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Abstract
The eﬀect of Y incorporation into cubic Cr–Al–N (B1) was studied using ab initio calculations, X-ray diﬀraction and energy-dispersive X-ray analysis of sputtered quaternary nitride ﬁlms. The data obtained indicate that the Y incorporation shifts the critical Al content, where the hexagonal (B4) structure is stable, to lower values. The calculated critical Al contents of x  0.75 for Cr1xAlxN and
x  0.625 for Cr1xyAlxYyN with y = 0.125 are consistent with experimentally obtained values of x = 0.69 for Cr1xAlxN and
x = 0.68 and 0.61 for Cr1xyAlxYyN with y = 0.02 and 0.06, respectively. This may be understood based on the electronic structure.
Both Cr and Al can randomly be substituted by Y. The substitution of Cr by Y increases the phase stability due to depletion of nonbonding (anti-bonding) states, while the substitution of Al by Y decreases the phase stability mainly due to lattice strain.
Ó 2010 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction
Among the various transition metal nitride-based hard
coatings which have been employed for materials protection, metastable cubic Cr1xAlxN ﬁlms have become
increasingly important due to their excellent physical,
chemical and mechanical properties, such as high hardness,
good wear resistance, and promising corrosion and oxidation resistance [1–10]. Cr1xAlxN can be synthesized by
physical vapor deposition (PVD) in its metastable face-centered cubic (fcc) B1 structure (space group Fm-3m, NaCl
prototype) up to a critical Al content, where the hexagonal
closed-packed (hcp) B4 structure (space group P63mc,
wurtzite prototype) becomes energetically favorable. Since
the nucleation of the hcp B4 structure is connected with
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undesirable coating performances, the fcc B1 structure is
usually preferred for wear protection applications [7,11].
Experimentally obtained critical Al contents where B1/B4
transition occurs are reported from x = 0.60 to 0.75 [7,12–
18]. Based on the calculation of band parameters [19] and
on thermodynamic calculations [20], critical Al contents of
x = 0.772 and 0.815 were reported, respectively. This considerable spread may be related to the signiﬁcant impact of
deposition conditions on the defect structure of a material
system with an endothermic mixing enthalpy [18]. Based
on ab initio calculations of a large number of diﬀerent ad
hoc supercells with varying metal sublattice populations, it
was shown that a variation in the conﬁgurational contribution to the total energy results in a spread of predicted critical
Al content of x = 0.48–0.75 [18].
Yttrium-containing cubic (B1) Cr1xAlxN ﬁlms, i.e.
(Cr1xAlx)1yYyN, were shown to exhibit improved oxidation resistance compared to Y-free ternary ﬁlms when the
Y content did not exceed 1 at.% (2 mol.% YN) [21]. In
such coatings, Y promotes the formation of a dense and
adherent mixed Al2O3 + Cr2O3 scale which results in a very
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promising oxidation resistance up to temperatures exceeding 1000 °C. Higher Y contents improve the thermal stability and thermomechanical properties (higher hardness at
lower stress levels), suggesting a retarding eﬀect of Y on
diﬀusion-driven processes (retarded decomposition fcc
CrAlN ? hcp Cr2N + hcp AlN + N2 ? bfcc Cr + hcp
AlN + N2) [22], but are also detrimental to the oxidation
resistance as the transformation of fast-growing, non-protective alumina polymorphs (c, h) to stable, protective
a-Al2O3 is impeded [21,23]. However, fcc (B1)
Cr1xAlxN-based coatings with Y contents of 1 at.%
show very promising results in dry milling applications or
as protective coating for substrates susceptible to high-temperature oxidation, such as c-TiAl-based alloys [24–26].
Assuming that Y may substitute Cr and Al equally, the
notation Cr1xyAlxYyN instead of (Cr1xAlx)1yYyN is
used below for convenience, as the individual contents of
Cr, Al and Y can thereby be directly assessed.
For Ti1xAlxN ﬁlms isostructural to Cr1xAlxN, the
incorporation of 6.25 at.% Y (12.5 mol.% YN) results in
a decrease in the predicted critical Al content where B1/
B4 transition occurs from x = 0.69 to 0.56, as obtained
by ab initio calculations [27]. Moreover, experimental
investigations indicate that for an addition of only
1.5 at.% of Y (3 mol.% YN) a mixed B1/B4 structure is
formed for an Al content of x = 0.56. Hence, any beneﬁcial
eﬀects of Y addition on the oxidation resistance of such
coatings are at the expense of the mechanical properties
as the crystallization of the B4 structure is usually connected to lower hardness and wear resistance [7,28]. Consequently, improvements in the mechanical and chemical
properties of Cr1xyAlxYyN-based coatings may be
obtained by selecting a suitable Y content, which was
found to be 61 at.% (2 mol.% YN) [21], while at the same
time maximizing the Al content before nucleation of the B4
structure occurs.
Here, we use ab initio calculations together with experimental investigations of sputtered Cr1xyAlxYyN ﬁlms to
investigate the eﬀect of Y incorporation on the critical Al
content x, where the B4 structure becomes energetically
favorable over the B1 structure. This may be understood
by considering the electronic structure. Assuming that both
Cr and Al can be randomly substituted by Y, the substitution of Cr by Y increases the phase stability due to depletion of non-bonding (anti-bonding) states, while the
substitution of Al by Y decreases the phase stability mainly
due to lattice strain. Moreover, the substitution of Al by Y
in B1 is energetically less favorable than in B4 due to lattice
strain. Hence, Y decreases the critical Al contents in these
cubic ternary nitrides. Furthermore, the impact of Y on the
mechanical properties and the retarding eﬀect of Y incorporation on diﬀusion-driven processes are discussed.
1.1. Computational details
The ab initio calculations in this work were carried out
using the open source package for material explorer (open-
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MX), a program package which is based on density functional theory (DFT) [29] and basis functions in the form
of linear combinations of localized pseudoatomic orbitals
[30]. The electronic potentials are fully relativistic with partial core corrections [31,32] and the generalized gradient
approximation (GGA) is applied [33]. The basis functions
are generated by a conﬁnement scheme [30,34] and speciﬁed as follows: Cr8.0-s2p2d1, Al6.0-s3p2d1, N5.5-s2p1
and Y6.5-s3p2d1. The ﬁrst symbol designates the chemical
name, followed by the cutoﬀ radius (in Bohr radius) in the
conﬁnement scheme and the last set of symbols deﬁnes the
primitive orbitals applied. The energy cutoﬀ (160 ± 5 Ryd)
and the k-point grid (3  3  3) within the real space grid
technique [35] were adjusted to reach a numerical precision
of 105 H atom1. For the fcc B1 (NaCl prototype) structure, two types of supercells (four unit cells in a 2  2  1
array) containing 32 atoms were calculated: an ad hoc conﬁguration, where the positions of Cr and Al ions at the
metal sublattice were randomly chosen, and a conﬁguration following the special quasirandom structures (SQS)
concept of Zunger et al. [36]. The SQS implementation
via the short-range order parameter (SRO) is available
within the local self-consistent Green’s function software
package [37,38]. The Warren–Cowley SRO parameter
[39] within three coordination shells was used to account
for randomness in the metal sublattice. For the hcp B4
(wurtzite) structure (eight unit cells in a 2  2  2 array,
32 atoms) ad hoc and SQS conﬁgurations were also considered. All cells were relaxed with respect to atomic positions
and cell volumes. To describe the magnetic eﬀects on the
total energy [40] a fully non-collinear DFT, including
spin–orbit coupling as implemented in the openMX code,
was used [41–45]. The initial occupations for the up and
down spins of the 14 valence electrons considered for Cr
(3s, 3p, 3d and 4s orbitals) were nine and ﬁve, respectively.
Furthermore, the SQS implementation mentioned above
was used to simulate antiferromagnetic spin polarization
with a random up and down spin arrangement. The energies of formation were calculated with respect to the elements. Therefore, the total energies of Al, Cr and Y were
calculated for their unit cells, while the total energy of N
was calculated for an N2 molecule. The lattice parameters,
total energies and bulk moduli were obtained by leastsquares ﬁts of the calculated total energies over lattice
parameter curves employing the Birch–Murnaghan equation of state [46].
2. Experimental details
Cr1xyAlxYyN ﬁlms were grown on polished Si(1 0 0)substrates (20  7  0.35 mm) in a laboratory-scale unbalanced direct current magnetron sputtering system. The ﬁlm
deposition was carried out in an Ar + N2 atmosphere (both
of 99.999% purity). Powder metallurgically produced targets (Ø75  6 mm, PLANSEE) with Y contents of 0, 2, 4
and 8 at.% and an Al/Cr ratio of 1.5 were used. The Al
content x was varied by placing additional Al (99.999%
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purity) disks (Ø5  2 mm) in the sputtering erosion tracks
of the targets. The base pressure in the system was below
1 mPa and the total working gas pressure during deposition was kept constant at 0.4 Pa with an N2 partial pressure
of 35%. The magnetron’s power density was 6.8 W cm2
and the substrate temperature was set to 475 °C. The
target–substrate distance was 50 mm. All depositions were
carried out at a ﬂoating potential of 25 V.
Structural investigations of the ﬁlms were conducted by
X-ray diﬀraction (XRD), using a Bruker D8 diﬀractometer
with a SolX detector in the Bragg–Brentano conﬁguration
with Cu Ka radiation (k = 1.54056 nm). For the identiﬁcation of the B4 structure, the pattern 25-1133 for hcp AlN of
the JCPDS database was used. The chemical compositions
were determined using energy-dispersive X-ray analysis
(EDX; Oxford Instruments Inc.) in a Zeiss Evo 50 scanning
electron microscope. For EDX calibration a Co standard
was used. Quantiﬁcation was conducted using standards
for Cr, Al (Al2O3), Y and N (TiN).
3. Results and discussion
We start the discussion by analyzing the binary counterparts. Table 1 summarizes ab initio calculated lattice parameter and bulk modulus data for the metals and binary metal
nitrides considered here as compared to experimental and

Table 1
Ab initio calculated lattice parameter ac and bulk modulus Bc data for the
metals (M) and metal nitrides (MN) considered as compared to experimental and calculated values reported elsewhere (ar and Br).
M/MN

Lattice parameter (Å)

Bulk modulus
(GPa)

Al (fcc)

ac = 4.05
ar = 4.049 [76]

Bc = 79.4
Br = 75.2 [77]

Cr (bcc)

ac = 2.92
ar = 2.895 [76]

Bc = 156.8
Br = 160 [77]

Y (hcp)

ac = 3.63 (c/a = 1.55)
ar = 3.647 (c/a = 1.57) [76]

Bc = 47.4
Br = 41.2 [77]

AlN (fcc)

ac = 4.13
ar = 4.045, 4.12 [76], 4.094 [40]

Bc = 262.2
Br = 174–329 [78],
252 [18]

AlN (hcp)

ac = 3.18 (c/a = 1.61)
ar = 3.11 (c/a = 1.60) [76], 3.157
[79]

Bc = 198.1
Br = 185–208
[18,61,80]

CrN (fcc)
(AFM)

ac = 4.22

Bc = 277.7

ar = 4.148 [76], 4.162 [81], 4.185
[82], 4.206 [40]

Br = 245 [18]

CrN (hcp)

ac = 3.19 (c/a = 1.62)
ar = 3.111 (c/a = 1.64) [18]

Bc = 185.6
Br = 188 [18]

YN (fcc)

ac = 4.99
ar = 4.76–4.93 [83], 4.89 [76]

Bc = 151.4
Br = 145–187 [83]

YN (hcp)

ac = 3.83 (c/a = 1.57)
ar = 3.67 – 3.78 (c/a = 1.58–1.62)
[83]

Bc = 112.6
Br = 110–139 [83]

calculated values reported elsewhere. For the metals, excellent agreement is obtained for equilibrium lattice parameters
(diﬀerence less than 1%) as well as for bulk moduli (diﬀerence
less than 15%). For the binary metal nitrides, the calculated
equilibrium lattice parameters are slightly overestimated
(diﬀerence less than 3%), but the calculated bulk moduli
are nevertheless well within the range of previously reported
values. Moreover, the GGA exchange–correlation functional is known to yield slightly overestimated lattice constants. Consequently, the employed pseudopotentials
generally yield good consistency between the data calculated
in this work and the data from the literature.
For cubic (fcc) CrN, the antiferromagnetic (AFM) conﬁguration with a random spin up and down arrangement
(see computational details) yields an energy of formation
Ef of 1.511 eV atom1, which is smaller than a ferromagnetic (FM) spin arrangement by 0.053 eV atom1 and
smaller than a nonmagnetic (NM) conﬁguration by
0.272 eV atom1. While the total Ef values are somewhat
larger than the values reported in Ref. [18], the diﬀerences
between the AFM, FM and NM conﬁgurations are in good
agreement with the values in Refs. [18,40]. Moreover, the
lattice parameter variation of 4.22, 4.25 and 4.14 Å
obtained here for cubic CrN in the AFM, FM and NM
conﬁgurations, respectively, is consistent with the 4.20,
4.22 and 4.13 Å for the AFM, FM and NM conﬁgurations,
respectively, obtained in Ref. [40].
For polycrystalline CrN, a magnetic stress-induced structural modiﬁcation from cubic to orthorhombic is observed
during the transition of the high-temperature paramagnetic
(PM) state to the low-temperature AFM state when the temperature is below the Néel temperature [47,48]. However, the
diﬀerence in Ef between the orthorhombic and the cubic
AFM conﬁgurations was shown to be negligible [18]. Furthermore, Alling et al. [40] reported that there is no signiﬁcant diﬀerence in lattice parameter and Ef between the
AFM and PM conﬁgurations of cubic Cr1xAlxN when disordered magnetic moments are used to describe the PM
state. Consequently, the AFM conﬁguration with random
spin up and down states is considered here for further discussion. Nevertheless, it should be noted that not considering
the magnetic moment (NM conﬁguration) will lead to larger
deviations from experiments. The eﬀective magnetic
moment per Cr atom calculated for the AFM conﬁguration
is 2.82 lB, which is in the range of reported values of 2.17–
3.17 lB [40,47,49–53].
Before discussing the ﬁnal quaternary conﬁguration, we
consider all ternary phases, i.e. CrN–YN, AlN–YN and
CrN–AlN solutions, to identify the electronic contributions
needed for analyzing the quaternary data. Fig. 1 shows ab
initio calculated Ef data for CrYN (open symbols) and
AlYN (solid symbols). For the CrN and YN binaries, the
fcc (B1) structure is obtained as the equilibrium ground
state conﬁguration. Consequently, the B1 structure is
denoted as the equilibrium ground state conﬁguration also
for ternary CrYN. For that reason, the calculation of hcp
(B4) CrYN is omitted here. The positive deviation from the
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mechanical mixture (the line connecting fcc CrN and fcc
YN), which indicates repulsive forces between the binary
compounds and hence a system characterized by an endothermic mixing enthalpy, is mainly attributed to size eﬀects.
An electronic structure contribution due to the localization
of d-states, which causes a high density of states at the
Fermi level EF [54,55] and was shown to be a destabilizing
factor [55,56], may be excluded as both Cr ([Ar]3d54s) and
Y ([Kr]4d5s2) exhibit d electrons. As discussed below, the Y
incorporation into CrN rather increases the overall phase
stability due to electronic eﬀects. The strain caused by different lattice parameters of the binary constituents (see
Table 1) can be qualitatively described by [57]:
e ¼ ð1  yÞ  jdA j þ y  jdB j
V V  V CrN
with dA ¼
and
VV

ð1Þ
V V  V YN
dB ¼
VV

ð2Þ

where VV, VCrN and YYN designate the equilibrium volumes for fcc Cr1yYyN (as calculated by Vegard’s law),
fcc CrN and fcc YN, respectively. At a Y concentration
of y = 0.5, where maximum lattice distortion occurs, a lattice strain e0.5 of 25% is obtained. Nevertheless, the substitution of Cr by Y in fcc CrYN continuously decreases the
energy of formation until it reaches 3.01 eV atom1 of fcc
YN. The decreasing energy of formation suggests that Y
incorporation increases the overall compound stability
(cohesive energy), which is consistent with decomposition
temperatures of 2674 and 1050 °C for YN and CrN [58],
respectively. The higher stability of YN compared to
CrN is attributed to the ﬁlling of the six bonding states
of the hybridized non-metal p, metal s and metal d states
(sp3d2 hybridization) by one 4d electron and two 5s electrons of Y together with three 2p electrons of N [59,60].
For CrN on the other hand, three surplus 3d electrons have
to populate higher energetic non-bonding (anti-bonding)
states, which is at the expense of the overall compound stability. Hence, when Y substitutes for Cr in CrYN, the stabilizing eﬀect due to depletion of non-bonding states

Fig. 1. Ab initio calculated energy of formation Ef data as a function of
the YN mole fraction y for fcc (B1) Cr1yYyN, fcc (B1) Al1yYyN, hcp
(B4) Al1yYyN and hcp (B4) CrN, as obtained using SQS supercells.
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overcompensates the destabilizing eﬀect of the accompanying lattice strain.
In the case of AlYN, the hcp (B4) structure is obtained
as the stable structural modiﬁcation up to an YN mole
fraction of y  0.875, where the fcc (B1) modiﬁcation of
binary YN becomes more stable (see Fig. 1). For both
the B1 (2.58 eV atom1) and the B4 (2.67 eV atom1)
structural modiﬁcations, Ef initially increases with Y incorporation and with y P 0.25 it decreases down to 3.01 and
2.94 eV atom1, respectively. As AlN and YN are semiconductors [61,62] and therefore exhibit no populated
states at EF, a major contribution of the electronic conﬁguration to the deviation from the mechanical mixture for
AlYN (the line connecting fcc/hcp AlN and fcc/hcp YN)
can also be excluded. Consequently, the initial increase in
Ef for AlYN (see Fig. 1) may also be attributed mainly
to lattice strain. For Y contents of y = 0.5, strain values
of e0.5 = 28 and 26% are obtained for the B1 and the B4
structure, respectively, suggesting that Y incorporation
into the B4 structure is energetically slightly more favorable. This is consistent with mixing enthalpies DHm, which
are calculated after:
DH m ðyÞ ¼ Ef ;Me1y Yy N  ½ð1  yÞEf ;MeN þ yEf ;YN 

ð3Þ

where Ef,Me1yYyN, Ef,Me and Ef,YN designate the energies of
formation of Me1yYyN (Me = Cr, Al), MeN and YN,
respectively (see Fig. 2). For the B1 and the B4 structural
modiﬁcations of AlYN, maximum mixing enthalpies of
0.26 and 0.18 eV atom1 are obtained, respectively. The similar mixing enthalpies obtained for the B1 structures of
AlYN (0.26 eV atom1) and CrYN (0.24 eV atom1) furthermore indicate that Y would equally substitute Cr and
Al in a cubic, quaternary CrAlYN compound, as expected.
Nevertheless, as mentioned in the introduction, we chose
the nomenclature Cr1xyAlxYyN for reasons of simplicity,
as thereby the individual contents of the coating can be
assessed directly. The overall large endothermic mixing
enthalpies of AlYN and CrYN imply that the synthesis of
single-phase ﬁlms by conventional sputtering techniques
may not be possible for high Y contents. This is consistent
with reported amorphous microstructures of sputtered
CrAlYN ﬁlms with Y contents of 5.9 and 8.5 at.% (10.8
and 17.0 mol.% YN), which may be explained by the simultaneous crystallization of two diﬀerent phases (fcc (B1) YN
together with fcc (B1) CrAlN or hcp (B4) AlCrN) [63]. Endrino et al. [64] reported an amorphous structure for arcdeposited CrAlYN ﬁlms with Y contents as low as 3.9 at.%
(7.8 mol.% YN) contents of approximate 35 at.% (x  0.7).
On the other hand, we have shown in an earlier report [65]
that incorporation of 4 at.% Y (8 mol.% YN) in CrAlN ﬁlms
with Al contents of 25 at.% (x = 0.5) yields a single-phase B1
structure.
Fig. 3 shows ab initio calculated Ef data for the fcc (B1)
and the hcp (B4) structural modiﬁcations of (a) ternary
CrAlN and (b) quaternary CrAlYN using ad hoc (open symbols) and SQS (solid symbols) supercells. For all supercells a
Y content of 6.25 at.% (12.5 mol.% YN) is employed, which

2712

F. Rovere et al. / Acta Materialia 58 (2010) 2708–2715

Fig. 2. Ab initio calculated mixing enthalpies DHm of fcc (B1) Al1yYyN
(solid squares), hcp (B4) Al1yYyN (solid stars) and fcc (B1) Cr1yYyN
(open squares), as obtained using SQS supercells.

is considered as reasonably close to the maximum possible Y
contents in experimentally achievable single-phase structures. The plotted third-order polynomials serve only as
guidelines for the eye. Based on the data presented, the critical Al content where B1/B4 transition occurs is obtained at
x  0.75 (see Fig. 3a). This is consistent with reported computationally and experimentally obtained critical Al values
of x = 0.48–0.815 [18–20] and x = 0.60–0.75 [7,12–17,55],
respectively. However, if 6.25 at.% of Y (12.5 mol.% YN)
is incorporated into CrAlN to form Cr0.875xAlxY0.125N,
the critical Al concentration, where the B4 structure becomes
more stable, decreases to x  0.625. Furthermore, the Y
incorporation of y = 0.125 decreases the energy of formation Ef of Cr1xyAlxYyN by 0.04 eV atom1 at x = 0.0 up
to maximum of 0.09 eV atom1 at x = 0.5, which agrees well
with the eﬀect of Y in the ternary compounds CrYN and
AlYN (see above). It is again noted that a decreasing energy
of formation corresponds to an increasing compound stability (cohesive energy). The experimentally observed retarding
eﬀect of Y on diﬀusion-driven processes [22,26] may hence be
explained in part by the increasing cohesive energy [59,60],
which certainly increases the energies necessary to create
defects or the migration energy itself [66]. On the other hand,
it may be speculated that the diﬀusitivity is also aﬀected by
the incorporation of large particles. The ionic radii of Cr,
Al and Y in 12-coordinated metals are 1.28, 1.43 and
1.80 Å, respectively [67].
To validate the theoretical data presented above, we
compare these to experimental data obtained from the
thin-ﬁlms synthesized. Fig. 4a–c presents XRD data of
experimentally synthesized CrAlYN ﬁlms, where for different Y contents the Al content was systematically
increased. Based on XRD and EDX analyses, critical Al
contents of x = 0.69 for Y-free Cr1xAlxN and x = 0.68
and 0.61 for y = 0.02 and 0.06 Y-containing Cr1x
yAlxYyN ﬁlms are obtained, respectively. The comparison of experimentally determined and ab initio calculated
critical compositions where B1/B4 transition occurs yields
somewhat lower critical Al contents for the experiment

Fig. 3. Ab initio calculated energies of formation Ef as a function of the
AlN mole fraction x for (a) fcc (B1) Cr1xAlxN (black circles) and hcp
(B4) Cr1xAlxN (blue stars) and for (b) fcc (B1) Cr0.875xAlxY0.125N (red
circles) and hcp (B4) Cr0.875xAlxY0.125N (green stars), as obtained using
ad hoc and SQS supercells. (For interpretation of the references to colour
in this ﬁgure legend, the reader is referred to the web version of this
article.)

(see Fig. 5). However, this can be explained by the eﬀect
of deposition conditions (such as ion ﬂux and ion energy)
on the metal sublattice population, aﬀecting in turn the
phase stability of experimentally grown ﬁlms, as previously suggested for TiAlN [68] and CrAlN [18]. Moreover, defects in the non-metal sublattice (N-vacancies)
have also been suggested to aﬀect the phase stability
[69]. Thus, crystallization of the B4 structure may occur
below the theoretically predicted Al contents. The theoretical data presented are nevertheless consistent with the
microstructure of a CrAlYN ﬁlm with an Al content of
x  0.7 and a YN mole fraction of 7.8% reported in
Ref. [64] (see Fig. 5). The simultaneous crystallization of
B1 and B4 phases can certainly explain the nanocrystalline, partially X-ray-amorphous structure.
Fig. 6a and b summarizes the calculated lattice parameter and bulk modulus data of B1 CrAlN and CrAlYN
with 6.25 at.% Y (12.5 mol.% YN) as a function of the
AlN mole fraction. In agreement with experimental investigations, the incorporation of Al into CrN causes a
decreasing lattice parameter whereas incorporation of Y
into CrAlN increases it. As already discussed above,
the employed pseudoatomic orbitals yield somewhat
overestimated (max. 2%) lattice parameters for the metal
nitrides considered here compared to the values reported
in the literature, or the experimental values obtained
here. However, the observed total change in lattice
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Fig. 5. Ab initio calculated (blue stars) and experimentally obtained (black
circles designate the B1 structure, black stars the B4 structure) critical
compositions where the B1–B4 transition occurs in Cr1xyAlxYyN within
the ternary system CrN–AlN–YN. (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the web version of this
article.)

Fig. 4. X-ray diﬀraction patterns of magnetron sputtered Cr1xyAlxYyN
ﬁlms with varying Al- and Y contents.

parameter of 0.09 Å for CrAlN if the Al content is
increased from x = 0 to 1 agrees well with the lattice
parameter change of 0.07 and 0.11 Å reported in Refs.
[18,40], where projector-augmented wave potentials
within the Vienna ab initio simulation package [70–72]
or exact muﬃn-tin orbitals within a Green’s function
technique [73–75] were used. Calculated bulk modulus
data (Fig. 6b), on the other hand, exhibiting values from
230 to 270 GPa independent on the Al concentration, are
in reasonable agreement with data presented elsewhere
[16]. The decreasing bulk modulus with Y incorporation
is in turn consistent with experimentally observed
decreasing Young’s moduli [65].

Fig. 6. Ab initio calculated (a) lattice parameters and (b) bulk moduli as a
function of the AlN mole fraction x for fcc (B1) Cr1xAlxN and fcc (B1)
Cr0.875xAlxY0.125N as obtained from ad hoc and SQS supercells. Values
reported and experimentally obtained in the literature are added for
comparison.
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4. Summary and conclusions
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First-principles calculations of CrAlYN indicate that Y
incorporation shifts the critical Al content, where B1/B4
transition occurs, from x  0.75 for Y-free Cr1xAlxN to
x  0.625 for 6.25 at.% Y (12.5 mol.% YN; y = 0.125) containing Cr0.875xAlxY0.125N. This may be understood by
considering the Y-induced changes in the electronic structure for the B1 and B4 structural modiﬁcations of the
binary constituents CrN and AlN, respectively. The substitution of Cr by Y increases the cohesive energy (decreases
the energy of formation) due to depletion of non-bonding
(anti-bonding) states, which overcompensates lattice strain
as a destabilizing contribution. Substitution of Al by Y, on
the other hand, decreases the cohesive energy (increases the
energy of formation) for Y additions up to approximate
60 mol.%, mainly due to lattice strain. Furthermore, Y
incorporation into B1 AlN is energetically less favorable
than Y incorporation into B4 AlN due to lattice strain.
Hence, the stability of these cubic quaternary nitrides is
reduced as Y is incorporated. The computational data
are consistent with experimentally obtained critical Al contents of x  0.69 for Y-free Cr1xAlxN and x  0.68 and
0.61 for 1 and 3 at.% Y (2 and 6 mol.% YN; y = 0.02 and
0.06) containing Cr1xyAlxYyN ﬁlms, respectively. Furthermore, the calculated mixing enthalpies of 0.26 and
0.24 eV atom1 for fcc (B1) AlYN and fcc (B1) CrYN,
respectively, suggest that Y equally substitutes for Cr or
Al in a single-phase fcc (B1) CrAlYN structure. However,
the somewhat lower mixing enthalpy of 0.18 eV atom1 of
hcp (B4) AlYN denotes that Y may temporarily be
enriched in the hcp (B4) structure during decomposition
of fcc (B1) CrAlYN into bcc (B2) Cr, hcp (B4) AlN, fcc
(B1) YN and N2.
Based on the results presented, critical Al contents of
x = 0.68 are expected for 2 mol.% YN-containing cubic
CrAlYN ﬁlms, which exhibit the most promising oxidation
resistance, as reported earlier. Consequently, it is envisioned that cubic CrAlYN ﬁlms with maximized Al content
(Cr0.30Al0.68Y0.02N) yield a further improved oxidation
performance. Larger Y- and/or Al contents promote the
crystallization of the B4 structure and may cause nanocrystalline, partially X-ray-amorphous microstructures due to
the simultaneous crystallization of the B1 and B4 phases.
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