Ab initio study of the properties of TiixySixAlyN solid solution
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Abstract

We have studied the electronic, structural, and elastic properties of TijxySiyAl,N
metastable phase, using first principles calculations based on the density functional
theory. These calculations provide the lattice parameter, density of states, cohesive
energy, formation energy and elastic constants, when Si and Al atoms replace Ti in the
TiN lattice. The calculated values of lattice parameters and elastic constants are
generally in good agreement with experiments and compare well with other theoretical
results. We show that the trend followed by cohesive energy, formation energy, elastic
constants is related to the electronic properties and bonding characteristics of these

compounds.
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1. Introduction

Traditional transition metal hard wear-resistant coatings, played an important role in the
development of cutting and forming tools. Increasing requirements on high speed and
dry cutting applications open up new demands on the quality of the coating materials
used. The alloying of TiN with small amounts of Al and or Si allows a great
improvement of the characteristics TiN coatings, in terms of hardness and oxidation
resistance, which led ternary/quaternary Ti;.«.,SixAlyN systems to be considered as good
alternatives to TiN in many industrial applications [1-10]. These coatings can be
deposited by physical vapour deposition (PVD) techniques. When kinetics constraints
due to low deposition temperature are present, and for low Si concentrations, a Tij .
ySi,AlyN metastable solid solution with fcc NaCl structure is formed where some Si
and/or Al atoms are replacing Ti atoms in TiN fcc matrix [3-8].

Due to the importance of these type coatings, numerous experimental [1-10] and
theoretical studies [11-13,21] have been conducted mainly on ternary systems, but there
is little knowledge about the properties of quaternary Tij.,SixAlyN systems. The
purpose of this work is to contribute to these studies by investigating the structural,
electronic and elastic properties of the Tij«,SixAlN fcc structures, using ab initio
density functional theory calculations. The calculations provide insight into the
theoretical lattice parameter, formation energy, cohesive energy, and elastic constants
when Si and/or Al atoms replace some Ti atoms in TiN fcc lattice. The results of the
present calculations are compared with experimental data obtained from a few selected
samples prepared by magnetron sputtering, exhibiting a Ti;..,SiyAlyN metastable solid
solution phase [10, 14-16]. We explain the trend followed by these parameters with the

electronic properties and bonding characteristics of the quaternary systems.



2. Computational details

The first principles calculations were performed within the density functional theory
[17] (DFT) formalism, using the Cambridge Serial Total Energy Package
(CASTEP)[18]. It solves the Kohn-Sham equations with periodic boundary conditions
and the pseudopotential method as an approximation of the atomic core — valence
electron interaction, while the electronic wavefunctions are expanded in a plane wave
basis. We adopted ultrasoft type pseudopotentials, due to its computational efficiency,
and the generalized gradient density approximation of Perdew, Burke and Ernzerhof
(GGA-PBE)[19] for the exchange-correlation functional, due to its accuracy in
describing the bulk properties of many materials.

For the calculation of the ground state total energy, we used an eight atom cubic
supercell with rock salt structure for the TiN, Tig75Alg2sN and Tig 75Sig 25N, while in the
case of the quaternary Ti;.«.,SiyAlyN system a 32 atoms supercell was used. In order to
study the effect of alloying TiN with Si and/or Al, the central titanium atoms in the
supercells were replaced by Si, Al atoms. Because we just studied one particular
arrangement of atoms for each alloy composition, our theoretical results do not
correspond to properties of real Tij.x.,SixAl;N random alloys. However, the fact that our
calculated density of states (DOS) is in good agreement with other calculations
accounting for the disorder of TiAIN alloys [13], gives some reliability to our
calculations and interpretation of the trends observed in experimental results.

The Brillouin zone was sampled with the Monkhorst-Pack scheme [20] using a k point
10x10x10 mesh for the smaller supercells and a 3x3x6 mesh for the 32 atoms
supercells. A plane wave energy cutoff of 350 eV and an energy convergence limit of
5x107 eV/atom were used in total energy calculations, guaranteeing a high level of

convergence. The geometry of the resulting structures was fully optimized using the



Broyden-Fletcher-Goldfarb-Shanno (BFGS) minimization technique with the following
tolerances: residual force less than 0.01 eV/A, and residual bulk stress less than 0.02
GPa.

Using the calculation procedure describe above, we obtained the total energies for the
various Ti;«,Si,AlyN structures, together with total energy of crystalline titanium (hcp),
aluminium (hcp), silicon (diamond cubic) and molecular nitrogen. The formation
(Eform) energy was then calculated by

Eform(Ti(1-x-y)S1yALN) = Eot( Ti(1 x-y)SiyALLN) —0.5:[(1-x-y) Eo(Ti") + x-Eo(AI"P)

+ Y Eo(Si™) + 0.5 E(N)]. (1)
The cohesive energy (Eqon) was calculated in the usual way from the difference in total
energy between the isolated atoms and the (Ti,Si,Al)N compound,

Econ(Ti(1-xy)SiyALN) = 0.5:[(1-X-y)'Eiot(T1) + X Eot(Al) + y-Eior(Si) + Eiot(N)]

— Eot( Ti1xy)SiyALN). (2)
The elastic constants were calculated for each structure by applying suitable lattice
distortions to the relaxed cubic structure. The elastic moduli were obtained from the

elastic constants using the voight approximation for polycrystalline materials [21].

3. Results and discussion

The XRD experiments of the selected samples, exhibiting a Ti;.«.,SiyAlyN metastable
solid solution phase, are illustrated in figure 1. Previously, we have already discussed
the developed structure [10,14,15]. Nevertheless, for the sake of clarity some features
should be pointed out. Figure 1 suggests the presence of phases with a fcc structure,
similar to TiN. For the particular case of TipesAly3sN sample a lattice parameter of
0.423 nm was derived using the sen’¥ method. In the case of the TigsSip13Aly37N
sample, the introduction of a small silicon percentage further reduces the lattice

parameter to a value of 0.417 nm. These results justify the assumption that the observed



decrease in the lattice parameter must be associated with the fact that Si and Al atoms
substitute Ti atoms, while still remaining a fcc structure.

Figure 2 shows a comparison of the total DOS of TiN, Tig75Sig2sN, Tig75Alp2sN,
Ti0.69S10.06Alo2sN compounds, putting in evidence the effect of Ti substitution by Si, Al
atoms on the DOS. The total DOS for TiN, is in good agreement with previous
calculations [23]. The band between -2.5 eV and -11 eV consists of a mixture of Ti 3d
and N 2p states and is responsible for the covalent bonding in TiN. The calculated DOS
of Tip75Alp2sN is also in good agreement previous calculations accounting for the
disorder of these alloys [13]. Notice the appearance on top valence band of Tig75S1925N
and Tig75Alp2sN compounds of a small peak around -4 eV, due to Si, Al p states, which
corresponds to the covalent interaction between Ti, Si, Al and N atoms. The addition of
Si, Al introduces new p states competing with existing N 2p states for Ti 3d electrons,
thus weakening Ti-N atomic bonding and explaining the observed decrease of formation
and cohesive energies with Si, Al addition to TiN lattice. This bond weakening is
stronger for Si, because each Si atom has more p electrons competing for Ti 3d
electrons. The Fermi level lies within a sharply increasing peak, essentially made up of
Ti 3d states, revealing that the metallic bonding plays a major role in determining the
properties of these compounds.

Table 1 shows the calculated formation energy, cohesive energy for the various Tijx-
ySixAlN structures. The calculations overestimate the formation and cohesive energy
for TiN, relative to experiments (Eformation= -1.73 eV/atom; Eopesive= -6.9 eV/atom),
which can be attributed to systematic errors in the description of the exchange—
correlation term and/or to an improper accounting of the groundstate of isolated atoms
[22]. The calculations predict that all the structures studied here are stable, with TiN
being the most stable of all because of its higher formation energy. The substitution of

Ti atoms by Si, Al atoms reduces the formation energy, suggesting that the



ternary/quaternary compounds exist in a metastable phase. The same trend is observed
for cohesive energy, which indicates a weakening of the atomic bonding with the
addition of Si, Al to TiN lattices.

We have also analyzed the properties of bonding between atoms through Mulliken
analysis of the overlap population of nearest - neighbours, which is used to indicate the
degree of covalency in materials. A large value for this population indicates that the two
atoms in question are bonded, while a negative value means that the atoms are in an
antibonded state. A value close to zero indicates that there is no significant interaction
between the electronic populations of the two atoms. Table 2 lists the calculated
Mulliken populations and bond lengths for the Tij.«.ySixAlyN compounds. The
substitution of Ti by Si, Al reduces the Mulliken population of Ti-N bonds compared to
that of TiN, meaning that the degree of covalency of Ti-N bonds is weaker for Tij
ySi,AlyN compounds and explaining the general decrease of cohesive energy. The weak
Si-N binding compared to Al-N, justifies the lower cohesion energy of Tig75Sip2sN
relatively to Tig75Alp2sN.

Table 3 lists the calculated lattice parameters and elastic constants of Tij.x.,SiyAljN
structures, together with results of other theoretical [21] and previous experimental
studies [14,16,24]. The calculated lattice parameters for Ti;.x.,SixAlyN structures, are in
good agreement with experimental stress free lattice parameters. The decrease of the
lattice parameter with substitution of Ti atoms by Si and or Al atoms is due to the lower
atomic radius of these atoms and in case of Al also to the decrease of the electrostatic
repulsion between atoms compared to Ti, due to its lower number of valence electrons.
The calculated elastic parameters are in good agreement with other theoretical, thus
ensuring its reliability. The alloying of TiN with Si leads to a strong decrease of all
calculated elastic constants, in good agreement with the experimental results. This can

be explained by the weakening of Ti-N bonding. The same reason also explains the



general decrease of elastic parameters observed in case of TiAIN, except for the trigonal
shear modulus (Css), which increases in agreement with the experimental data.
According to ref 25, this fact is related to the decrease of number of free electrons, since
Al has one valence electron less than Ti, thus contributing to depopulate the metallic
bands close to the Fermi level, which are very sensitive to shear strain and give a
negative contribution to Cs4. The addition of a small quantity of silicon to Tig75Alg2sN
results in an increase of C44 and in elastic moduli, in agreement with the trend observed
experimentally. This is probably related to the depopulation of metallic bands close to
the Fermi level, due to the reduction of number of Ti 3d electrons when Ti is replaced

by Si in the matrix.

4. Conclusions

We studied the electronic, structural and mechanical properties of Tij.,Si AlyN
structures, using an ab-initio approach based on DFT and the pseudo potential method.
Although our theoretical results do not correspond to properties of real Tij,SiyAl,N
random alloys, they show important trends and provide a physical interpretation of
experimental data. The calculated the lattice parameters are in good agreement with the
trend observed experimentally, supporting the fact that a solid solution is created when
replacing some Ti atoms by Si and Al atoms. We found that the alloying of TiN with Si,
Al leads to a general decrease of cohesive, formation energy and elastic constants,
which we relate with the weaking of TiN binding. Our theoretical results reproduce the
experimental trend followed by elastic constants with substitution of Ti by Si, Al atoms.
We attribute the increase of trigonal shear modulus with addition of Al, and small
quantities of Si, to the depopulation of the metallic bands close to Fermi level, which

are very sensitive to shear strain.
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Figure captions

Fig. 1: XRD patterns for diffrent samples: a) TipgSig2N b) Tigs Algs7N ¢) Ti 65Si0.13Al0.35N.

Fig. 2: Calculated total density of states: TiN DOS (dotted line), Tiy75Alo2sN DOS (full

line), Tip75Sio2sN DOS (dashed line). The Fermi energy (€r) is set at zero energy and is

marked by vertical line.
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Table 1 Results from calculations of cohesive energy (Econ) and formation energy (Eform)

for TijxySixAlyN structures.

Eform Ecoh
Compound (eV/atom) | (eV/atom)
TiN 2.72 044
Tio.75Alp 25N -2.48 -8.83
Tio.60Si0.06Al0.25N -2.37 -8.68
Tio 75Sio 25N -2.12 -8.66
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Table 2 Calculated Mulliken populations and bond lengths of nearest neighbours for

Ti1xySixALyN structures.

Bond TiN Tio.75Alo.2sN Tio.75Si0.25N Tio.69Si0.06Al0.25N
Population  Length | Population Length | Population Length | Population Length
(A (A (A (A
Ti-N 1.67 2.12 0.6- 0.93 2.1 0.59-0.96  2.11 | 0.25-0.77  2.02-2.28
Al-N - - 0.74 2.1 - - 0.35-0.65 2.09-2.10
Si-N - - - - 0.36 2.11 0.51-0.59  1.91-2.09
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Table 3 Results from calculations and measurements of lattice parameter (ag), bulk
modulus (B), shear modulus (G), Young’s modulus (E), tetragonal shear modulus (C;;-
Ci2), trigonal shear modulus (Cs4) and C;; elastic constant for Ti;.,SixAlyN structures,

compared with other calculated and experimental data.

Qo Cu C11-Copo Cus B G E

Compound (nm) (GPa) | (GPa) | (GPa) | (GPa) | (GPa) | (GPa)
TiN 0.424 615 484 172 292 226 539

Tig.75Alg 25N 0.420 503 349 183 270 180 441

Tio 69Si0 06Al0 25N 0.418 496 325 227 279 201 487
Tio.75Si0.05N 0.423 438 304 94 235 117 302

Other calculations [21]

TiN 0.424 671 565 166 295 203 514

Tio 75Alp 25N 0.422 504 361 174 257 179 435

Experimental

TiN [24] 0.424 625 460 163 318 190 475
Tig.esAlo.3sN [14] 0.423° 474 348 174 242 174 421
Tio.50Si0.13Alg.37N [14] 0.417° 525 385 193 268 193 466
Tig.gSigoN [3] 0.418% 293 215 107 150 103 260

“Lattice parameters measurements by XRD.

®Lattice parameters measurements by sen’y method.
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