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Electronic mechanism for toughness enhancement in Ti,M,_ N (M=Mo and W)
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Toughness, besides hardness, is one of the most important properties of wear-resistant coatings. We use ab
initio density-functional theory calculations to investigate the mechanical properties of ternary metal nitrides
Ti,M_N, with M=Mo and W, for x=0.5. Results show that Mo and W alloying significantly enhances the
toughness of TiN. The electronic mechanism responsible for this improvement, as revealed by electronic
structure calculations, stems from the changes in charge density induced by the additional transition-metal
atom. This leads to the formation of a layered electronic arrangement, characterized by strong, respectively,
weak, directional bonding, which enables a selective response to strain, respectively, shear, deformations of the

structures and yields up to 60% decrease in Cyy values.
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I. INTRODUCTION

Within the last decades, a vast amount of experimental
and theoretical studies has been devoted to the study of
transition-metal nitride thin films. Among these, TiN ranks as
one of the most widely explored system due to its excellent
performance as hard, wear- and corrosion-resistant coating.1
An equally impressive scientific effort has been committed to
TiN-based ternaries, primarily TiAIN, as the additional tran-
sition metals offer increased possibilities for fine-tuning me-
chanical and/or electrical properties by adjusting metal
ratios.>® For the same reasons, in recent years, quaternary
compounds have received increasing attention in order to
surpass the properties of TiAIN. Thus, yttrium was shown to
enhance oxidation resistance and hardness,* TiAlZrN has
been found to have excellent adhesive strength to the sub-
strate in terms of critical load,> TiAICrN and TiAIHfN have
higher wear resistance and hardness,’® while TiAIVN has
been introduced as possible candidate for low-friction coat-
ings due to its enhanced tribological properties.” Generally,
for all these compounds, results show that as long as the
B1-NaCl structure is maintained, one can achieve these
goals.

To achieve hardening as a desired property in the nitrides,
the structure and bonding should be designed to hinder dis-
location motion during mechanical deformations. However,
hard materials are less responsive to plastic deformations,
which may result in brittle fracture due to crack initiation
and/or propagation,'® thus reducing their potential use. The
ability of a material to withstand plastic deformation before
fracturing is called toughness. Evidently, in the design of
novel coatings, high hardness and toughness represents a
highly sought after combination of properties, particularly
for enhancing the wear resistance of transition-metal nitride
coatings.

Material toughness depends strongly, if not exclusively,
on its ductility or its ability to deform plastically. Pugh, who
analyzed plastic flow and brittle fracture in metals," found
an empirical relationship connecting these processes to the
shear and bulk moduli of the metal. According to his formu-
lation, low G/B values, i.e., <0.5, are associated with mal-
leability, while higher values indicate brittleness. The brittle-
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ductile behavior for a number of cubic materials was
quantified by Pettifor,!> who related the Cauchy pressure
C1,—Cyy, to the angular character of bonds. Based on his
findings, positive Cauchy pressures correspond to a metallic
character in bonds and to a ductile behavior of the material.
For metal nitrides, it was also shown that their hardness is
proportional to their bulk or shear modulus.'3 Herein, we use
these physical criteria to estimate hardness and ductility in
all considered compounds.

The aim of this work is to rigorously explore the possi-
bility of increasing toughness, while retaining hardness, in
transition-metal nitrides. Several attempts have been made in
recent years in this direction. In a preliminary theoretical
study,14 Mo and W have been identified, among other transi-
tion metals, as the best candidates for improving the ductility
of TiN upon alloying with 25% Mo, respectively, W. Based
on these results, Zhao et al.'> mapped the hardness and duc-
tility trend for a number of binary and ternary metal nitrides
and identified a number of potential ternary combinations,
which might achieve this goal. An alternative approach was
presented by Hugosson et al.,'® who employed valence
electron-density tuning of Nb,Zr;_,N systems to set the
cubic-B1 and wurtzite structures to equal energies, thus pro-
moting the formation of stacking faults during crystal growth
with respect to either structures. This was shown to increase
hardness by hindering dislocation slip across the stacking
faults,'” while ductility in principle would be promoted along
the faults by virtue of mechanically induced faulting or
(de)twinning.

In this paper, we report the results of our ab initio inves-
tigations of the mechanical properties and electronic struc-
ture of ternary transition-metal nitrides Ti,M;_ N, where
M=Mo and W, for x=0.5. This choice is based on the fact
that these ternaries have been successfully synthesized in the
laboratory for metal concentrations of up to 60%,'3-2! thus
offering a solid reference point for our calculations. We carry
out density-functional theory (DFT) calculations to accu-
rately calculate key elastic properties of these compounds
and compare them to those of two well-known hard coating
materials: TiN and Tij sAlysN. Our results show that these
ternaries exhibit small changes in Young moduli, signifi-
cantly higher bulk moduli (up to 16%), and substantially
lower C,4 values (up to 60%), compared to pure TiN and
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FIG. 1. (Color online) 64-atom supercells used in VASP calcula-
tions: (a) C#1 configuration with maximum number of M-Ti bonds;
(b) C#3 configuration with minimum number of M-Ti bonds.

Tig5AlysN. These results suggest a substantial increase in
the toughness of these compounds, as they have comparable
hardness with the pure binary or ternary, but are considerably
more ductile. We investigate the electronic structure of these
compounds and find that the addition of Mo or W induces
significant changes in the charge density of the original bi-
nary. Our analysis demonstrates that upon deformation, a
layered electronic arrangement is induced in the ternaries,
which enables a selective response of the Bl structure to
strain, respectively, shear, and explains the dual hard-ductile
behavior of these novel compounds.

II. METHODOLOGY

The DFT calculations reported herein are performed with
the Vienna ab initio simulation package (VASP) (Ref. 22) in
the generalized gradient approximation of Perdew-Wang
(GGA-PW91).%? In all our systems, electron-ion interactions
are described by the projector augmented wave (PAW)
potentials®* and the energy is minimized using a large energy
cutoff of 500 eV for the plane-wave basis to achieve total-
energy convergence within 107> eV. This high-accuracy
level is maintained in our structure relaxations and density of
states (DOS) calculations by using 4 X4 X4, respectively,
16 X 16 X 16, k-point grids to sample the Brillouin zone with
the Monkhorst-Pack (MP) scheme.?’

The atomic configurations used in our investigations con-
tain in all cases 64 atoms, as shown in Fig. 1. We note that
for ternaries in the B1 structure, one can obtain different,
nonequivalent configurations based on the actual arrange-
ment of atoms in the metallic sublattice.”® The two extreme
situations are obtained if one considers the maximum Fig.
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1(a), respectively, minimum Fig. 1(b), number of Ti-M
bonds, denoted as C#1, respectively, C#3, in the original
paper.”’” We carry out energy minimization calculations to
determine the equilibrium volume of TiysMoysN and
TigsWo 5N for the C#1 and C#3 configurations and in both
cases, we find that the C#3 configuration is energetically
favored (see Table I). We also find, for both ternaries (Table
I), the C#3 configuration as more stable in terms of energy of
formation, calculated as

Ef=Ei) N~ 0.5E7iN = 0.5Ecupichexagonaiany - (1)

These results are in agreement with previous findings for
Ti,Al,_,N,?’ showing the C#3 arrangement as the most
stable configuration for concentrations of Al up to 74%. In
fact, the C#3 configuration is characterized by alternating
Ti-rich and W-rich (111) planes and corresponds to the
CuPt-type atomic ordering observed experimentally for
Ti,W,_,N thin films."” Consequently, we present herein only
the results for the C#3 configuration. Our energy of forma-
tion estimations, according to which the B1 structure is en-
ergetically favored with respect to the separate cubic bina-
ries, are nevertheless confirmed by the experimental studies
showing that Ti,W,_ N (Refs. 18 and 19) and Ti,Mo,_,N
(Refs. 20 and 21) thin films, with 0=x=0.6, can be synthe-
sized in the B1-NaCl structure. Phase transformation by
spinodal decomposition in the cubic state or nucleation and
growth can be expected at higher concentrations, as sug-
gested by the energy of formation results we report for the
hexagonal binaries (Table I).

We calculate for both configurations lattice constants a,
bulk moduli B, elastic constants C;;, Cy,, and Cyy, Young
moduli E, shear moduli G, and Poisson’s ratios v. Ideal lat-
tice constants are found by minimizing the total energy for
different lattice parameters and the bulk modulus is evalu-
ated by fitting the total energy-volume curve to the Birch-
Murnaghan equation of state.”® For cubic systems, the com-
plete set of elastic constants is obtained by determining C,
C|y, and Cyy. To calculate Cy; and C,,, a sufficiently small
tetragonal distortion J'is applied to the cubic cell while keep-
ing the cell volume constant. The strain tensor & correspond-
ing to this tetragonal distortion is then given by

+82 0 0
e=| 0 +82 0 2)
0 0 -6

and the associated strain energy density, U,,,(9), is defined
by

TABLE 1. Total energies (E,,,) and energies of formation (E,) for Tip sMogysN and TiysW sN in the C#1

and C#3 configurations.

E.; E;vs cub (MN) E; vs hex (MN)
Configuration (eV/atom) (eV/atom) (eV/atom)
TigsWosN C#l ~10.1405 -0.0774 0.1281
C#3 —10.1626 -0.0994 0.1060
Tio.sMog sN C#l -9.7364 -0.0299 0.1298
C#3 -9.7618 -0.0554 0.1043
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TABLE II. Comparison of DFT results with experimental values for TiN and Tij 5Alj sN.

Present work Ab initio calculations Experiments
TiN
a (A) 4.254 42602, 4.221°, 4.246°, 4.2554, 4.240¢ 4.2408, 4.240M
B (GPa) 290 2952, 270, 287¢, 2769, 292¢ 318, 303¢, 346", 2371
E (GPa) 489 5142, 487", 456¢, 4149, 539¢ 475%, 5108, 4551, 429
G (GPa) 200 2132, 203, 189, 226° 190, 2098, 178", 179
Cys (GPa) 159 1662, 168, 165¢, 1549, 172¢ 163f, 156", 168
Cy, (GPa) 640 6712, 610°, 585¢, 615¢ 625%, 626", 498
Cy, (GPa) 115 106%, 100°, 137¢, 131¢ 165%, 206", 106
v 0.219 0.209¢, 0.199%, 0.235¢, 0.192¢ 0.251%, 0.219¢, 0.281", 0.198t
TipsAlgsN
a (A) 4.175 4.1759, 4.195%, 4.184! 4.178, 4.187", 4.173™
B (GPa) 269 260¢, 2561, 258%
E (GPa) 440 3899, 4541, 474k 438!, 493™
G (GPa) 179 189, 199%
Cy, (GPa) 189 2109, 1851, 228k
C, (GPa) 488 515, 465%
C1, (GPa) 159 1273, 155%
v 0.227 0.2044, 0.193%
4Reference 14. hReference 31.
PReference 35. iReference 32.
‘Reference 34. JReference 36.
dReference 27. kReference 37.
“Reference 33. IReference 4.
fReference 29. MReference 38.
gReference 30. "Reference 39.
Uretr=%52(cll_clz)’ (3) oe (; g 8 ’ o
where U,,,, is obtained directly from VASP calculations using 000
difffarent values of 6. To obtaip accurate results, we usc.a dis- respectively,
tortions of less than 1%, i.e., |§=0.01, and estimate
C,,—C), by least-squares fitting. We then use the relation- U,;=26Cyy. (8)

ship between bulk modulus and elastic constants,

C+2C
p= i 12 )
3
to calculate Cy; and C,, according to

2
C11=B+§(C11—C12), (5)

1
C12=B—§(C11—C12)~ (6)

In similar fashion, we determine the Cy, elastic constant by
applying a small trigonal deformation (8) and keeping the
cell volume constant. In this case, the strain tensor £ and
related trigonal strain energy are given by

Accurate estimations of U,,; are obtained directly from VASP
calculations using sufficiently small distortions (|6]=0.01)
and C,, is determined by least-squares fitting. Finally, the
shear modulus, Young’s modulus, and Poisson’s ratio are ob-
tained from the following relations:

3Cyu+C -C
G= 44 11 12’ (9)
5
9BG
E=—, (10)
3B+G
1 E
=—(1-—]. 11
v 2( 33) (1

III. RESULTS

In Table II, we present the results of our calculations for
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TABLE III. Elastic properties of the two ternaries predicted in this work.

a B E G Cy Cn Ci Cio—Cyy
(A) (GPa) (GPa) (GPa) (GPa) (GPa) (GPa) (GPa) G/B v
TiN 4.254 290 489 200 159 640 115 -44 0.690 0.219
Tip sAlg sN 4.175 269 440 179 189 488 159 30 0.665 0227
TipsMogsN  4.300 321 382 147 77 655 153 76 0458 0302
TigsWo 5N 4.298 336 394 151 60 720 145 85 0.449 0.305

TiN and TijsAlysN. These are compared to the values re-
ported in previous theoretical and experimental studies of the
same compounds. We note that for TiN, our results are gen-
erally in excellent agreement with the experimental values
reported for all the properties of interest herein.”®—32 With
few exceptions, our results also compare extremely well to
those obtained in similar DFT investigations.!'#?7-33-35 The
obvious differences between the sets of DFT values shown in
Table II are typically expected and they are most probably
due to variations in the LDA-GGA, or k point sampling,
schemes used in each calculation. With respect to
TigsAlysN, we note that for bulk modulus, shear modulus,
and the elastic constants, the reported values in the literature
are primarily theoretical,*>73%37 closely matching the results
reported herein. Nevertheless, our calculations for lattice
constant and Young modulus are in excellent agreement with
the results of previous DFT investigations*?’3%37 and re-
cently reported experimental values.*3%3°

The results of our calculations for the ternaries containing
Mo and W are presented in Table III. As it can be seen, the
50% addition of Mo, respectively, W, in TiN has the effect of
increasing the value of the lattice constant, from 4.25 to
430 A, in both compounds. We find no experimental data
for TiMoN while for TiWN, the reported value is
~4.25 A.'%19 This discrepancy can be explained as a com-
bination of the typical, inherent LDA-GGA lattice overesti-
mation and the difference between the nonideal CuPt order-
ing present in our C#3 configuration and that in the actual
experiment. More significant, however, is the effect that
these additions have on the bulk modulus, Young modulus,
shear modulus, and the Cy, elastic constant of TiN. Thus,
bulk modulus increases by up to 16%, while for the Young
and shear moduli, the values reported herein are somewhat
lower compared to TiN and TiAIN. As mentioned before, the
generally accepted rule is to associate hard compounds with
high bulk, Young, and shear moduli values.'® In fact, the
Young modulus value reported here for TiysMojsN
(382 GPa) is in excellent agreement with the experimental
value obtained in nanoindentation tests for Tijs,Mog 45N
(344 =11 GPa).?! Importantly, in this work, Mo alloying is
found to enhance TiN hardness for most Mo concentrations.
Clearly, corroborated with this experiment, our results con-
firm that the ternaries obtained by alloying TiN with Mo and
W have a hardness which, if not greater, is at least compa-
rable to that of both TiN and TiAIN.

Even more noteworthy, however, is the effect that the ad-
dition of Mo or W in TiN has on the other property moni-
tored herein, namely, the drastic decrease by up to 62%, in
Cy4 values. These changes translate into significant shifts in

the Poisson ratio, Cauchy pressure, and G/B ratio, thus af-
fecting the ductility of these ternaries. In Fig. 2, we use the
Pugh and Pettifor criteria mentioned above to map the brittle
and/or ductile trend/behavior of all the compounds studied
herein. As it can be seen, the addition of Mo and W induces
a decisively ductile character in the clearly brittle TiN and
TiAIN. Remarkably, this change can be achieved without
significant losses in terms of hardness.

In order to understand the origin of such supertoughening
in TiMoN and TiWN, we analyze the electronic structure of
these ternaries and monitor the modifications induced by the
additional transition-metal atoms in the compound charge
densities and density of states. In Fig. 3, we plot the (001)
charge-density maps of the four compounds for the relaxed
structures at the equilibrium volume. As it can be seen [Fig.
3(a)] in TiN, the Ti-N bonds have a strong ionic character
(note the high concentration of electrons surrounding the nu-
clei), as well as a covalent nature, due to the bonding (o)
d(Ti)-p(N) orbital interaction. As expected, TijsAlysN [Fig.
3(b)] exhibits enhanced directional bonding compared to TiN
due to the additional p-p orbital interactions between Al and
N atoms. By contrast, the presence of Mo or W clearly de-
localizes more charge in the regions between the nuclei
[Figs. 3(c) and 3(d)], translating into a significantly more
pronounced covalent character of the Mo-N or W-N bonds in
these compounds. It is also interesting to remark that in these
ternaries, the electrons surrounding Mo or W have a ten-
dency to spread toward second-nearest neighbors.

To clarify the role played by the observed charge delocal-
ization in the vicinity of the Mo or W nuclei, we examine the

0.7
TiN
S [ TiysAl N
0.6
o5l BRITTLE
) DUCTILE
Ti, Mo, ;N*
TiO.SVVO.SN
0.4 " . . . . .
40 0 40 80

Cpy- Cyy (GPa)

FIG. 2. (Color online) Map of brittleness and ductility trends of
the compounds as estimated in this work.
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FIG. 3. (Color online) Charge densities of relaxed structures.
Color scale units are electrons/A3: (a) TiN, (b) TiAIN, (c) TiMoN,
and (d) TiWN.

changes induced by tetragonal, respectively, trigonal, defor-
mations in the charge density of these compounds. The over-
all effects are illustrated in Fig. 4, where we plot the charge-
density maps of structures subjected to tetragonal strain
(20% in length) along the [100] direction. For TiN [Fig.
4(a)], the response to the strain along [100] consists prima-
rily in a charge-density decrease along the same [100] direc-
tion, with no significant variations in charge density along
the [010] direction. In other words, the strain along the [100]
direction increases the ionic character of the Ti-N bond along
this direction to an almost pure ionic interaction. A similar
effect can be observed for TiAIN if one compares Figs. 3(b)
and 4(b), case in which both Ti-N and Al-N bonds are mostly
ionic along the strain direction. To some extent, the TiMoN
response to tetragonal strain is similar [Fig. 4(c)] in the sense

FIG. 4. (Color online) Charge densities of structures under te-
tragonal deformation (strain). Color scale units are electrons/A: (a)
TiN, (b) TiAIN, (c) TiMoN, and (d) TiWN.
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[100]

FIG. 5. (Color online) Charge densities of structures under trigo-
nal deformation (shearing). Color scale units are electrons/A%: (a)
TiN, (b) TiAIN, (c), TiMoN, and (d) TiWN.

that the Mo-N bond along [100] becomes mostly ionic. In
this instance, however, the Ti-N bonds maintain significant
covalent character along the strain direction, and to resist
deformation and to preserve system stability, the lattice is
distorted and loses its right angles. We do not observe
equivalent structural changes for TiWN [Fig. 4(d)]. In this
case, the Ti-N bonds become indeed ionic, but the W-N
bonds maintain a high covalent character along the [100]
strain direction as well as in the [010] direction and no lattice
distortion is observed.

The response to shearing of each compound is shown in
Fig. 5, where one can see the charge-density map of each
structure subjected to a trigonal strain of 10% along the [110]
direction. The comparison of Figs. 5(a) and 5(b) to Figs. 3(a)
and 3(b) reveals that shearing does not introduce any change
in the bonding character for TiN and TiAIN. The same mix-
ture of ionic and covalent bondings, which is the signature of
strong directional bonding, is present in both compounds.
This is not, however, the situation for TiMoN and TiWN,
where in response to shearing, the charge-density maps ex-
hibit drastic changes [see Figs. 5(c), 5(d), 3(c), and 3(d)]. In
both compounds, but particularly in TiWN, there is strong
evidence of the formation of a layered electronic structure,
consisting in alternating layers of high and low electrons

concentration along the [110] direction, i.e., perpendicular to
the direction of deformation. In the layers with high electron
density, which follow the Mo-Mo or W-W stacking, bonding
is obviously predominantly metallic, while in the layers with
low electron density, which follow the Ti-Ti stacking, the
ionic-covalent bonding type prevails. This electronic ar-
rangement thus equates into alternating layers characterized
by strong, angular-directional, respectively, weak bonding
and is essential in explaining the dual hard-ductile nature of
these ternaries.

We note that analogous arrangements of electrons, in lay-
ered structures, have been used to explain the high bulk
moduli and low Cy4 constants reported for a number of MAX
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FIG. 6. Partial and total density of states for TiN.

phases and nanolaminates*® and connected to the malleabil-
ity of these materials. The difference is that the electronic
layered structure reported herein is induced by the deforma-
tion, compared to the de facto, existing layering of electrons
in MAX phases. At this point in discussion, one should em-
phasize that a very clear feature of the charge-density maps
shown in Figs. 3(c) and 3(d) is the spreading toward second-
nearest neighbors of the charge surrounding Mo and W at-
oms, i.e., along the Mo-Mo, respectively, W-W, stacking.
This is indeed the precursor, the origin, of the alternate
metallic/ionic-covalent bonding in these ternaries, the lay-
ered electronic structure induced during deformation.

These arguments are supported by our DOS results, for
the TiN and TiWN relaxed structures, which are shown in
Fig. 6, respectively, in Fig. 7. For TiN, one can observe,
Figs. 6(b) and 6(c), a strong hybridization due to the
p(N)-sp3d*(Ti) orbital overlapping. The corresponding
populated o bonding states are indicated by the peaks in the
[-8,-3 eV] energy interval, separated by a gap of ~3 eV
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FIG. 7. Partial and total density of states for TIWN.

from the unpopulated o* antibonding states, located just
above the Fermi level. Similarly, in Figs. 7(b) and 7(c), for
TiWN, one can see the occupied o bonding states in the
[-10,—4 eV] interval, due to the Ti-N and W-N first neigh-
bor interactions, separated from the unoccupied ¢ antibond-
ing states by a gap of ~4 eV. The DOS of the two com-
pounds differ in the occupation of the states derived from the
d(t,,) orbitals [Fig. 6(d) and 7(d)]. The reason is that the
ternaries, by comparison to TiN, have one more valence elec-
tron per unit cell and the d-1,, orbitals of each Mo-Mo or
W-W pair of atoms come close to overlapping and enable
better filling of the 7,, bands. The spreading of the charge in
the vicinity of Mo or W atoms [Fig. 3(c) and 3(d)] and the
partial DOS plots for the W 1,,-1,, states in Fig. 7(f) clearly
support these arguments. During any shearing deformation,
this situation is favored even more so, as the second neigh-
bors distance gets shorter, the d-f,, Mo or W orbitals start to
overlap, and the metal-metal interaction is strengthened. This
is the mechanism responsible for the layered electronic struc-
ture and for inducing the metallic bonding observed in these
ternaries. Significantly, we note that this type of d(t,,)-d(t,,)
orbitals was also shown to be sensitive to shear deformations
in MAX phase M,AIN nitrides*! and M,AIC carbides,** as
well as in carbonitrides.*?

IV. CONCLUSION

We use ab initio calculations to accurately estimate the
effects of alloying TiN with two transition metals, Mo and
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W, in concentrations of 50%. The results show that these
ternaries retain similar hardness to that of TiN and
Tig5Aly sN and have a significantly increased ductile behav-
ior, i.e., enhanced toughness compared to the pure binary or
ternary. We investigate the electronic structure of these ter-
naries and examine the changes induced by the additional
transition metals in the distribution of the electronic charge.
This analysis reveals that the mechanism responsible for
toughness enhancement is the formation of a layered elec-

PHYSICAL REVIEW B 81, 104107 (2010)

tronic structure, primarily by metallic d(t,,)-d(t,,) orbitals,
which allow a selective response of the B1 structure to strain
and shear deformations.
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