides
Zr;Al;Cs to have high shear strength and moduli similar to
ZrC. Obtained ideal tensile and shear strengths of this ter-
nary carbide are comparable to its binary counterpart, ZrC.
Furthermore, Peierls stresses of the two carbides are com-
pared, and the result shows that dislocation mobility will be
low in the two compounds. Results led to a suggestion that
Zr;AlLCs has a great potential to be used as a hard ceramic
for high temperature applications and should be extensively
studied in the future.
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