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A systematic investigation concerning the effects of transition metals (TM = Y, Zr, Nb, Hf, and Ta) on the struc-
ture, elasticity and thermal decomposition of the TiN-based nitride coatings with a cubic rock-salt structure has
beenperformed in terms offirst-principles calculations. Calculated lattice parameters of Ti1− xTMxNas a function
of alloying concentration show positive derivations from the linearized Vegard's law, agreeing well with exper-
imental and theoretical results. Positive enthalpies ofmixing of Ti1− xTMxN (TM=Y, Zr, andHf) indicate that the
formation of these alloys is energetically unfavored with respect to themixing of the cubic phases. The predicted
consolute temperature of Ti1 − xZrxN agrees reasonably well with previous theoretical findings. The miscibility
gaps disappear in the case of alloying TiN with NbN and TaN. Predicted elastic stiffness constants C11, C12, and
C44 together with the aggregate polycrystalline properties of Ti1 − xTMxN are determined by an efficient
strain–stressmethod. The present results indicate that the above nitride alloys are mechanically stable and addi-
tion of Nb and Ta increases the ductility, with Ta possessing the largest effect.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Transitionmetal nitride (TMN) thin films are nowadays widely used
in various applicative fields of technological importance, such as protec-
tive hard coatings for cutting tools [1–3], diffusion barriers or metalliza-
tion layers in integrated circuits [4–6], and growth templates for group
III-nitride semiconductor devices [7,8]. Titanium nitride (TiN) is one of
the coatings developed for metal cutting tool applications, and remains
a mainstay of the coating business due to its bright gold in color, hard-
ness, and adaptability for most wear applications [9,10].

Being one of several approaches to enhance the functional proper-
ties of these materials, the current research strategy is driven by the
prospect of synthesizing newmulti-component or multinary hard coat-
ings, by alloying TiNwith differentmetal or non-metal nitrides [11–23].
For example, alloying element Y has been reported to enhance the adhe-
sion between coating and substrate as well as the service lifetime of TiN
coatings [18,19]; incorporation of Zr into TiN coating results in an en-
hanced hardness compared with binary TiN and ZrN coatings because
of a solid solution strengthening mechanism [23]. Nb increases the
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hardness [20,21]; Zr and Ta could change significantly film texture, mi-
crostructure, grain size, and surface morphology of coatings [22].

Apart from the experimental researches for the TiN-based coating
systems, good examples of demonstrating the ability of first-principles
calculations for guiding the experiments by predicting chemistry-
related trends are reported for various Ti0.75X0.25N ternary systems
(e.g., Refs. [24,25]). In Ref. [24], X includes Cr, Zr, Nb, V, W, Mo and Al,
and in Ref. [25] X covers all the transition metals. In Ref. [26] the
alloying-related trend concerned with Ti-Al-X-N quaternary systems
was reported. The structure and elastic properties of metastable ternary
Ti1 − xZrxN alloys were systematically investigated by Abadias et al. [27]
using thin film growth and ab-initio calculations. The structural and
elastic properties of Ti1 − xTaxN alloys have been computed by means
of first-principles calculations on disordered alloys with the VCA frame-
work and ordered supercells [28]. Trends in formation energies and
elastic moduli of ternary transition metal nitrides M0.5

1 M0.5
2 N (M1, 2 =

Ti, Zr, Hf, V, Nb or Ta) were systematically studied by Petrman et al.
[29] by using the plane-wave self-consistent field.

In addition, the age-hardening of Ti–Zr–N coatings, due to the
spinodal decomposition of c-Ti1 − xZrxN into nano-size cubic Ti-rich
and Zr-rich domains at elevated temperatures has attracted much at-
tention. Phase relationships between binary nitrides TiN and ZrN re-
ported by Duwez and Odell [30] indicate that these two compounds
form a single-phase solid solution after heating at temperature greater
than 2000 °C. Holleck et al. [31] also show a miscibility gap at
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temperature less than 2000 °C between these two compounds. Hoerling
et al. [32] investigated the properties of Ti1 − xZrxN coating using ca-
thodic arc evaporation deposition combined with first-principles calcu-
lations. It is concluded that single-phase c-Ti1 − xZrxN is energetically
favored with respect to a two-phase mixture of c-TiN and c-ZrN over a
wide range of composition. Additionally, no phase transformation was
observed during annealing of c-Ti1 − xZrxN coating between 600 and
1200 °C. Wang et al. [33] predicted that the consolute temperature of
c-Ti1 − xZrxN reduces from 2670 to 1880 K if one accounts for the contri-
bution of lattice vibrations of the free energy. On the contrary, the
consolute temperatures of c-Ti1 − xZrxN increase from 1900 to 1970 K
with increasing pressure from 0 to 30 GPa.

In the present work, we use first-principles calculations to provide
better understanding of the structure, phase stability and elastic proper-
ties of Ti1 − xTMxN (TM=Y, Zr, Nb, Hf and Ta) pseudo-binary alloys.We
provide an overview of enthalpies of mixing and elastic moduli, namely
bulkmodulus (B), shearmodulus (G) and Young's modulus (E). In addi-
tion,we evaluate the effect of increasing the valence electron concentra-
tion on the ductility of these alloys, to identify candidate materials for
potentially hard coatings with enhanced ductility. The remainder of
this paper is organized as follows. Section 2 briefly introduces themeth-
odologies, including the details of the first-principles calculations, and
an efficient strain–stress method to determine elastic stiffness con-
stants. In Section 3, structure, thermal decomposition and elasticity of
Ti1 − xTMxN alloys are presented and discussed, and the trends in
terms of composition and temperature are rationalized. Section 4 sum-
marizes the main conclusions in the present work.
2. Methodology

2.1. First-principles calculations

First-principles calculations in the present work are performed by
means of the Vienna Ab-initio Simulation Package (VASP) [34,35] with
the ion-electron interaction described by the projector augmented-
wave (PAW) method [36], and the exchange–correlation functional
depicted by the generalized gradient approximation (GGA) as parame-
terized by Perdew–Burke–Ernzerhof [37]. k-pointmeshes (17 × 17 × 17
in the case of 8-atom supercells and 6 × 6 × 6 of 64-atom supercells) for
Brillouin zone sampling using theMonkhorst–Pack scheme [34] togeth-
er with 520 eV plane wave energy cutoff are employed based on our
tests. The atomic positions and cell shape are fully relaxed until the re-
sidual forces acting on ions are smaller than 0.01 eV/Å, and the energy
Fig. 1. Atomic arrangements on themetallic sublattice, together withWarren–Cowley short range
0.5 for the Ti1 − xTMxN alloys with TM= Y, Zr, Nb, Hf, and Ta.
convergence criterion of the electronic self-consistency is at least 10−6

eV/atom for all calculations. Reciprocal-space energy integration is
performed using theMethfessel–Paxton technique [38] for structure re-
laxations, while the tetrahedron method incorporating with Blöchl cor-
rections [39] is adopted for the final calculations of total energies. The 8-
atom supercells in the case of binary metal nitrides, and 64-atom
supercells in the case of ternary alloys are used herein to model the
cubic B1 rock-salt structure Ti1 − xTMxN alloys (Fig. 1, more details in
Ref. [27]).

To assess the short-range order (SRO) in our alloys we use theWar-
ren–Cowley α parameter as done in reference [40]. For pseudo-binaries
M11 − xM2xN, this is defined asα=1− PM2(dn)/x, where PM2(dn) is the
probability of finding an atom M2 on the nth neighboring shell, at a in-
teratomic distance d, from an M1 atom. Ideal solid solutions will thus
have α values close to zero on all neighboring shells. Negative α values
on any neighboring shell are indicative of ordering. This means that the
probability of finding M1 atoms, on spheres of radii dn centered on M2
atoms, is larger than average M1 concentration on the metallic
sublattice. Positive α values, instead, are indicative of clustering, i.e.
the probability of finding M1 atoms on neighboring shells centered on
M1 atoms is larger than the average M1 concentrations on the metallic
sublattice. Thus, both positive and negative α values, with extremes+1
and −1, are indicative of highly correlated atomic positions on neigh-
boring spherical shells. Fig. 1 shows the atomic configurations together
with the values of Warren–Cowley short-range order (SRO) for the 64-
atom supercells studied herein, as calculated on neighboring spherical
shell extending up to seven interatomic distances (7 × dNN ~ 1.4 nm).

2.2. Ground state properties

In order to estimate the ground state properties, nine energy versus
volume data points calculated from first-principles were used to fit the
four-parameter Birch–Murnaghan equation of state (EOS) [41–43], with
the largest volume change of ±5% with respect to the equilibrium
volume:

E Vð Þ ¼ aþ bV−2=3 þ cV−4=3 þ dV−6=3 ð1Þ

where, a, b, c, and d are fitting parameters, and V is the volume. The
structural properties, including equilibrium volume V0, total energy E0,
bulk modulus B0 and its pressure derivative B0

0 can be calculated from
this EOS.
order parameters, plotted as a function of interatomic distances, (a) x=0.25 or 0.75, (b) x=



Fig. 2. Calculated lattice parameters, a (Å) as a function of composition x fromVegard's es-
timation for the Ti1 − xTMxN alloys with TM= Y, Zr, Nb, Hf and Ta.

43P. Ou et al. / Surface & Coatings Technology 264 (2015) 41–48
2.3. Enthalpy of mixing

The enthalpy of mixing, ΔHmix, is calculated as

ΔHmix ¼ E Ti1−xTMxNð Þ− 1−xð ÞE TiNð Þ þ xE TMNð Þ½ � ð2Þ

where E(TMN) is the total energy of binary alloy TMN, and
E(Ti1− xTMxN) is the energy of the ternary alloy. Enthalpy of mixing
indicates the energy gain (when positive) or loss (when negative)
with respect to the end-members of binary nitrides, implying whether
the alloy is stable (ΔHmix b 0) or unstable (ΔHmix N 0) with respect to
the binary nitrides.

2.4. Elastic properties

An efficient strain–stressmethod demonstrated by Shang et al. [44,45]
is employed to calculate the elastic stiffness constants. Under the frame of
thismethodology, a set of strains ε=(ε1, ε2, ε3, ε4, ε5, ε6) (where ε1, ε2 and
ε3 are normal strains and the others are shear strains) is imposed on a
crystal with lattice vectors R specified in Cartesian coordinates.

R ¼
a1 a2 a3
b1 b2 b3
c1 c2 c3

2
4

3
5 ð3Þ

where a1 is thefirst (or x) component of lattice vector a!, b2 the second (or

y component of lattice vector b
!
, and so on. As a result, the crystal vectors

before (R) and after (R) deformation can be described as follows:

R ¼ R
1þ ε1 ε6=2 ε5=2
ε6=2 1þ ε2 ε4=2
ε5=2 ε4=2 1þ ε3

2
4

3
5 ð4Þ

In the present work, the following linearly independent sets of
strains are applied:

s 0 0 0 0 0
0 s 0 0 0 0
0 0 s 0 0 0
0 0 0 s 0 0
0 0 0 0 s 0
0 0 0 0 0 s

2
6666664

3
7777775

ð5Þ

with s equals a certain value and each row being one set of strains.
The corresponding changes of stresses (σ = σ1, σ2, σ3, σ4, σ5, and
σ6) for the deformed crystals due to each set of applied strains will
be determined through first-principles calculations. The elastic stiff-
ness constants (Cij's) are then obtained from the n sets of strains (ε)
and the corresponding changes of stresses (σ) based on the general
Hook's law:

C11 C12 C13 C14 C15 C16
C21 C22 C23 C24 C25 C26
C31 C32 C33 C34 C35 C36
C41 C42 C43 C44 C45 C46
C51 C52 C53 C54 C55 C56
C61 C62 C63 C64 C65 C66

2
6666664

3
7777775
¼

ε1;1 ⋯ ε1;n
ε2;1 ⋯ ε2;n
ε3;1 ⋯ ε3;n
ε4;1 ⋯ ε4;n
ε5;1 ⋯ ε5;n
ε6;1 ⋯ ε6;n

2
6666664

3
7777775

−1 σ1;1 ⋯ σ1;n
σ2;1 ⋯ σ2;n
σ3;1 ⋯ σ3;n
σ4;1 ⋯ σ4;n
σ5;1 ⋯ σ5;n
σ6;1 ⋯ σ6;n

2
6666664

3
7777775

ð6Þ
Table 1
Calculated lattice parameters a (Å), bulk modulus B0 (GPa), andmixing enthalpies Hmix (meV/a
fractions.

Ti1 − xYxN Ti1 − xZrxN Ti1 − xNbx

x a B0 Hmix a B0 Hmix a

1.0 4.920 158 0 4.618 246 0 4.454
0.75 4.775 174 134 4.548 248 52 4.411
0.5 4.619 195 205 4.467 253 82 4.364
0.25 4.447 227 158 4.371 261 61 4.313
0.0 4.242 280 0 4.242 280 0 4.242
where the superscript “-1” represents the pseudo-inverse, which can
be solved based on the singular value decomposition method to get
the least square solutions of elastic constants. Thus, the more strain
uses, the more accurate the fitting results will be. It is also worth
mentioning that, the minimum linearly independent sets of strains
to determine the elastic constants are two for cubic, three for hexag-
onal and rhombohedral, four for tetragonal, and six for orthorhom-
bic, monoclinic, and triclinic structures. Calculations are also
performed for three different groups of strains with ±0.007, ±0.01
and ±0.013, indicating that the present errors of Cij are quite small
(b1%). Thus, s=±0.01 is chosen in the present work. Cubic systems
exhibit three independent elastic stiffness constants, namely C11, C12,
and C44. Based on these elastic stiffness constants, the polycrystalline
aggregate properties such as the bulk modulus B, shear modulus G,
Young's modulus E, Zener's anisotropy A, and Poisson's ratio v can
be computed via the Voigt–Reuss–Hill (VRH) approach [46].

B ¼ BV ¼ BR ¼ 1
3

C11 þ 2C12ð Þ ð7Þ

GV ¼ C11 þ C12 þ 3C44ð Þ
5

ð8Þ

GR ¼ 5 C11−C12ð ÞC44

4C44 þ 3 C11−C12ð Þ ð9Þ

G ¼ GV þ GR

2
ð10Þ

E ¼ 9BG
3Bþ G

ð11Þ

A ¼ 2C44

C11−C12
ð12Þ
tom), of Ti1 − xTMxN systems for TM= Y, Zr, Nb, Hf, and Ta, as a function of TMN (x) mole

N Ti1 − xHfxN Ti1 − xTaxN

B0 Hmix a B0 Hmix a B0 Hmix

304 0 4.538 269 0 4.424 329 0
297 −28 4.484 267 12 4.387 317 −28
290 −60 4.420 266 24 4.348 304 −49
283 −36 4.345 269 16 4.304 290 −33
280 0 4.242 280 0 4.242 280 0



Fig. 3. Calculated enthalpies of mixing Hmix (meV/atom) and consolute temperature as a
function of composition x for the Ti1 − xTMxN alloys with TM = Y, Zr, Nb, Hf, and Ta.
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v ¼ 3B−2G
2 3Bþ Gð Þ ð13Þ

3. Results and discussion

3.1. Ground state properties and thermal decomposition

Fitting the energy-volume data points with Eq. (1) yields the struc-
tural properties of a, E0, B and B0′. Calculated lattice parameters of each
Ti1 − xTMxN (TM=Y, Zr, Nb, Hf, and Ta) exhibit almost linear behaviors
as a function of composition x. The linearly interpolated lattice parame-
ter according to Vegard's law [47] reads

aV xð Þ ¼ 1−xð ÞaTiN þ xaTMN ð14Þ

First-principles calculated lattice parameters and bulk modulus are
summarized in Table 1. Calculated lattice parameters and bulk modulus
are in good agreement with available experimental results (Refs.
Table 2
Calculated elastic properties, including single crystal elastic stiffness constants Cij's (GPa), polyc
modulus E (GPa), Zener's anisotropy A, Poisson's ratio v in VRH approach, Cauchy pressure C12–
and Ta, as a function of TMN (x) mole fractions.

x C11 C12 C44 C12 – C44

Ti1 − xYxN 1.0 318 78 123 −45
0.75 357 85 128 −43
0.5 406 94 134 −40
0.25 479 108 146 −38

Ti1 − xZrxN 1.0 520 107 116 −9
0.75 528 108 123 −15
0.5 539 111 133 −22
0.25 552 118 146 −28

Ti1 − xNbxN 1.0 641 136 75 61
0.75 637 142 93 49
0.5 635 127 112 15
0.25 621 133 138 −5

Ti1 − xHfxN 1.0 589 110 119 −9
0.75 580 111 130 −19
0.5 577 114 139 −25
0.25 585 120 149 −29

Ti1 − xTaxN 1.0 724 132 61 71
0.75 684 134 89 45
0.5 660 126 108 18
0.25 623 129 133 −4

TiN 0.0 586 126 162 −36
[48–52]) and theoretical data (Refs. [24–26,29,53–55]). Predicted lattice
parameters from GGA tend to underestimate the binding of crystals,
resulting in larger lattice parameters compared with experimental
values. However, the largest error regarding the predicted lattice param-
eter of TaN is less than 1%. Lattice parameters of Ti1 − xTMxN alloys from
first-principles calculations are presented in Fig. 2. It can be seen that the
lattice parameters of Ti1 − xTMxN (TM= Y, Zr, Nb, Hf, and Ta) alloys ex-
hibit an almost linear behavior and increase with increasing the content
of alloying elements. The difference Δa= a− aV for Ti1 − xMxN alloys as
a function of composition shows that the linear Vegard's estimation is
less accurate by a maximum of 0.69% for x = 0.5 in Ti1 − xYxN, which
can be attributed to the larger lattice parameter of YN than TiN (aYN =
4.89 Å, aTiN = 4.24 Å). The Ti0.5TM0.5N with TM= Zr, Hf, Nb, and Ta ex-
hibits the differences Δa around 0.60%, 0.53%, 0.22% and 0.20%, respec-
tively. These deviations should be considered when using Vegard's law
as an estimate of lattice parameter.

Fig. 3 shows the enthalpies ofmixing of Ti1 − xTMxN (TM=Y, Zr, Nb,
Hf, and Ta) for thewhole compositional range, 0≤ x≤ 1. The calculated
results of mixing of enthalpies are summarized in Table 1.ΔHmix is neg-
ative in the whole compositional range with addition of Nb or Ta into
TiN system. This suggests that the Ti1 − xNbxN and Ti1 − xTaxN alloys
are stable, a result previously shown in literature [14,26,56]. The driving
force for decomposition is the largest for Ti1 − xYxN. The lattice difference
between YN and TiN is about 16%, a value larger than what is “allowed”
for substitutional solid solutions by Hume–Rothery rules. The positive
enthalpies of mixing for Ti1 − xYxN, Ti1 − xZrxN and Ti1 − xHfxN indicate
that the formation of these alloys are energetically unfavored with re-
spect to themixing of the cubic phases. Ti1− xZrxNhas been shown to de-
compose spinodally before the stable cubic TiN and ZrN precipitate
appear by experimental researches [30,31]. Therefore, ΔHmix is positive
for Ti1 − xZrxN, which is interpreted as the existence of miscibility gaps
and spinodal decompositions. In order to estimate the consolute temper-
ature Tc ofmiscibility gap, a simplemodel based on themeanfield theory
is employed [57], i.e.,

ΔHmix ¼ Ωx 1−xð Þ ð15Þ

Tc ¼
Ω
2kB

ð16Þ

where Tc is defined as the upper temperature of immiscibility for a two-
component liquid system, also known as upper consolute temperature
rystalline aggregate properties of bulk modulus B (GPa), shear modulus G (GPa), Young's
C44 (GPa), and Pugh's index of ductility B/G, of Ti1 − xTMxN systems for TM=Y, Zr, Nb, Hf,

B G E v A B/G

158 122 291 0.193 1.025 1.297
176 131 315 0.201 0.941 1.340
198 142 345 0.210 0.859 1.390
232 161 392 0.218 0.787 1.442
245 146 366 0.251 0.562 1.671
248 153 380 0.245 0.586 1.625
254 161 399 0.238 0.621 1.575
263 171 422 0.232 0.673 1.534
304 125 330 0.319 0.297 2.431
307 139 363 0.303 0.376 2.203
296 157 399 0.275 0.441 1.893
296 174 436 0.254 0.566 1.702
270 158 397 0.255 0.497 1.706
267 165 411 0.244 0.554 1.620
268 171 423 0.238 0.600 1.572
275 178 440 0.234 0.641 1.543
329 122 326 0.335 0.206 2.695
317 143 372 0.304 0.324 2.224
304 157 401 0.280 0.404 1.940
294 171 429 0.256 0.538 1.719
279 186 458 0.227 0.704 1.498



Fig. 4. Calculated elastic stiffness constants (a) C11, (b) C12, and (c) C44 as a function of
composition x for the Ti1 − xTMxN alloys with TM = Y, Zr, Nb, Hf, and Ta.
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or upper critical solution temperature, Ω is a fitting parameter, x is the
mole fraction, and kB is Boltzmann's constant. As is well known, a typical
miscibility gap developswhenΩ is positive.WhenΩ is positive and con-
stant, the critical point of the miscibility gap occurs at 50 at.% of solute
and at a temperature Tc [57]. For the Ti1 − xZrxN alloys (see Fig. 3), the
presently predicted consolute temperature of 1920 K without consider-
ing vibrational effect is lower than that of 2670 K without vibration esti-
mated byWang et al., [33] and one (~5000 K) byHoerling et al. [32]. This
discrepancy ismainly traceable from the treatment of disordered phases.
The supercell method (64-atom supercell) is used herein, whereas the
32-atom special quasi-random structure (SQS) method was employed
by Wang et al. [33] and an ideal solution was used by Hoerling et al.
[32]. Regarding the random distribution of different atoms, the special
quasirandom structure (SQS) is widely adopted in the first-principles
community. An SQS represents a fully randomalloy bymeans of a special
configuration with a few (4–32) atoms to mimic the most relevant pair
andmultisite correlation functions of the solution and can be considered
as a mixture of various microstates with its energy in the middle of the
energy landscape of all microstates [58,59]. Therefore, the predicted
consolute temperature from the SQSmethod byWang et al. [33] is differ-
ent from the present one. Regarding Hoerling's work [32], the total ener-
gies were calculated using a full-potential linear muffin tin orbital (FP-
LMTO) method within the local density approximation of density func-
tional theory. In terms of experiment [31], a miscibility gap with a
consolute temperature below2000 °Cwas estimated,which is consistent
with our predication.

3.2. Single-crystal elastic stiffness constants

For a cubic crystal, its mechanical stability at a given pressure can be
judged by Born stability criteria [60]:

C44N0 ð17aÞ

C11− C12j jN0 ð17bÞ

C11 þ 2C12N0 ð17cÞ

The calculated results of Cij's are summarized in Table 2 and plotted
in Fig. 4, which are in a good agreement with the experimental results
(Ref. [61]) and theoretically-predicted values (Refs. [29,51,54,62,63])
available in the literature. Elastic stiffness constant C11 of Ti1 − xTMxN
is significantly stiffer than the other two elastic stiffness constants. It is
found that C11, C12 and C44 of Ti1 − xTMxN decrease with increasing
themole fraction of TMN (TM=Y, Zr, andHf). Elastic stiffness constants
of YN, ZrN and HfN show a trend of C11 N C44 N C12 while the relation of
C11 N C12 N C44 is shown for NbN and TaN. These trends are in accordance
with the neutron scatting measurements [61]. TaN exhibits a large value
of C11 and a small value of C44, implying a lowG and E despite diving a rel-
atively large B compared to other nitrides. According to Eqs. (17a)–(17c)
and Table 2, all the cubic rock-salt nitrides of Ti1 − xTMxN alloys are me-
chanically stable.

3.3. Polycrystalline aggregates elastic properties

Based on elastic stiffness constants, the aggregate polycrystalline
bulk modulus, shear modulus and Young's modulus can be calculated
from the Voigt–Reuss–Hill approximations [46]. The general trends of
bulk modulus, shear modulus and Young's modulus are shown in
Fig. 5 (see Table 2). It can be observed that the bulk moduli decrease
with the increment of alloying elements, except for Ti1 − xNbxN and
Ti1 − xTaxN, demonstrating a drastic upward curve (Fig. 5a). Calculated
bulkmoduli from Cij's at zero pressure are in good agreementwith those
obtained by the EOS fitting, as shown in Table 1, indicating that the ap-
proach of the present work is reliable. For shear modulus (Fig. 5b) and
Young's modulus (Fig. 5c), similar behaviors are observed for Ti1 −

xTMxN alloys whose quantities decrease with an increase in TM content.
Cauchy pressure (C12–C44), Pugh's index of ductility (B/G), and

Poisson's ratio (v) can be used to estimate the ductile or brittle nature
for a given compound. The Cauchy pressure, defined as C12–C44 for a
cubic crystal, is considered to serve as an indication of ductility. If the
pressure is positive (negative), the material is expected to be ductile
(brittle) [64]. According to this criterion, TMN, Ti0.25TM0.75N, and
Ti0.5TM0.5N (TM = Nb, Ta) can be regarded as ductile materials, since



Fig. 5. Calculated (a) bulk modulus, B (GPa), (b) shear modulus, G (GPa) and (c) Young's
modulus, E (GPa) as a function of composition x for the Ti1− xTMxNalloyswith TM=Y, Zr,
Nb, Hf, and Ta.

Fig. 6. Correlation between the Cauchy pressure, C12–C44 (GPa) and Pugh's index of ductil-
ity, B/G, as a function of composition x for the Ti1 − xTMxN alloys with TM= Y, Zr, Nb, Hf,
and Ta.
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their Cauchy pressures are positive. On the contrary, other nitrides of
Ti1 − xTMxN are considered to be brittle materials. Additionally, it has
been suggested that the Cauchy pressure can be used to characterize
the bonding type. As shown in Fig. 6, the perpendicular dashed line rep-
resents for Pugh's ratio B/G = 1.75 which is the separation of ductility
and brittleness, and the horizontal dashed line for Cauchy pressure =
0, it is the boundary of positive and negative Cauchy pressure. Guided
by the arrows in Fig. 6, the closer to the upper right corner, the more
ductile and stronger metallic bonding; conversely, the closer to the
lower left corner, the more brittle and the stronger covalent bonding.
As shown in Fig. 6, the brittle TiN, YN, and ZrN are located in the
lower left corner in the relationship of Cauchy pressure against B/G
ratio, while NbN and TaN lie in the upper right corner. In contrast, HfN
is almost close to the perpendicular dashed line of the critical value of
B/G ratio proposed by Pugh [65] and exactly corresponds to the critical
zero value of C12–C44 defined by Pettifor [64]. The Cauchy pressures
for Ti1 − xTMxN (TM = Nb, and Ta, with x = 0.75 and 0.5) are close to
zero or positive, indicating that the predominant bonding behavior is
metallic. Surprisingly, Ti0.75Nb0.25N and Ti0.75Ta0.25N are evidently
moved to the lower left corner, resulting in a brittle behavior, while
the other alloys including Nb and Ta are located in the upper right cor-
ner. Moreover, Ti1 − xYxN is located in the lower left corner between the
pure TiN and YN, indicating an increased brittleness with adding Y in
TiN. The decrease of Cauchy pressure with increasing ZrN, NbN, HfN
and TaN content (expect for YN) indicates a tendency towards stronger
directional character of the bonds, which results in an increased resis-
tance against shearing, a result reflected by the increasing trend of C44.
The trend in ductility criteria is clearly illustrated in Fig. 7 against with
valence electron concentration (VEC), which is calculated as an average
value of valence electrons per formula unit. Ti ([Ar] 3d24s2), Y ([Kr]
4d15s2), and N ([He] 2s22p3) have 4, 3, and 5 valence electrons, respec-
tively; hence VEC of Ti0.5Y0.5N is12

1
2 4þ 3ð Þ þ 5
� � ¼ 8:5. As demonstrated

by both ab-initio calculations and experiments, V0.5W0.5N and
V0.5Mo0.5N alloys (both have VEC = 10.5) can be synthesized as cubic
single crystals, and are both hard and considerably more ductile com-
pared to VN binaries [66–68], as beyond this value further filling of
the d-t2g metallic states might lead to instability of cubic phase [69]. In
the alloys proposed herein, the metallic elements are selected to span
the valence electron concentration (VEC) per unit formula from a min-
imumof 8 (in YN) up to amaximumof 10 (in TaNandNbN). Thereinwe
also include as a reference point the results for TiN, compound with a
VEC of 9 electrons per unit cell. The VEC dependence, consisting in in-
creasing B/G ratios (Fig. 7a) and increasingly positive values for Cauchy
pressures C12–C44 (Fig. 7b), is obvious for all ternary nitrides considered
in this study. The ductility monotonously increases with increasing
number of VEC thus with an increasing amount of metallic bonding
which agrees with previously theoretical calculations [29,56,70].

Generally, Poisson's ratio is connected with volume change in a ma-
terial during uniaxial deformation and the nature of interatomic forces
[71]. If v = 0.5, no volume change occurs, whereas v b 0.5 indicates
that the volume change is associated with elastic deformation [72]. In
the present work, calculated values of v vary from 0.193 to 0.335,



Fig. 7.VEC-induced trends in TiN-based transitionmetal nitrides. (a) B/G ratio dependence
on VEC; (b) VEC effect on Cauchy pressure.
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which means these Ti1 − xTMxN alloys are linked to a considerable vol-
ume change when deformation occurs.

Poisson's ratio v is alsowidely used to reflect the stability of a crystal
against shear, which usually ranges from−1 to 0.5. The bigger Poisson's
ratio is, the better the plasticity is. Moreover, the ductility or brittleness
behavior can be characterized using Poisson's ratio v according to
Frantsevich et al. [73], i.e., v b 0.26 for brittle materials and v N 0.26 for
ductile materials. According to the calculated B/G ratios and v values
shown in Table 2, all the binary and ternary nitrides can be regarded
as brittle materials except for Ti1 − xTMxN (TM = Nb, Ta) with x = 1,
0.75, 0.5, because their v values are 0.319 (NbN), 0.335 (TaN), 0.303
(Ti0.25Nb0.75N), 0.304 (Ti0.25Ta0.75N), 0.275 (Ti0.5Nb0.5N) and 0.280
(Ti0.5Ta0.5N) respectively, which agree well with the former theoretical
results [63]. Hence, theB/G ratios and Poisson's ratio v are in good agree-
ment with the Cauchy pressure criterion, which confirms the classifica-
tion of brittleness and ductility nature for Ti1 − xTMxN nitrides.

Microcracks are induced owing to the anisotropy of thermal expan-
sion coefficient as well as the elastic anisotropy. It is thus important to
calculate elastic anisotropy with a desire to tailor their durability [72].
The values of A in Table 2 depict the locally isotropy nature of YN
(A = 1.03, similar to the well-known case of bcc W), as well as the an-
isotropy nature of NbN (A= 0.297) and TaN (A= 0.207). Additionally,
Zener's elastic anisotropy accounts for the degree of dielectric break-
down and the resistance of mircocracks [74]. It is found that Zener's
elastic anisotropy decreases with increasing mole fraction of TM in
Ti1 − xTMxN except for Ti1 − xYxN. Therefore YN exhibits the highest de-
gree of dielectric breakdown and the lowest resistance of mircocracks,
due to the largest Zener's elastic anisotropy for YN (A = 1.03).
4. Conclusions

First-principles calculations have been employed to study the influ-
ence of alloying effects on the structure, elasticity and thermal decom-
position of Ti1 − xTMxN (TM = Y, Zr, Nb, Hf, and Ta) coating alloys
systematically. The obtained lattice parameters are in a good agreement
with experimental results and other theoretical data. Analysis of the en-
thalpy of mixing suggests that alloying TiN with YN, ZrN, and HfN leads
to a positive enthalpy of mixing which implies that the formation of
these alloys is energetically unfavored with respect to the mixing of
the cubic phases. On the other hand, Nb andTa lead to a negative enthal-
py of mixing, indicating that Ti1 − xNbxN and Ti1 − xTaxN are stable in
comparison with the binary nitrides. Additionally, single crystal elastic
stiffness constants together with the polycrystalline aggregate elastic
properties including bulk modulus, shear modulus, Young's modulus,
Poisson's ratio and anisotropy ratio, are also predicted and discussed.
The present work shows the impact of alloying elements on the poly-
crystalline moduli and the intrinsic ductility parameter B/G. Addition
of Ta and Nb evidently improves the bulk moduli and ductility of TiN,
while ductility decreases as Y content is increased in TiN, which shows
that Ta and Nb are the most promising strengtheners, closely followed
by Zr and Hf. This phenomenon is shown to be primarily an effect of in-
creased VEC per unit cell, and the revealed trend might be interesting
and useful in designing new multi-component coatings.
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