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Abstract: First-principles pseudo-potentials calculations of the mixing enthalpy, of the lattice 
constants a0 and of the single-crystal elastic constants cij  for ternary metal nitrides TaxMe1-xN 
(Me=Mo or W) alloys considering the cubic B1-rocksalt structure is carried out. For disordered 
ternary alloys, we employ the virtual crystal approximation VCA in which the alloy pseudo-
potentials are constructed within a first-principles VCA scheme. The supercell method SC is 
also used for ordered structures in order to evaluate clustering effects. We find that the mixing 
enthalpy still remains negative for TaxMe1-xN alloys in the whole composition range which 
implies these cubic TaxMo1-xN and TaxW1-xN ordered solid solutions are stable. We investigate 
the effect of Mo and W alloying on the trend of the mechanical properties of TaN. The 
effective shear elastic constant c44, the Cauchy pressure (c12-c44), and the shear to bulk modulus 
G/B ratio are used to discuss, respectively, the mechanical stability of the ternary structure and 
the brittle/ductile behavior in reference to TaN, MeN alloys. We determine the onset transition 
from the unstable structure to the stable one B1-rocksalt from the elastic stability criteria when 
alloying MeN with Ta. In a second stage, in the frame of anisotropic elasticity, we estimate by 
one homogenization method the averaged constants <Cij> of the polycrystalline TaxMe1-xN 
alloys considering the special case of an isotropic medium with no crystallographic texture. 

1. Introduction 
 
Materials that combine both hardness and ductility are said tough materials, with a high resistance to 
failure [1]. In bulk materials, toughness is easily extracted from uniaxial compression or tensile tests 
by measuring the area under the curve of the stress-strain curve, whereas for coatings it is not well 
established. The design and development of such materials have always been a challenge, because an 
increase in hardness is usually accompanied by an increase in brittleness rather than ductility. One of 
the major goals of materials scientists and hard coating industries has been the development of hard 
materials (bulk, coatings or multilayers) with high temperature stability [2-6]. While high hardness is 
indispensable, most applications also demand ductility in order to avoid brittle failure due to cracking 
in coatings exposed to high stresses. However, hard refractory ceramics such as transition metal TM 
based nitrides are in general brittle. Enhancement of toughness can be obtained by the inhibition of 
both crack initiation and propagation. In case of polycrystalline materials, grain boundaries are the 
structurally weaker regions where the cracks will spread along. Since the crack size is generally 
proportional to the grain size, the propensity for crack propagation can also be attenuated by 
decreasing the size of grains or flaws to the nanoscale [7]. Such nanostructuring can be obtained by 
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developing hard and tough ceramic coatings via the synthesis of nanoscale composites [7-9] achieved 
via many routes [7, 10-15]. Fundamental understanding of the origins of toughness is not widely 
studied, while progress in this area can only be achieved through atomic- and electronic-level 
understanding of the origins of brittleness vs. ductility. Such studies are, however, relatively few [16-
19]. Ab initio theoretical studies, using density functional theory DFT calculations, are well adapted 
for such design by providing information concerning the relationship between electronic structure and 
mechanical properties. This work aims to benefit from existing DFT studies of toughness enhancement 
to predict tough TM nitrides that could be later deposited as coatings. In this paper, we investigate the 
stability, the structural and the elastic properties of TaxMe1-xN (Me = Mo and W) alloys by DFT 
calculations on both disordered ordered alloys. The evolutions of the lattice parameters a0, of the 
density of electronic states DOS and of the single-crystal elastic constants cij as a function of x, are 
determined. The effective elastic constants and moduli of isotropic polycrystalline materials are 
computed using a Voigt-Reuss-Hill [20] model. Predictive ductility behavior of the polycrystalline 
alloys is discussed in terms of Pettifor [21] and Pugh criteria [22] in relation to their elastic properties. 
 
2. The computational method 
 
The calculations are performed with the density-functional perturbation theory DFPT in the plane-
wave pseudo-potential method as implemented in the ABINIT code [23]. This is done with the self-
consistent response function computations for electric field perturbations and the ionic displacements 
[24-27]. For the exchange-correlation potential, we used the generalized gradient approximation 
(GGA) of Perdew, Burke and Ernzerhof (PBE) [28, 29]. The atoms are represented by norm-
conserving optimized [30] designed nonlocal [31] pseudo-potentials, generated with the OPIUM code 
[32], where the semi-core p states were included because of their importance for good transferability. 
The Brillouin zone integrations were replaced by discrete summations over a special set of k-points 
using the standard technique of Monkhorst and Pack [33], where the k-points mesh used is (16 x 16 x 
16) and the plane-wave energy cutoff to expand the wave functions is set to be 80 Hartree (1 Ha = 
27.2116 eV) to get a total energy accuracy better than 10-5 Hartree. The Fermi-Dirac smearing 
approach [34, 35] is used with a cold smearing of 0.005 Hartree. For the treatment of the disordered 
ternary alloy, we have used the virtual crystal approximation VCA implemented in the ABINIT 
program, in which the alloy pseudo-potentials are constructed within a first-principles VCA scheme. 
Elemental ionic pseudo-potentials of MeN (Me = Mo or W) and TaN are combined to construct the 
virtual pseudo-potential of the TaxMe1-xN, i.e.: 
 
 ���� = ����	 + (1 − �)���	       (1) 
 
Simple cubic 8-atoms supercells, containing 1 (x=0.25), 2 (x=0.5) and 3 (x=0.75) substitutional Ta 
atoms on the Me sites were used to describe the TaxMe1-xN ordered compounds.  
 
3. Results and discussion 
3.1. Phase stability, structural and electronic properties analysis 
 
The mixing energy enthalpy equivalent to the Gibbs free energy at T=0 K, is defined as: 
 ∆���������	(�) = ���������	 − (1 − �)���	 − ����	    (2) 
 
with ���������	 the total energy per atom of the TaxMe1-xN alloy, EMeN and ETaN the total energy per 
atom of MeN and TaN alloys, respectively. The calculated mixing energies ∆E of TaxMe1-xN alloys 
with rocksalt structure using SC are shown is Fig. 1. They are negative, indicating that MeN and TaN 
may continuously form stable solid solutions in comparison to the phase-separated MeN+TaN. The 
mixing energy of TaxMo1-xN is much lower than that of TaxW1-xN, indicative of a better thermal 
stability of TaxMo1-xN over TaxW1-xN. 
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Figure 1. SC computed mixing enthalpy of TaxMe1-xN alloys as a function of Ta concentration, x. 
 
DOS of TaxMe1-xN is presented in Fig. 2. The main features of DOSs of TaxMo1-xN and TaxW1-xN are 
very similar to each other. The energy region from −10 to −4 eV is characterized by the strong 
hybridization of the Me-d electrons of the metals with the N-p electrons, which is at the origin of the 
covalent-like bonding in these materials resulting to high strength and high hardness. The energy 
region from−4 to 7 eV shows energy states filled mainly by the Ta-d and Me-d electrons and a small 
contribution of the N-p electrons. These strong metal-metal bonds should contribute to a better 
ductility as the metallic states become more populated with the introduction of Mo or W. Such 
materials offer the combination of strong covalent bonds Me-N with metallic bonds Me-Ta conferring 
both strength and ductility, and then toughness. 

 
Figure 2. Total electronic density of states (TDOS) and local electronic density of states (LDOS) for 
the TaxMe1−xN alloys calculated with ABINIT-SC. Zero energy stands for the Fermi level and is 
denoted by vertical black lines. 
 
The lattice parameters a0 of TaxMe1-xN are shown in Fig. 3, for both VCA and SC methods, as a 
function of TaN composition, x. For TaxMo1-xN, a0 decreases from 0.4384 nm for MoN to 0.4316 nm 
for TaN with increasing x. However, for TaxW1-xN, a0 remains constant. The relative difference 
between VCA and SC calculations does not exceed 0.3% with a negative bowing from the Vegard’s 
rule for VCA. We find a good agreement between our calculated lattice parameters for binary alloys 
WN, MoN and TaN and the calculated lattice parameters, WN (0.435 nm) [36], MoN (0.433 nm) [37] 
and the experimental δ-TaN (0.4336 nm) [38, 39]. 
 
3.2. Elastic properties 
 
The single crystal elastic constants cij of TaxMe1-xN are shown in Fig. 4 for both VCA and SC methods 
with the bulk modulus B = (c11+2c12)/3. For both alloys, the c11 and c44 elastic constants increase as a 
function of x, while the c12 decreases. B remains constant for TaxW1-xN alloys (375±3 GPa) and for 
TaxMo1-xN alloys B slightly increases from MoN (306 GPa) to TaN (373 GPa). The obtained values 
for the elastic constants and B for TaN are in good agreements with the calculated ones [40]. 
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Figure 3. VCA calculated (plain symbols) and SC calculated (empty symbols) lattice parameters of 
TaxMe1-xN as a function of x. Dotted lines are the Vegard’s rule from the binary alloys TaN and MeN. 
 
The Born elastic stability criteria (B>0, c11-c12>0, c44>0 ) are satisfied for TaxMo1-xN alloys with 
x>0.27 and for TaxW1-xN alloys with x>0.38 (see fig. 4). Adding Ta to MoN or WN enables to 
stabilize the B1-rocksalt structure above these critical amount of Ta (xTa)cr,MeN. 
Using the calculated single-crystal stiffnesses cij, we performed a Voigt-Reuss-Hill average leading to 
the effective constants <C11>, <C12> and <C44> of polycrystalline TaxMo1-xN and TaxW1-xN 
considering a random orientation of crystallites [20]. Afterwards, the Young modulus E and the 
Poisson ratio σ of the polycrystals are calculated from the Eq. (3-4) for isotropic elastic symmetry: 
 
 � = ��� − 2���

� (���⁄ + ���)      (3) 
 � = ��� (��� + ���)⁄        (4) 
 

 

 

 
Figure 4. VCA calculated (plain symbols) and SC calculated (empty symbols) elastic constants cij and 
the bulk modulus B for (a) TaxMo1-xN and (b) TaxW1-xN as a function of Ta concentration, x. The 
vertical line indicates the transition from mechanically unstable � stable.  
 
The shear modulus G is simply <C44>. The <Cij> are plotted in Fig. 5 for both VCA and SC methods 
and the elastic moduli in Fig. 6. For both alloys, effective elastic constants remain close from each 
other. The <C11> and <C44> elastic constants increase as a function of x, while the <C12> decreases. 
In Fig. 6, E increases from Ta0.3Mo0.7N (138 GPa) and from Ta0.4 W0.6N (50 GPa) to TaN (353 GPa). 
However, σ decreases from Ta0.3 Mo0.7N (0.432) and from Ta0.4 W0.6N (0.477) to TaN (0.333). 
Pettifor [21] proposed that Cauchy pressure, defined as p = c12-c44, can be used as an indicator to 
classify a material as brittle or ductile. The changes in p are connected with the nature of the atomic 
bonding. If the bonding is more metallic, p > 0, while for more brittle materials with directional 
bonding, p < 0. 
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Figure 5. VCA calculated effective elastic constants <C11>, <C12>, <C44> of TaxMo1-xN (plain 
symbols) and TaxW1-xN (empty symbols) alloys as a function of Ta concentration, x. 

 
Figure 6. Effective elastic moduli (E, σ) considering non crystallographic texture for cubic 
polycrystalline TaxMo1-xN (plain symbols) and TaxW1-xN (empty symbols) alloys as a function of x. 

 
Figure 7. Map of brittleness and ductility of TaxMe1−xN disordered polycrystalline alloys. 
 
The Fig. 7 shows that polycrystalline TaxMe1-xN have a ductile behavior, considering both the Pettifor 
criterion (p > 0) for ductile materials and the Pugh criterion [22] (G/B <0.5). One can also notice that 
σ > 0.25. p increases while G/B reduces with addition of Mo or W increasing ductility. 
 
4. Summary and conclusion 
 
The lattice constants, the mixing enthalpy, the bulk modulus, the single-crystalline elastic constants of 
the ternary nitrides alloys TaxMe1-xN (Me= Mo or W) are calculated as a function of x, using a first-
principles pseudo-potential approach within the VCA for disordered alloys and the SC method for 
ordered alloys using GGA exchange-correlation potential. A negative bowing is observed for the 
lattice constants in comparison to the Vegard’s rule for VCA calculations. SC mixing enthalpies are 
negative and indicate that both alloys are energetically stable in reference to their binary counterparts. 
We obtain close results for the elastic constants between VCA and SC calculations indicating a little 
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influence of the ordering/clustering of metal atoms. c44 is positive above a critical Ta concentration 
(x)cr,MoN~0.27 < (x)cr,WN~0.38 above which the B1-rocksalt structure is mechanically stable. From 
Pettifor (c12-c44>0) and Pugh (G/B<0.5) criteria the ductility of the alloys are found to increase as more 
Mo or W is added. Close effective elastic properties of both alloys are observed above x~0.7. 
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